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a b s t r a c t

RAST-F is a new full-core analysis code based on the two-step approach that couples a multi-group cross-
section generation Monte-Carlo code MCS and a multi-group nodal diffusion solver. To demonstrate the
feasibility of using MCS/RAST-F for fast reactor analysis, this paper presents the coupled nodal code
verification results for the MET-1000 and CAR-3600 benchmark cores. Three different multi-group cross-
section calculation schemes are employed to improve the agreement between the nodal and reference
solutions. The reference solution is obtained by the MCS code using continuous-energy nuclear data.
Additionally, the MCS/RAST-F nodal solution is verified with results based on cross-section generated by
collision probability code TULIP. A good agreement between MCS/RAST-F and reference solution is
observed with less than 120 pcm discrepancy in keff and less than 1.2% root-mean-square error in power
distribution. This study confirms the two-step approach MCS/RAST-F as a reliable tool for the three-
dimensional simulation of reactor cores with fast spectrum.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A sodium-cooled fast reactor (SFR) is a high-potential Genera-
tion IV design that hasmany advantages over light water reactors in
terms of nuclear safety and operation, including low primary loop
pressure, intermediate coolant system, good heat convection
characteristics of sodium, relatively large thermal inertia, and large
margin to coolant boiling. However, SFRs encounter many technical
issues such as high temperature during operation, high sodium
chemical reactivity, and the positive sodium void worth for large
cores. Moreover, the computational analysis of fast spectrum re-
actors is a very challenging problem because of the presence of
neutron cross-section (XS) resonances that require complex and
accurate treatment. Currently, the development of efficient nu-
merical methods for the resonance treatment and calculation of
multi-group XSs has attracted extensive attention worldwide [1].

The direct approach using continuous energy (CE) Monte-Carlo
(MC) code can obtain the reliable solution for fast reactor (FR)
analysis without any signification approximations to model com-
plex reactor geometries. However, the deterministic nodal code
by Elsevier Korea LLC. This is an
system is mostly used for core analysis because it is much faster
than the MC codes, especially in depletion and transient calcula-
tions. The two-step approach based on multi-group cross-section
library and nodal diffusion solver has been successfully used in the
thermal reactor analysis. One of the reasons for this success is
related to a similar asymptotic neutron spectrum in each fuel as-
sembly regardless of its position due to the short mean free path.
However, in the FR analysis, the success of this approach cannot be
guaranteed due to relatively long neutron mean free path in the
hard-spectrum reactors. In order to account for the position-
dependent neutron spectrum, a three-step approach were devel-
oped for FR analysis. In general, the three-step approach conducts a
core simulation as follows: 1) Creates a collapsed cross section set
by performing zero-dimensional infinite medium calculations from
fine-group or continuous energy XS; 2) Produces the few-group XS
constant by performing the R-Z neutron transport calculation to
obtain zone-wise neutron spectrum for XS condensation; 3) Per-
forms three-dimensional (3D) whole-core diffusion nodal calcula-
tion using the few-group XS constant. This approach has been used
in the FR community for decades, typically the MC2-2/DIF3D code
system [2,3] of Argonne National Laboratory in the United States,
the ERANOS code system [4] of CEA in Europe. Recently, two-step
approach for FR has been developed by using Monte Carlo codes
for multi-group XS generation and employing the group constants
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for 3D core calculation by a diffusion code. The Serpent/PARCS and
Serpent/DYN3D [5] sequences have been proven to be feasible.
Similar work has been done to develop theMCNP5/DIF3D sequence
[6] and Serpent-2/KIKO3DMG sequence [7].

In this study, a new full-core analysis nodal code RAST-F has
been under development based on the two-step approach that
couples a multi-group cross-section generation Monte-Carlo code
MCS and multi-group nodal diffusion solver. The XS parameteri-
zation, thermal hydraulic, microscopic XS depletion, and control
sub-assembly (SA) movement modules were specialized and
included in RAST-F code for fast reactor calculation. A module to
account for thermal expansion effects is planned for the near
future. Before processing for further development and improve-
ment, evaluation for the feasibility and accuracy of this framework
is the most important step needs to be done. The use of XS set from
MCS was successfully verified [11], while RAST-F code is being
developed for fast reactor analysis and was not yet demonstrated
its applicability. Therefore, the main goal of this study is to verify
the feasibility of the RAST-F code for FR core analysis with the use of
few-group cross sections from MCS. For these purposes, two SFR
MET-1000 and CAR-3600 core benchmarks were adopted from the
OECD/NEA benchmark set [12]. The reference solution was calcu-
lated by the MCS code using continuous-energy nuclear data. Three
different XS generation schemes was used to find a better solution
with reference solution. Additionally, the MCS/RAST-F nodal solu-
tion was cross-verified with those results using cross-section
generated by collision probability code TULIP.

