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a b s t r a c t

The BEAVRS (Benchmark for Evaluation and Validation of Reactor Simulation) benchmark calculations
were performed by DeCART stand-alone and DeCART/MATRA multi-physics coupled code system to
verify their accuracy. The solutions of DeCART stand-alone calculations for the control rod bank worth,
detector signal, isothermal temperature coefficient, and critical boron concentration agreed very well
with the measurements. The root-mean-square errors of the boron letdown curves for two-cycles were
less than about 20 ppm, while the individual and total control rod bank worth agreed well within 7.3%
and 2.4%, respectively. For the BEAVRS benchmark calculations at the beginning of burnup, the difference
between DeCART simplified thermal-hydraulic stand-alone and DeCART/MATRA coupled calculations
were not significantly large. Therefore, it is concluded that both the DeCART stand-alone code and the
DeCART/MATRA multi-physics coupled code system have the capabilities to generate high fidelity
transport solutions at core follow calculations.
© 2020 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

Rapid advances in computer hardware and software contribute to
multi-physics simulations relevant to nuclear reactor design and
analysis for reliable and accurate solutions through coupling among
single-physics codes. In a multi-physics code coupling system,
single-physics codes analyze a single-physics phenomenon and ex-
change interface parameters related to neutron transport, heat
transfer, fluid flow, and structural mechanics. Korea Atomic Energy
Research Institute (KAERI) has established a neutronics-thermal/
hydraulic (T/H) multi-physics code system [1] through the
coupling of the DeCART [2,3] (Deterministic Core Analysis based on
Ray Tracing) transport code and the MATRA [4] (Multi-channel
Analyzer for steady-state and Transients in Rods Array) sub-channel
code in accordancewith trends. In the DeCART/MATRA neutronics-T/
H coupling code system, DeCART calculates 3-dimensional (3D) pin-
wise power distribution, which is used in theMATRAT/H calculation.
Then, MATRA receives the pin power distribution and returns the
coolant densities and the fuel and moderator temperatures. All it-
erations continue until the interface parameters, which are the pin-
power and temperatures, by the two codes converge.
by Elsevier Korea LLC. This is an
A computational reactor physics group at Massachusetts Insti-
tute of Technology has proposed a pressurized-water reactor (PWR)
whole-core benchmark, the Benchmark for Evaluation and Vali-
dation of Reactor Simulations (BEAVRS) benchmark problem [5].
The BEAVRS benchmark provides a detailed specification and
various measurement data such as control rod bank worth (CRBW),
radial detector signal, isothermal temperature coefficients (ITC),
and critical boron concentration (CBC) during two cycles. Many
reactor physics groups and teams have already reported solutions
to the BEAVRS benchmark problem through the use of own
different neutronics or multi-physics tools. The Consortium for
Advanced Simulation of Light Water Reactors (CASL) team per-
formed benchmark analyses using the MPACT/CTF/ORIGEN/BISON
codes of the Virtual Environment for Reactor Application (VERA)
multi-physics code system [6]. CASL team calculated almost all the
benchmark results including flux maps at several time points
during each operating cycle. Seoul National University presented
the solutions of the nTRACER neutronics code by stand-alone cal-
culations for two cycles [7]. In that study, the simplified power
history scheme based on the measurement was applied to perform
practical core-follow calculations. Similarly, various deterministic
or stochastic neutronics codes, including SCALE/PARCS [8], CASMO/
Simulate-3 [9], Serpent-ARES [10], MCS [11], STREAM [12], and
MC21 [13] - have been used to calculate the results of one or two
cycle depletion applications. Moreover, the BEAVRS benchmarkwas
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utilized to estimate the real variances of pin-wise and assembly-
wise pin power tallies using the McCARD Monte Carlo code [14].

The purpose of this study is to provide the solution of DeCART
stand-alone (SA) calculations using simplified T/H solver and to
compare DeCART/MATRA code coupled (CO) calculations with
DeCART SA calculations. The DeCART SA analyses were performed
for variousmeasured items. Section II briefly describes the DeCART/
MATRA multi-physics code system. In Section III, DeCART SA cal-
culations were performed for CRBW, radial detector signal, ITC, and
CBC using ENDF/B-VII.1 47 group cross section library [15]. Section
IV compares the results of the DeCART/MATRA CO calculations with
those of the DeCART SA calculations. The conclusions and sum-
mations are given in Section V.
Fig. 1. Flowchart of data communication between DeCART and MATRA.
2. DeCART/MATRA multi-physics code coupling system