The remainder of this paper is organized as follows. Section 2
describes the RAST-F frameworks with two different approaches,
Monte-Carlo code MCS, and the XS generation models. The
benchmark specification is briefly described in Section 3. Section 4
presents and discusses the numerical results. Finally, Section 5
presents the conclusions of the study.
2. Methods

2.1. Two-step approach MCS/RAST-F

The two-step approach MCS/RAST-F comprises scripts for the
Fig. 1. RAST-F procedure includ
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multigroup XS library and nodal diffusion solver. The calculation
procedure and library generation steps are illustrated in Fig. 1. The
homogenized few-group XS undergoes several stages of processing
such that it can be used in the diffusion calculation. It starts from
the evaluated nuclear data file to the continuous energy (CE) XS
library using the nuclear data processing system NJOY [13]. Then,
the multi-group coefficients collapse into several energy groups
using the energy spectra computed by Monte Carlo in MCS code
from 2D or 3D SA calculation. The macroscopic XS (smg

tr , smg
a , smg

f ,

ksmg
f , nsmg

f , and cmg) andmicroscopic XS (smg
tr , smg

a , smg
f , ksmg

f , nsmg
f ,

cmg , and smg
n2n) are tabulated in XS library as a function of fuel

temperature and coolant density. Microscopic XSs are used for the
micro-depletion calculation. The TPEN algorithm [14,15] imple-
mented in RAST-F is based on the algorithm of the PARCS code [16],
and the cross-verification of both codes shows identical solutions
[10]. Two neutron diffusion equations of a triangle are solved using
the TPEN method. The first equation is the radial equation defined
on a 2D hexagonal shape, and the second equation is the axial
equation defined on the axial axis. The radial and axial equations
can be written as follows:

�Dg

 
v2

vx2
þ v2

vy2

!
fRm
g ðx; yÞþ

X
rg

fRm
g ðx; yÞ�

X
g0 < g

X
sg0g

fRm
g0 ðx; yÞ

¼QRm
g ðx; yÞ � LZmg ðx; yÞ; (1)

�Dg

 
v2

vz2

!
fZ
gðzÞ þ

X
rg

fZ
gðzÞ �

X
g0 < g

X
sg0g

fZ
g0 ðzÞ ¼ QZ

g ðzÞ � LRgðzÞ;

(2)

where
m : triangle index, m ¼ 1� 6,
Dg: diffusion coefficient corresponding to energy group g [cm],
fRm
g : local flux within the triangle corresponding to energy

group g [n/cm2s],
fZm
g : local flux within the axial node corresponding to energy

group g [n/cm2s],
ing XS library generation.



Table 1
Twenty-four group energy structure.

# group Upper energy (MeV) # group Upper energy (MeV)

1 1.96403Eþ01 13 4.08677E�02
2 1.00000Eþ01 14 2.47875E�02
3 6.06531Eþ00 15 1.50344E�02
4 3.67879Eþ00 16 9.11882E�03
5 2.23130Eþ00 17 5.53084E�03
6 1.35335Eþ00 18 3.35463E�03
7 8.20850E�01 19 2.03468E�03
8 4.97871E�01 20 1.23410E�03
9 3.01974E�01 21 7.48518E�04
10 1.83156E�01 22 4.53999E�04
11 1.11090E�01 23 3.04325E�04
12 6.73795E�02 24 1.48625E�04

Fig. 2. 2D single model for fuel region.

Fig. 3. 2D supercell models for the non-fuel regions.
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Srg: removal XS corresponding to energy group g [cm�1].
Ssg0g: scattering XS from energy group g0 to g [cm�1].
QU
g : fission and up-scattering sources corresponding to energy

group g,
LUg : leakage from the U-direction corresponding to energy group

g.
To preserve the reaction rates and SA-averaged flux using

standard flux-volume weighting, the super-homogenization (SPH)
factor [17] can be used to improve the diffusion solution. To obtain
the SPH factors, theMC codeMCS and nodal code RAST-F were used
as the heterogeneous and homogeneous flux-solvers, respectively.
In this study, the SPH factors were applied for control SA and
adjacent fuel SA when the control SA is inserted.

2.2. Three-step approach TULIP/RAST-F

TULIP is a XS generation code in SARAX code system [18], which
has been developed at Xi'an Jiaotong University. The SARAX code
system consists of the TULIP and LAVANDER codes for the 3D core
steady-state calculation. The TULIP code is a hybrid method for XS
generation that considers transport effects, angularly dependent
homogenization, local heterogeneity, and spectral interference in
the core. Homogeneous and heterogeneous problems with the
ENDF/B-VII.0 library [19] are used to obtain the self-shielded PW
XSs. Finally, the self-shielded XSs collapse into 33 groups. In the
whole core calculation, the LAVENDER code uses XSs from TULIP to
solve the 3D neutron transport equation using the SN nodal method
based on the triangular-z mesh. In this study, the TULIP code uses to
provide the XS set for RAST-F to perform 3D core calculation. The
SPH method is applied to correct the local heterogeneity effect to
preserve the reaction rates. The SPH method is applied for fuel SA
and adjacent non-fuel regions.

2.3. Monte-Carlo code MCS

MCS is a Monte Carlo particle transport code for complex
problems, and it has been under development at the Ulsan National
Institute of Science and Technology (UNIST) since 2013 [9]. TheMCS
can use the ENDF/B-VII.0 and ENDF/B-VII.1 nuclear-data libraries to
solve 3D whole-core analysis with neutron transport, depletion,
and thermal-hydraulic solvers. Moreover, MCS can perform the
fixed-source calculation for the shielding problem. The MCS
neutron transport capability is verified and validated against
several benchmark problems [20,21,23,27]. In this study, MCS was
used to obtain the reference solution and to generate homogenized
macroscopic XSs for RAST-F.

2.4. XS generation

2.4.1. MCS
A 24-group macroscopic XS set was generated using MCS for

diffusion calculations. The energy structure of XS was modified
based on the ECCO 33-group energy structure [24] by collapsing the
last 10 energy groups (from group 24 through group 33) to obtain a
thermal group, owing to the large statistical deviations in the
neutron flux [25]. Table 1 lists the 24-group energy structure.

To account for the non-zero interface neutron currents and the
position-dependent neutron spectrum, three XS generation ap-
proaches were proposed to generate XS sets. The approaches were
used to prepare the three XS sets as follows:

� Case 1 (Supercell): A single 2D model, as depicted in Fig. 2, is
used to generate XS for fuel regions. Furthermore, the XS of the
non-fuel regions is prepared using 2D super-cell models, as
1791
illustrated in Fig. 3, with reflective boundary conditions. The
region within the yellow line is used to tally the homogenized
XS. “Ref.” and “CR” in the figures are abbreviations for reflector
and control rod, respectively.

� Case 2 (Fuel-reflector): The XS for the radial reflector close to the
peripheral fuel SA is generated using a 2D fuel-reflector model
with an axial reflective boundary condition, as illustrated in
Fig. 4. The remaining regions were prepared in the samemanner
as that in Case 1.

� Case 3 (3D fuel): The XSs for the fuel regions, axial reflectors,
and gas plenum in fuel SA are obtained using a 3D single-fuel SA
model simulated in Fig. 5 with reflective radial and vacuum axial



Fig. 4. 2D fuel-reflector model for radial reflector near fuel SAs.
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BCs. The remaining regions were prepared in the same manner
as that in Case 2.

To preserve the reaction rates and SA-averaged flux using
standard flux weighting, the SPH was used in XS generation for the
absorber region in control SAs and nearby fuel regions of fuel SAs.
2.4.2. TULIP
TULIP originally generated homogenized XSs for SN nodal cal-

culations in the SARAX code systems. To generate macroscopic XS
for the 3D core diffusion calculation in RAST-F, an outflow
Fig. 5. 3D fuel SA model.
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transport-corrected XS was generated. The diffusion coefficients
are obtained as follows:

Dg ¼ 1
3Str;g

; (3)

where Dgis the diffusion coefficient and Str;g is the outflow
transport-corrected XS. The 33-group energy structures of the
ECCO code were used for XS generation. Moreover, a high-order
scattering matrix was obtained for nodal calculations.

The SA model in TULIP is an equivalent cylindrical model, as
depicted in Fig. 6, as opposed to a hexagonal model as MCS. The
TULIP code can generate XS sets in a homogeneous (0D) or 1D
heterogeneous problem. To consider the heterogeneity effect, only
one approach for XS preparation by TULIP is proposed in this study.
The XSs of the fuel and blanket regions were prepared using a 1D
heterogeneous model. Owing to the insignificance of the self-
shielding effect in non-fuel regions for the fast reactor calcula-
tion, the XSs of other non-fuel material regions were generated
using the homogeneous model. The SPH method and 1D supercell
models were used for the XS generation of the control SA.

3. Benchmark description

In this study, we consider two fast reactor cores provided by the
OECD/NEA UAM sodium fast reactor benchmark, the medium-size
core MET-1000, and the large-size core CAR-3600 [12]. The MET-
1000 design uses metallic fuel and cladding composed of HT-9
steel; the nominal thermal power of the core is 1000 MWth. The
core is divided into two radial zones with different Plutonium
contents; there are 78 fuel SAs in the inner zone (~14 at% of Pu) and
102 fuel SAs in the outer zone (~18 at% of Pu). The active core is
axially divided into five zones and uniform fuel composition is
assumed in each zone. Thus, five different fuel compositions are
used for each inner and outer core zone. Natural molybdenum is
used to represent the fission products (pseudo fission product). The
core is regulated using two control systems. The primary system
consists of 15 control SAs, while the secondary system involves four
control SAs. Both control SAs systems used the same enriched bo-
ron carbide concentration (65 at% of 10B). The main design pa-
rameters are listed in Table 2. The radial core layout is shown in
Fig. 7.

The large-core CAR-3600 design uses (U, Pu) C fuel with a core
thermal power of 3600 MWth. A summary of the main parameters
is presented in Table 3. The general radial core layout is illustrated
in Fig. 8. The core was designed to fit a very low linear heat gen-
eration rate to provide an enhanced margin for fuel melting. The
core is separated into inner and outer fuel zones with 286 and 201
fuel SAs, respectively. The different Plutonium contents was used
for inner zone (~17 at%) and outer zone (23 at%). Moreover, the
active core is axially divided into five zones for each different initial
Pu contents. There are two control systems in the core: 18 control
Fig. 6. Equivalent cylinder models.



Table 2
Main parameters of MET-1000 core.