2.1. DeCART neutronics code

Equipped with the capabilities of the direct sub-pin level flux
calculations and the burnup calculations based on the Krylov sub-
space method, DeCART [2,3] is a MOC (Method of Characteristics)-
based whole core neutron/photon transport code. To obtain an
effective approximate 3D transport solution, it adopts radial 2D
MOC transport with the anisotropic scattering source and the axial
1D P3 coupled method. In a 3D transport problem involving several
radial planes, a neutron transport equation [3] for a discretized angle
m can be expressed using transverse-integrated sources as below:�
εm

v
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and neutron source Lkz;kðx; yÞ is a transverse-integrated leakage

source. Here superscripts k refers to an axial plane index. From the
definition of the axial leakage sources, the 2D planar MOC problem
can be established for each plane. To solve the 2DMOC problem, the
ray tracing is performed using the scattering, fission, and the axial
leakage sources for each flat source region (FSR) by employing the
following equation [3]:
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where l and n are the polar and azimuthal angle indices. 4g;in
l;n and

4g;out
l;n are the incoming and outgoing angular fluxes of group g. s is

the optical length passing through a FSR and qg;l is the source. The
average angular flux within the FSR in Eq. (1) can be calculated by
integration of Eq. (2). In a MOC calculation, the polar angles are
determined by the CACTUS optimization scheme, and the
Table 1
Constitutive model of MATRA T/H code.

Fluid model Homogeneous mixture model

Turbulent mixing Equal mass model, Equal-volume exchange void drift
model

Single phase friction Blasius, McAdams correlation, Rehme's model
Grid loss coefficient Re dependent
Two-phase

multiplier
Homogeneous, Armand

Saturated void Homogeneous, Modified Armand, Chexal Lellouche
Subcooled void Saha-Zuber, Levy model
Critical heat flux W-3, Look up table
azimuthal angles are determined by the evenly distributed or Gauss
quadrature schemes. For resonance treatment, DeCART library
generation code system [17] solves slowing down equations in the
energy range from 0.5 eV to 10 keV. In slowing down equations,
source terms are simplified by assuming isotropic elastic scattering
source and no fission source. To convert the ultra-fine group
slowing down equations to coarse group resonance fixed source
equations, the intermediate resonance approximation for scat-
tering source term is applied. In the fixed source problem, reso-
nance integral tables (RITs) are generated as a function of a
background cross section. In the DeCART, the RITs are processed by
the sub-group method, the point-wise energy slowing down
method (PSM) [16], or the direct resonance iteration method with a
resonance integral table (DRI) [17]. In this study, the sub-group
method is used as the option for resonance treatment. It is equip-
pedwith high-performance computation capability based on node-
wise message passing interface (MPI) parallelization to perform
efficient calculations for realistic and large nuclear reactor cores,
and the T/H solver is based on simplified 3D T/H equations to
determine the T/H state of each 3D node. The coolant and fuel
temperature and density of coolant by the T/H solver are used for
incorporating the T/H feedback into the neutron cross section.
2.2. MATRA thermal-hydraulic code

MATRA [3] is a T/H sub-channel analysis code with the capability
to model the various geometry of fuel assemblies (FAs) loaded in a
core. It has been developed by KAERI to analyze the T/H character-
istics in rod bundles for various types of nuclear reactors, including
square and hexagonal lattice type PWRs, liquid metal reactor, and
gas-cooled reactor. MATRA adopts a homogeneous equilibrium
model using three conservation equations for the mixture of two-
phase flow. An implicit numerical solution technique that is free
from the restriction of Courant-Friedrichs-Lewy (CFL) number is
used for steady-state and transient conditions. The influence of
various FA geometries such as rod pitch to diameter ratio (P/D),



Fig. 2. GUI utility for DeCART/MATRA coupled code system.

Fig. 3. Radial and axial mapping scheme.
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number of rod arrays, and rod diameter was properly reflected in
MATRA. Table 1 presents the constitutive models of the MATRA code
for the T/H analysis of various types of assembly.

MATRA code is equipped with a homogeneous equilibrium mod-
el(HEM) which has been used to core thermal-hydraulic design [18].
The governing equations such as the continuity, energy and axial/
lateralmomentumequations for a subchannel i are derived as below:
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Fig. 4. FA loading pattern for BEAVRS cycle 1 core.