Parameter Value

Total core height (cm) 480.20
SA pitch (cm) 16.2471
SA duct outer flat-to-flat distance (cm) 15.8123
SA duct thickness (cm) 0.3966
Active core height (cm) 85.82
Fuel radius (cm) 0.3236
Outer radius of cladding (cm) 0.3857
Inner radius of cladding (cm) 0.3236
Number of fuel SAs 180
Number of control SAs 19
Number of fuel pin 271
Structure temperature (�C) 433
Fuel temperature (�C) 534

Fig. 7. Radial core layout of MET-1000.

Table 3
Main parameters of CAR-3600 core.

Parameter Value

Total core height (cm) 301.70
SA pitch (cm) 20.9889
SA duct outer flat-to-flat distance (cm) 20.2641
SA duct thickness (cm) 0.4525
Active core height (cm) 100.56
Fuel radius (cm) 0.3319
Outer radius of cladding (cm) 0.3954
Inner radius of cladding (cm) 0.3470
Number of fuel SAs 487
Number of control SAs 27
Number of fuel pin 469
Structure temperature (�C) 470
Fuel temperature (�C) 987

Fig. 8. Radial core layout of CAR-3600.
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SAs with natural boron carbide in the primary system and nine
control SAs with enriched boron carbide (90% 10B) in the secondary
system.
4. Results and discussion

This section focuses on the cross-verification of the MCS and
TULIP multigroup XS libraries by means of the nodal diffusion
solver of the RAST-F framework. Given its compact core size and
high neutron leakage, the MET-1000 benchmark was selected to
determine the optimal approach for XS generation. To accounting
for a strong spectral transformation between fuel SA and adjoining
non-fuel regions, several procedures are adopted for MCS
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calculation to generate XS set. Consequently, the optimal approach
was used to prepare the XS set of the CAR-3600 benchmark. In
TULIP calculation, a homogeneous (0D) model is used for non-fuel
region, and 1D heterogeneous model is used for fuel region. The
same procedure is applied two both MET-1000 and CAR-3600. It
should be noted that the MCS weighting function is an angular-
integrated distribution of neutrons, while TULIP uses high-order
angular flux moments. To evaluate the effects of neutron flux
angular anisotropy on the full-core nodal diffusion solution, the
TULIP/LAVENDER code system was used to obtain the transport
solution. The solution of MCS/RAST-F, TULIP/RAST-F and TULIP/
LAVENDER systems were evaluated by comparison to the reference
MCS solution.
4.1. Numerical results for MET-1000 benchmark

The calculations by RAST-F usingMCS and TULIPmultigroup XSs
were verified with respect to the reference solution calculated by
the MCS code. To obtain less than 1.5% standard deviation in the
flux values for the thermal energy group and the convergence of
source distribution, the MCS simulations were performed for XS
generation using 150 inactive cycles, 600 active cycles, and 50,000
neutron histories per cycle for non-fuel regions, and 160 inactive
cycles, 800 active cycles, and 50,000 neutron histories per cycle for
fuel regions. Furthermore, the standard deviation in the flux
magnitudewas less than 1.2% for the thermal energy region. RAST-F
performed diffusion calculations using XS libraries fed by MCS and
TULIP. Moreover, the same calculation was performed using the
LAVENDER SN transport solver using TULIP XS. For consistency,
clarity, and simplicity in the presentation of results, “TL/RF,” “MC/
RF,” and “TL/LV” are used as abbreviations for TULIP/RAST-F, MCS/
RAST-F, and TULIP/LAVENDER, respectively. The parameters of
merit are keff, axial and radial power distribution, control rod worth
(DrCR), Doppler coefficient (KD), and sodiumvoid worth (DrNa), and
the last three parameters are calculated as follows:

DrNa ¼ rvoid � rnominal; (4)

KD ¼ðrT � rnominalÞ
ln ðT2=T1Þ

; (5)

DrCR ¼ rrodded � rnominal; (6)

where rnominal is the core reactivity at the nominal state, rvoid is the
core reactivity in the coolant voided state, rrodded is the core reac-
tivity while all rods are fully inserted, and rT is the core reactivity at
an elevated temperature with no thermal expansion effects.
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The reference solution was generated in 3D whole-core het-
erogeneous model using 400 active cycles, 100 inactive cycles, and
50,000 neutron histories per cycle for MET-1000. RAST-F per-
formed 3D whole-core calculation with radial and axial black
boundary conditions. All calculations were performed using ENDF/
B-VII.0 nuclear data files at 534 �C for fuel temperature and 433 �C
for structural materials, and coolant in MET-1000 calculations.
4.1.1. Comparison between MC/RF and MCS numerical solution
Table 4 shows a comparison of the neutronic parameters (keff,

KD, and DrNa) between the MCS and MC/RF results at all control
rods out-of-core (ARO) state. The results showed good agreement
between MCS and MC/RF using the 2D supercell model, while the
differences in keff, KD, and DrNa were lower than 145, 10, and 140
pcm, respectively. Moreover, a slight improvement over the
neutronic parameter comparisons was observed in calculations
using the XSs generated with 3D fuel and 2D fuel-reflector models.
The differences between MCS and MC/RF with 3D fuel and 2D fuel-
reflector models in keff, KD, and DrNa were approximately 34, 10,
and 112 pcm, respectively.

At all control rods fully-inserted (ARI) state, the control rod
worth was obtained using the same XS generation approaches as at
ARO state. In order to demonstrate the effect of the SPH factor on
the accuracy of the MC/RF results, the MC/RF calculation was con-
ducted without using SPH correction and with SPH corrected XS for
the absorber region in control SAs and nearby fuel regions of fuel
SAs. The MC/RF results are presented in Table 5 and compared with
the reference MCS solution. The MC/RF without SPH correction
underestimates keff by approximately 2000 pcm. However, with the
use of SPH correction, the discrepancy of MC/RF keff values signif-
icantly drop to 243, 137, and 5 pcm for supercell, 2D fuel-reflector,
and 3D fuel approaches, respectively. A similar tendency is
observed in the total control rod worth calculation. The use of SPH
correction reduced the deviation in the DrCR prediction
from �2543 to 188 pcm for supercell approach, from �2593 to 144
pcm for 3D fuel-reflector approach and from �2571 to 26 pcm for
3D fuel approach.

The same tendency is noted in the ARO state. The RAST-F
calculation using the 3D fuel approach shows better agreement
with the other approaches even with or without SPH correction in
comparison with MCS solution. The RAST-F results with SPH
correction is much closer to MCS solution than those without SPH
correction. The difference in CRW comparison was reduced from
2000 pcm to 20 pcm after applying SPH correctionwith the XS from
3D fuel approach.

The normalized radial power distribution calculated by MCS at
ARO and ARI states is depicted in Fig. 9. The relative differences in
the normalized radial power distribution at ARO state between
RAST-F using different XS generation approaches and MCS are
presented in Fig. 10. As shown in Fig. 10, a noticeable improvement
in radial power prediction was observed. The maximum deviation
was approximately 2.4%, while the root means square error (RMSE)
was approximately 1.0% wherein XSs were calculated using the
“Supercell” approach. The maximum deviation in radial power
Table 4
Comparison of core integral parameters for MET-1000.

Parameters MCS (±1s) Absolute difference of MC/RF with
different approaches (pcm)

Supercell 2D fuel-reflector 3D fuel

keff 1.03032 ± 11 pcm 143 40 �34
KD �327 ± 21 pcm �8 �6 �10
DrNa 2000 ± 14 pcm 136 158 112
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distribution decreased to 1.64%. This reduced assembly power error
was achieved with the cross section set generated with the “2D
fuel-reflector” approach. Furthermore, the RMSE slightly decreased
to 0.9% wherein XSs was calculated using the “2D fuel-reflector”
approach. The results indicate a significant improvement in the
radial power prediction with the “2D fuel-reflector” approach. In
the fuel-reflector model, the spectral effects were considered
owing to a strong spectral transition between the fuel SAs and
nearby non-fuel regions. Using XSs calculated by the “3D fuel”
approach, the largest disparity in radial power distribution was
similar to those calculated using “2D fuel-reflector” approach, that
is, less than 1.8%. It should be noted that “3D-fuel” approach, unlike
“2D fuel-reflector” approach, uses a 3D fuel model for regions in
fuel SA, and the remaining regions are calculated using the same
model as “2D fuel-reflector” approach. Fig. 11 shows the relative
differences in radial power distribution at ARI state between MCS
and RAST-F using XS set from 3D fuel approach without SPH
correction and with SPH correction. A significant improvement is
observed over the radial power distribution with SPH factor. The
relative difference reduces from 4.5% to 2.7% and the RMSE reduces
from 2.3% to 1.1% after applying SPH factor.

The normalized axial power distribution at ARO and ARI states
of MCS is shown in Fig. 12. The relative difference between RAST-F
using different XS generation approaches and MCS at ARO state are
shown in Fig. 13. The axial power distribution calculated by RAST-F
and MCS shows that the 3D fuel SA modeling is suitable for use in
the XS generation of fuel and non-fuel regions in fuel SA. The dif-
ference decreases from 5.2% to 3.3% in the axial power distribution
with less time for XS generation because all fuel and axial non-fuel
zones in fuel SA were simulated and produced the group constant
at once. Therefore, the spectral effects for the outermost fuel SAs
facing the radial reflector were considered by the 2D fuel-reflector
and 3D fuel SA models in the XS generation. This analysis suggests
that both 2D fuel reflectors and 3D fuel SA models should be
applied to fuel and radial reflector regions. The relative difference of
axial power distribution between MCS and RAST-F using XS set
from 3D fuel approach without SPH correction and with SPH
correction is presented in Fig. 14. A slight improvement is observed
over the axial power distribution after using SPH correction. The
maximum deviations between MCS and RAST-F without and with
SPH factor are approximately 1.0 and 0.9%, respectively.

4.1.2. Comparison between TL/RF, TL/LV results, and MCS reference
solution

The comparison of neutronic parameters (keff, DrCR, KD, DrNa)
between TL/RF, TL/LV results, and MCS reference solutions for MET-
1000 are shown in Tables 6 and 7. A large deviation was observed
between the diffusion and reference solutions when high-order
scattering matrices were considered. A significant discrepancy in
keff comparisonwas found at approximately 1236 pcm between the
MCS and TL/RF results. This is because of the high transport effect in
the MET-1000 benchmark. The absolute differences between TL/RF
andMCSwere approximately 451, 80, and 171 pcm forDrCR, KD, and
DrNa, respectively. Using the same XS sets for the transport calcu-
lation, a good agreement was obtained with theMCS solutions with
a difference of 253 pcm, andwhen the transport solver was used for
calculation, the results improved by 200 pcm forDrCR, KD, andDrNa.