H.J. Park et al. / Nuclear Engineering and Technology 52 (2020) 1896e1906 1899
vwij

vt
þ vwijui

vz
þ1

l

X
j

wijvi ¼
sij
l

�
Pi � Pj

�� Kij

2
wij

��wij
��

r*sijl
(6)

where rm;i, mi, hi, Pi, ui and vi are coolant density, axial flow rate,
enthalpy, pressure, and lateral velocity and axial velocity in sub-
channel i, respectively. Cross flow and turbulent mixing in lateral
direction are depicts aswij andw

0
ij. Superscript ‘*’means the donor-

cell property. Other minor variables and constitutive models are
described in detail at reference [18].

2.3. DeCART/MATRA multi-physics code coupling system

In 2014, the DeCART neutronics-MATRA T/H multi-physics code
coupling systemwas newly developed by KAERI. The multi-physics
code coupling system exchanges data and controls procedures
through an external interface program based on transmission
control protocol (TCP)/internet protocol (IP) socket communication
using a mapping file. The external server program controls the
transportation of coupled variables between each code and the
convergence criteria of the coupled system, and converts data using
a mapping file considering the control volume of counter code.
Fig. 1 shows the flowchart of data communication between DeCART
and MATRA. In the beginning of the coupled system, DeCART cal-
culates 3D pin-wise power distributions, which are passed to
MATRA to calculate the temperatures of the fuel and coolant and
the densities of coolant. MATRA then returns the temperatures and
densities to DeCART. The fixed-point iterations continue until the
interface parameters (i.e. pin-wise power and temperature)
converge within the criteria set by the external interface program.
Namely, at each iteration step, it runs by solving each variable in
this coupled system treating the other variables as a fixed value.

Therefore, one can formally express the pin-wise power, PðkÞX ,

temperature, TðkÞ
X , and coolant density, rðkÞX , calculated by the X code

(X ¼ M or D) at the k-th iteration step as follows:

PðkÞM ¼a� Pðk�1Þ
D þ ð1�aÞ � PðkÞD ; (7)
Table 2
Specification summary of BEAVRS benchmark problem.

Parameter Design parameter

Value Unit

Number of FAs 193 #
Number of fuel rods in a FA 264 #
Number of grid spacers 8 #
Number of control rod banks 6 #
Number of Burnable Absorber 1266 #

Core power 3411 MWth
Operating pressure 2250 (15.51) psia (MPa)
Nominal assembly flow rate 8.85 x 101 kg/s
Inlet temperature 292.89 �C

Assembly pitch 21.50364 cm

Pin pitch 1.25984 cm

235U enrichment in FA
Region 1 (cycle 1) 1.60 w/o
Region 2 (cycle 1) 2.40 w/o
Region 3 (cycle 1) 3.10 w/o
Region 4A (cycle 2) 3.20 w/o
Region 4B (cycle 2) 3.40 w/o
Fuel pellet radius 0.39218 cm
Cladding inner radius 0.40005 cm
Cladding outer radius 0.45720 cm
TðkÞD ¼ Tðk�1Þ
M ; (8)

r
ðkÞ
D ¼ r

ðk�1Þ
M : (9)

Here subscriptsM and D refer to a variable calculated byMATRA

and DeCART, respectively. Pðk�1Þ
D is the pin-wise power distribution

calculated by DeCART while Tðk�1Þ
M and r

ðk�1Þ
M refer to the temper-

ature and coolant density by MATRA at the (k-1)-th iteration step.
Consequently, the inputs for pin power distribution for the k-th step
Fig. 5. Shuffling scheme for BEAVRS cycle 2 core.



Fig. 6. Specification of FA for BEAVRS cycles 1 and 2.

Table 3
kinf of 2D FA problems by DeCART and McCARD.

Type of FA 235U weight % # of BA kinf

Reference
(McCARD)

DeCART Diff.a (pcm)

A 1.6 0 0.99646 0.99632 �14
B 2.4 0 1.13932 1.13933 0
B12 12 1.01575 1.01450 �121
B16 16 0.97742 0.97587 �163
C 3.1 0 1.22135 1.22158 15
C16 16 1.06547 1.06445 �90
C20 20 1.02975 1.02863 �106
C6 6 1.16459 1.16425 �25
C15 15 1.08032 1.07959 �55
D 3.2 0 1.23042 1.23074 21
D4 4 1.18869 1.18852 �12
D8 8 1.14807 1.14756 �39
D12 12 1.10825 1.10752 �59
E 3.4 0 1.24916 1.24953 24

*Statistical uncertainties of keff values are less than 10 pcm.
a Diff (pcm) ¼ {1/keff (McCARD) e 1/keff (DeCART)} � 105.