The relative differences in radial power between the TL/LV, TL/
RF, and MCS results are shown in Fig. 15 for one-sixth core. A large
discrepancy was observed in the results using the TULIP XSs. A
decline in radial power distribution was observed with a positive
difference of 6.5% at the center and a 6.4% negative difference at the
border of the corewithin 4.1% in terms of RMSE. This effect was due
to the overestimation of the anisotropic scattering effect in the
outflow transport approximation.



Table 5
Comparison of eigenvalues and total control rod worth for MET-1000 at ARI state.

Code XS approach SPH factor keff DrCR (pcm) Absolute difference (pcm)

keff DrCR

MCS e e 0.86734 ± 11 pcm �18238 ± 17 e e

RAST-F Supercell No 0.84959 �20781 �1775 �2543
Yes 0.86977 �18050 243 188

2D fuel-reflector No 0.84853 �20831 �1881 �2593
Yes 0.86871 �18094 137 144

3D fuel No 0.84819 �20809 �1915 �2571
Yes 0.86729 �18212 �5 26

Fig. 9. Normalized radial power distribution calculated via MCS for MET-1000.

Fig. 10. Relative difference of three XS generation approaches in radial power comparison at ARO state.

Fig. 11. Relative differences in radial power comparison between MCS and RAST-F using XS set with and without SPH factor for MET-1000 at ARI state.
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Fig. 12. Normalized axial power distribution calculated via MCS for MET-1000 at ARO.

Fig. 13. Relative difference with three XS generation approaches in axial power comparison for MET-1000.
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Fig. 14. Relative difference in axial power comparison for MET-1000 at ARI state.

Table 6
Comparison of multiplication factors with MCS solution for MET-1000.

Code Method Scattering order keff Absolute difference (pcm)

MCS MC e 1.03032 ± 11 pcm e

TL/RF CPM/Diffusion P1 1.01796 �1236
TL/LV CPM/Transport P1 1.02779 �253

Table 7
Comparison of neutronic parameters for MET-1000.

Parameters MCS (±1s) Absolute difference
(pcm)

TL/LV TL/RF

DrCR �18238 ± 17 pcm �197 �451
KD �327 ± 21 pcm �93 �80
DrNa 2000 ± 14 pcm �37 �171

Fig. 15. Relative differences in radial power com

T.Q. Tran, A. Cherezov, X. Du et al. Nuclear Engineering and Technology 54 (2022) 1789e1803

1797
The relative differences in axial power between the TL/LV, TL/RF,
and MCS results are shown in Fig. 16. The axial power distributions
predicted by TL/RF and MCS were in good agreement, while the
difference was less than 2.6% within 0.9% in terms of RMSE. The TL/
LV calculation showed similar results with a difference of less than
3.6% and 1.2% in terms of RMSE. This difference can be explained by
the difference in the calculation methodology.
parison with respect to MCS for MET-1000.



Fig. 16. Relative differences in axial power comparison with respect to MCS for MET-1000.

Table 8
Multiplication factors comparison with respect to MCS solution for CAR-3600.

Code Method Scattering order keff Diff. (pcm)

MCS MC e 1.00358 ± 10 pcm e

TL/RF CPM/Diffusion P1 1.00076 �282
TL/LV CPM/Transport P1 1.00390 32
MC/RF MC/Diffusion P0 1.00484 126
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4.2. Numerical results for CAR-3600 benchmark

Based on the results shown in Tables 3e5, Figs. 10, 11, 13 and 14,
a significant improvement in the neutronic parameters and power
distributions for MET-1000 was observed using a 2D fuel-reflector
model and 3D single fuel SA model for few-group constant gener-
ation by MCS. Therefore, the approach in Case 3 (3D fuel) was used
to generate the homogenized XSs of the CAR-3600 benchmark. The
XS for the reflectors close to the peripheral fuel SAs was generated
using the 2D fuel-reflector model by MCS. Additionally, a single 3D
model of a fuel SA was used to generate the XS set for fuel regions
and axial non-multiplying (gas plenum and axial reflector) regions.
All remaining non-fuel regions were prepared using 2D supercell
models. To obtain less than 1.5% standard deviation in the flux
values for the thermal energy group and the convergence of source
distribution, the XS generation by MCS was obtained using 400
inactive cycles, 2000 active cycles, and 20,000 neutron histories per
cycle for all regions, and the standard deviation in the flux values
for the thermal energy group was less than 1.3%.

Based on the results in Tables 6 and 7 and Figs. 15 and 16, the
observed differences in keff and neutronic parameters between TL/
RF and MCS is significantly large owing to the transport effect. To
evaluate this effect in diffusion calculations with a large core, the
same XS generation approach used for MET-1000 was used to
generate the XS for the CAR-3600 benchmark. The reference solu-
tion for the CAR-3600 calculation was generated with a 3D whole-
core heterogeneous model using 20,000 neutron histories, 700
inactive cycles, and 3500 active cycles. All calculations were per-
formed using ENDF/B-VII.0 nuclear data files at 987 �C for fuel
temperature and 470 �C for structural materials, and coolant.