Table 4
kinf of 3D FA problems by DeCART and McCARD.

Type of FA 235U weight % # of BA kinf

Reference
(McCARD)

DeCART Diff.a (pcm)

A 1.6 0 0.99173 0.99067 �108
B 2.4 0 1.13328 1.13261 �52
B12 12 1.00961 1.00796 �162
B16 16 0.97100 0.96937 �173
C 3.1 0 1.21482 1.21423 �40
C16 16 1.05851 1.05732 �106
C20 20 1.02289 1.02151 �132
C6 6 1.15780 1.15701 �59
C15 15 1.07344 1.07240 �90
D 3.2 0 1.22382 1.22332 �33
D4 4 1.18198 1.18115 �59
D8 8 1.14129 1.14021 �83
D12 12 1.10136 1.10023 �93
E 3.4 0 1.24237 1.24197 �26

*Statistical uncertainties of keff values are less than 10 pcm.
a Diff (pcm) ¼ {1/keff (McCARD) e 1/keff (DeCART)} � 105.
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MATRA calculations are determined by PðkÞD and Pðk�1Þ
D , whereas the

inputs for temperature and coolant density for the k-th step

DeCART calculations are determined by Tðk�1Þ
M and r

ðk�1Þ
M . For sta-

bility, the under-relaxation factor a, is adopted for only the DeCART
calculations. If the under-relaxation schemewas active, awas set as
0.5 in this study. Because MATRA generally requires less time to
perform a calculation than DeCART, the bottleneck in the DeCART/
MATRA neutronics-T/H coupled code system will occur in the
neutronics part. As seen as Fig. 2, a graphic user interface (GUI)
utility was also installed to prepare inputs for coupled calculations
such as pin-by-pin information of MATRA and a mapping file be-
tween two codes. Furthermore, the GUI utility program could
handle and visualize the results of each code as post-processing.

DeCART uses the thermo-physical properties from the 3D LWR
core transient benchmark specification [19] for SA calculations
whereas MATRA use a constant fuel thermal conductivity (¼2.0 W/
m�K) for CO calculations. And both codes use the steam table based
on the widely used 1967 ASME (American Society of Mechanical
Engineers) data [20]. In the SA calculations, three equivalent-
volume rings are used inside a pellet region as heat conduction
regions for 1D simplified T/H calculations and as FSR for MOC cal-
culations. Meanwhile, uniform fuel temperature profiles are
applied in the CO calculations. In this case, the effective fuel tem-
perature (TF

eff ) is calculated by fuel surface temperature (TF
s ) and

center temperature (TF
c ) fromMATRA to perform MOC calculations.

TFeff ¼0:7$TFs þ 0:3$TFc (10)

The numbers of axial meshes for DeCART and MATRA calcula-
tions are 18 and 38, respectively. The SA T/H calculations are per-
formed for each radial node corresponding to an individual FA-wise
closed coolant channel which is axially segmented at each plane.
On the other hand, in the CO T/H calculation, the pin-by-pin model
is used to calculate octant core of BEAVRS. Four rods consist of an
opened subchannel of the pin-by-pin model and gaps between the
subchannels are modeled. The mass, momentum and energy of
each subchannel are considered as the exchange by the cross-flow
through the gaps.

In the CO calculation, the mapping occurred by the difference of
T/H analysis model between DeCART and MATRA can be axially and
radially considered. In this study, the coupled variables are



Table 5
keff and control rod bank worth.

Case keff Control rod bank worth (CRBW) and difference

Critical Measurement DeCART Diffa (pcm) Diffb (%)

ARO 1.00043 e e e

D with ARO 1.00192 788 784 4 0.5
C with D in 1.00095 1203 1256 �53 �4.4
B with D, C in e 1171 1255 �84 �7.2
A with D,C,B in 0.99896 548 508 40 7.3
SE with D,C,B,A in e 471 467 �6 �1.3
Total 4171 4271 �100 �2.4

a Diff (pcm) ¼ {CRBW(Measurement) e CRBW(DeCART)} � 105.
b Diff (%) ¼ Diff(pcm)/{CRBW(Measurement)} � 102.

Table 6
Comparison of control rod bank worth by various reactor physics code calculations.

Case Difference of CRBW (%)a

DeCART VERA [6] nTRACER [7] PARCS [8] McCARD

D with ARO 0.5 2.0 1.5 3.3 4.2
C with D in �4.4 �3.5 �0.6 4.5 0.6
B with D, C in �7.2 �0.8 �5.0 �11.3 4.7
A with D,C,B in 7.3 �3.5 2.4 31.8 �0.3
SE with D,C,B,A in 0.8 2.1 3.4 27.4 �11.1
Total �2.4 �1.3 �0.8 5.8 0.7

a Difference of CRBW (%) ¼ {CRBW(Measurement) e CRBW(DeCART)}/
{CRBW(Measurement)} � 102.

Table 7
Isothermal temperature coefficients.

Case Isothermal temperature coefficients (ITC) (pcm/�F)

Measurement DeCART Abs. Diffa (pcm/�F) Rel. Diff.b (%)

ARO �1.75 �3.11 1.36 �43
D in �2.75 �4.65 1.90 �40
C with D in �8.01 �9.55 1.54 �16

a Abs. Diff. ¼ ITC(Measurement) e ITC(DeCART).
b Rel. Diff. ¼ {(ITC(Measurement) e ITC(DeCART))/ITC(DeCART)} � 102.

Fig. 7. Comparison of assembly-wise detector signal (HZP).

Fig. 8. Power history and control rod bank positions at cycle 1.

Fig. 9. Power history and control rod bank positions at cycle 2.

Fig. 10. Boron letdown curve for cycle 1 (100% constant power model).
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respectively mapped by length weighted and areaweighted values.
As shown in Fig. 3, one pin cell of DeCART (presented as solid line)
consists of four parts of subchannel of MATRA (presented as dotted
line). Therefore, the coupled variable of that pin cell of DeCART can
be considered as following equation:

bTR ¼
X
i

wi
ATi (11)
wi
A ¼ AiP

i
Ai

(12)

where bTR is the transferred variable (e.g. temperature and density)
fromMATRA to DeCART for radial mapping. Here subscript imeans



Fig. 11. Boron letdown curve for cycle 2 (100% constant power model).

Fig. 12. Boron letdown curve for cycle 1 (simplified power model).

Fig. 13. Boron letdown curve for cycle 2 (simplified power model).

Fig. 14. Comparison of assembly-wise detector signals at 1.50 MWd/kgU (cycle 1).

Fig. 15. Comparison of assembly-wise detector signals at 12.91 MWd/kgU (cycle 1).

Fig. 16. Comparison of assembly-wise detector signals at 10.43 MWd/kgU (cycle 2).
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shaded region index (a, b, c, or d in Fig. 3). Ti is the value of sub-
channel-i and Ai is an overlapped area between subchannel-i of
MATRA and the pin-cell of DeCART. In the same manner, axial
mapping can be expressed as following:

bTA¼
X
i

wi
LTi (13)
wL
i ¼

LiP
i
Li

(14)

where Li is an overlapped length between subchannel-i of MATRA

and the pin-cell of DeCART, and bTA is the transferred variable from
MATRA to DeCART for axial mapping.



Table 8
Comparison of key nuclear design parameters between stand-alone (SA) and
coupled (CO) calculations.

Case Critical boron
concentration(CBC), ppm

Axial offset
(AO)

FXY Fr Fz

Stand alone
(SA)

907 �0.0659 1.5003 1.3846 1.4552

Coupled (CO) 892 �0.0683 1.4948 1.3773 1.4511
Difference

(SA-CO)
15 0.0024 0.4% 0.5% 0.3%

Fig. 17. Comparison of MDNBRs by AECL-95 lookup table.

H.J. Park et al. / Nuclear Engineering and Technology 52 (2020) 1896e1906 1903
3. Solutions of BEAVRS benchmark problems from DeCART
stand-alone calculations