The keff values evaluated by MCS, TL/RF, TL/LV, and TL/RF at ARO
state are shown and compared in Table 8. The MC/RF results are in
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good agreement with the MCS reference solution of less than 130
pcm. The difference between TL/RF and MCS was approximately
282 pcm in the keff magnitude comparison and approximately 80
pcm in the neutronic parameter comparison. The keff value calcu-
lated by TL/LV were in good agreement with the MCS solution. The
difference in the keff magnitude was less than 32 pcm.

In addition, the efficiency of SPH factor for MC/RF calculation at
ARI state is considered for CAR-3600 benchmark. Based on the
results in Table 5, the RAST-F calculation with XS set from 3D fuel
approach shows a better agreement than the other approach. As a
result, in this calculation, the 3D fuel approach is used to generate
XS set for RAST-F calculation. The keff and DrCR values obtained by
RAST-F with and without SPH factor are shown and compared
against MCS reference solution at ARI state in Table 9. A better
agreement is observed over the RAST-F using the XS with SPH
factor. The difference in DrCR between MCS and RAST-F results
using the XS with and without SPH factor is 28 and 190 pcm,
respectively.

The core integral parameters such as sodium void reactivity,
Doppler coefficient, control rod worth obtained by MC/RF, TL/RF,
and TL/LV are tabulated in Table 10 and compared against the MCS
reference solution. A significant improvement was observed in the
neutronic parameters calculation of TL/RF. The deviation is much



Table 9
Comparison of the eigenvalues and total control rodworth for CAR-3600 at ARI state.

Code SPH factor keff DrCR (pcm) Absolute
difference
(pcm)

keff DrCR

MCS e 0.96443 �4045 e e

RAST-F No 0.96383 �4235 �60 190
Yes 0.96534 �4073 91 �28

Table 10
Neutronic parameters comparison for CAR-3600.

Parameters MCS (±s) Absolute difference (pcm)

TL/LV TL/RF MC/RF

DrCR �4045 ± 12 pcm 90 �42 �28
KD �1067 ± 17 pcm �69 �72 �27
DrNa 2033 ± 15 pcm �42 �80 98
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smaller than those results in the MET-1000 problem. The transport
effect significantly reduced in the large-size core. The difference
between TL/RF and MCS was approximately 80 pcm in the
neutronic parameter comparison. The maximum difference of
neutronic parameters between the TL/LV and MCS results was less
than 90 pcm. The MC/RF results agree within 30 pcmwith the MCS
solution of control rod worth and Doppler coefficient. The MC/RF
overestimates the sodium void reactivity by 98 pcm. This is similar
to the sodium void reactivity calculation in MET-1000 benchmark.

Fig. 17 shows the normalized radial powers calculated via the
MCS in one-sixth core. The relative differences between the two-
step code results and MCS results at ARO state are presented in
Fig. 18. The results of the MC/RF calculations are clearly in good
agreement. Themaximum difference and RMSEwere less than 2.6%
and 1.2%, respectively. Conversely, the radial power predicted by TL/
LV and TL/RF shows a huge difference from the reference solution;
the maximum error is up to 9%, while the RMSE is approximately
5%. The relative difference in radial power distribution at ARI state
by MC/RF with and without the SPH correction is presented in
Fig. 19. The radial power distribution predicted by MC/RF with SPH
correction sufficiently improved the agreement with the reference
MC solution. The maximum relative difference/RMSE reduced from
8.1/3.4% to 3.1/1.2%. The maximum deviation is spotted in the
central of core region, where the magnitude of power is four-time
smaller than the maximum power. Because of that small magni-
tude, it is very sensitive. Therefore, the difference may be caused by
the uncertainty in MCS calculation, XS generation, and difference of
Fig. 17. Normalized radial power distribut
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methodology between MCS and RAST-F.
Fig. 20 presents the normalized axial power distribution per-

formed by MCS. The relative differences in axial distribution be-
tween the two-step code results at ARO state are presented in
Fig. 21. When compared with the MCS reference solution, the axial
power obtained using MC/RF was highly accurate. The relative
difference betweenMC/RF and reference was less than 1.2% with an
RMSE of 0.5%. When the XS sets from TULIP were used, the
agreement between the reference MC and two-step code results
decreased slightly. The power distribution was still tilted. In the
case of TL/RF calculation, the maximum relative error and RMSE
were as high as 2.0% and 0.9%, respectively. The maximum devia-
tion between the reference solution and TL/LV results was
approximately 3.0%. However, the RMSE was still below 1.1%. At ARI
state, both RAST-F results using XSwith andwithout SPH correction
are compared with the reference MCS solution and shown in
Fig. 22. The maximum deviation is approximately 1.7%, while the
RMSE is approximately 0.7% where XSs are obtained without SPH
factor. The RAST-F result using XS with SPH factor is slight better
than those result using XS without SPH factor. The maximum de-
viation decreased to 0.7% with SPH factor. Furthermore, the RMSE
slightly decreased to 0.3%.
4.3. Discussion

As shown in Figs. 10, 11, 13, 14, 18, 19, 21 and 22 and Tables 4 and
5 and 8e10, the nodal diffusion algorithm with the MCS multi-
group cross-section library produces results similar to the MCS
reference for both cores. The error of the multiplication factor was
less than 126 pcm, control rodworthwas less than 30 pcm, Doppler
coefficient was less than 30 pcm, sodium void was less than 115
pcm, and power distribution RMS error was approximately 1.2%. It
should be noted that the nodal diffusion calculation considered
only the angular-isotropic component of the scattering cross-
sections. This deficiency was partially accommodated by the
transport correction term in the diffusion coefficient. The leakage
by neighboring effect was considered by the 3D fuel and 2D fuel-
reflector models. The SPH correction was used to preserve refer-
ence region-averaged reaction rates, which is achieved by con-
structing one SPH factor for each equivalence region and energy
group. The use of SPH corrected XS for the absorber region in
control SAs and nearby fuel regions of fuel SAs significantly im-
proves the accuracy of the MC/RF solutions in eigenvalues, control
rod worth and radial power distribution in comparison to reference
MCS solution in the ARI case.

The nodal diffusion calculation based on the TULIP cross-
sections underestimated the multiplication factor by 282 pcm for
ion calculated via MCS for CAR-3600.



Fig. 18. Relative difference for CAR-3600 at ARO state.

Fig. 19. Relative differences in radial power comparison between MCS and RAST-F using XS set with and without SPH factor for MET-1000.
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CAR-3600 and 1236 pcm for MET-1000. Furthermore, a high
discrepancy was observed for other parameters of interest. High
errors in the TL/RF calculationwere observed when the XS set from
TULIP with the P1 approximation was used. This is because angular
information in 3D core models fails to reproduce the flux anisot-
ropy when flux moments are used to weight the XSs. Furthermore,
the neutron flux is more anisotropic in the high-leakage core.
Therefore, a medium-sized core, such as the MET-1000 with high
neutron leakage, introduces significant error when compared to the
large-size core CAR-3600. The reactor core power calculated by
RAST-F exhibited a tilt between the outer and central regions,
thereby resulting in an RMS error of approximately 4% for the radial
distribution and 1% for the axial distribution. Given the over-
estimation of the anisotropic scattering effect, the outflow
1800
transport approximation overestimated the neutron leakage for the
high neutron leakage core. Moreover, the transport XS was used to
obtain the diffusion coefficient, which directly affected diffusion
calculation results. This indicated that the approximation is insuf-
ficient to consider anisotropic scattering via neutron leakage.

Conversely, the LAVENDER solver with the TULIP XS library
exhibited considerably higher agreement with the MCS whole-core
results than TL/RF. Thus, the discrepancy in the multiplication
factor corresponded to 253 pcm for MET-1000 and 52 pcm for CAR-
3600. However, the discrepancy of other parameters was main-
tainedwithin 100 pcm, with the exception of the control rodworth,
which exhibited an error of 197 pcm for MET-1000. The results of
TL/LV reflected an improvement over those of TL/RF, and this was
attributed to the processing of the anisotropic effects in the



Fig. 20. Normalized axial power distribution calculated via MCS for CAR-3600.

Fig. 21. Relative differences in axial power comparison with respect to MCS for CAR-3600.
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LAVENDER transport solver. However, TL/LV tends to overestimate
the power at the central core region and underestimate the power
1801
at the outer core region, thereby leading to a radial power distri-
bution tilt. The axial and radial power distribution RMS errors were



Fig. 22. Relative difference in axial power comparison for CAR-3600 at ARI state.
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less than 1.2% and 4.3% for MET-1000 and CAR-3600, respectively.
The error results from the overestimation of the anisotropic scat-
tering effect.
5. Conclusion

In the study, a two-step analysis framework, RAST-F, was pro-
posed and investigated for the 3D steady-state analysis of a fast
spectrum core. The multi-group XSs were generated via Monte
Carlo code MCS and hybrid collision probability code TULIP. The
accuracy of the XS libraries was evaluated for the MET-1000 and
CAR-3600 benchmark cores relative to the multiplication factor,
power distribution, sodium void worth, control rod worth, and
Doppler coefficient calculated via the TPEN method. The reference
solution was obtained using the Monte Carlo code MCS based on
continuous-energy nuclear data. The prediction accuracy of the
framework was evaluated by comparing the results with those of
reference solutions.

The comparisonwith the reference solution demonstrated good
agreement with the developed framework fed with the MCS XSs.
Furthermore, higher errors were observed in the comparison be-
tween RAST-F fed with the TULIP XSs and reference solution. The
comparison between two XS generation codes indicated that the
use of a high-order scattering matrix weighted by the angular flux
moment in the diffusion calculation resulted in decreased agree-
ment with the reference solution. The outflow transport correction
tends to overestimate neutron leakage, thereby indicating that it is
essential to investigate other transport approximations to optimize
the combination of the three-step approach. Conversely, the use of
SPH factor, 3D fuel model and 2D fuel-reflector model for cross-
section generation by MCS led to good agreement between the
1802
RAST-F and reference.
In conclusion, the study successfully verified that the two-step

analysis framework RAST-F can provide accurate results with
high-fidelity solutions and can be used for static neutronic analysis
of reactor cores with a fast spectrum. The validation work of the
RAST-F framework on the China Experimental Fast Reactor start-up
tests will be presented in subsequent studies.
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