BEAVRS benchmark problem can be largely divided into two
groups e Hot Zero Power (HZP) problems and Hot Full Power (HFP)
problems. HZP problems cover zero power physics tests such as
estimation of CRBW, CBC at critical bank position, ITC, and radial
detector signal distribution. InHFP problems, CBC and radial detector
Fig. 18. Comparison of average exit coolant t
signal distribution over burnup can be considered. In this study, 2D
and 3D FA infinite medium problems are additionally conducted to
check whether DeCART inputs are correct or not. In the FA problems,
the results by McCARD Monte Carlo code [21] were used as the
reference solutions because the BEAVRS benchmark does not pro-
vide the measurements for them. Table 2 provides a specification
overview of the BEAVRS benchmark problems, and more detailed
information can be obtained from Reference [4]. Fig. 4 presents the
FA loading pattern of the BEAVRS cycle 1 core, which consists of 9
types of FA classified according to 235U enrichment and the number
of burnable absorber (BA) rods whereas Fig. 5 shows the shuffling
scheme for the BEAVRS cycle 2 core. Fig. 6 shows the information for
all FAs consisting of cycle 1 and 2. For the DeCART calculation, a ray-
spacing of 0.02 cm, 2 polar angles of 90�, and 8 azimuthal angles of
90� were used as the ray tracing option. All DeCART and McCARD
calculations were conducted with the ENDF/B-VII.1-based 47-group
cross section library [12]. For the FA problems, the McCARD MC
calculations are performed by employing 100,000 neutron histories
per cycle, 1000 active cycles, and 50 inactive cycles. Note that the
statistical uncertainties of kinf values by McCARD are less than 10
pcm.

3.1. Fuel assembly problem

Tables 3 and 4 compare the kinf's of DeCART with the reference
for 2D and 3D FA problems, respectively. The root-mean-square
(RMS) differences of kinf for the 2D and 3D problems are 72 pcm
and 97 pcm, and the errors are less than 173 pcm. The DeCART
results are in good agreement with the reference, and one can
confirm the effectiveness of the DeCART FA-wise inputs.

3.2. Zero power physics test problem

Table 5 compares the kinf and CRBW by DeCART calculations
with the measurements which the benchmark sheets provide for
each configuration. It is noted that DeCART predicts well the indi-
vidual CRBW within about 8%, and the criticality within about 200
pcm. The error of total CRBW by ENDF/B-VII.1 is �2.4%. The design
review criteria (DRC) of CBC in a typical PWR zero power physics
test are 50 ppm or 500 pcm [22]. And the DRC of relative individual
and total CRBWare 15% and 8%, respectively. Therefore, the DeCART
results meets the DRC of CBC and CRBW in a typical PWR zero
emperature distribution for SA and CO.
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power physics test well. Table 6 shows the CRBW results by various
reactor physics code calculations. The results of CRBW for VERA,
nTRACER, and PARCS are taken from references [6e8]. It is observed
that all total CRBW for each code agree well within 6% whereas the
individual CRBW are less than 15% except for PARCS.

Table 7 shows the ITC for different control rod configurations.
Themaximum error of ITC is 1.9 pcm/�F and less than the DRC value
in a typical PWR zero power physics test; 2.0 pcm/�F.

In the BEAVRS benchmark, it is well known that the measured
signal results have a very high corner FA tilt (e.g. D12) under HZP
conditions. Therefore, the benchmark provides the tilt-corrected
detector signal measurements. Fig. 7 shows the comparison of
radial assembly-wise detector signal results between DeCART and
the tilt-corrected measurements. The relative RMS error and the
Fig. 19. Comparison of fission pin po
maximum error by DeCART are 1.82% and 4.86%, respectively. The
maximum error occurs in the same location, C11. Meanwhile, it is
observed that the uncertainties of radial detector signal measure-
ments range up to 5.38% [9] before considering the power tilting
phenomenon under HZP condition. Considering such a large error
of the measurements, the radial assembly-wise detector signal
results of DeCART are in good agreement with the measurements.
Meanwhile, the relative RMS and maximum error by nTRACER are
3.2% and 7.8% [7] whereas those by PARCS are 4.9% and 9.5% [8].

3.3. Two cycles depletion problem

The BEAVRS benchmark provides two different types of boron
letdown curves during cycle 1 and cycle 2 operations. One is made
wer distribution for SA and CO.



Fig. 20. Comparison of the trends in CBC convergence due to under-relaxation scheme.
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under 100% constant power level, while the other is based on the
detailed condition with variable parameters in detector mea-
surements from the measured power history data. Figs. 7 and 8
present the measured 24 h-averaged power history, time points
in detector measurements, and control rod bank D positions for
detailed condition in cycle 1 and cycle 2. In this section, the two-
cycle depletion analyses with 100% constant power level and po-
wer level condition from time steps in detector measurements are
performed in the DeCART with the ENDF/B-VII.1 library. In this
study, a simplified power level model was introduced for the two-
cycles depletion analysis with the detailed power level condition.
In this model, the linearly interpolated power level between
consecutive two detector measurement time steps was considered
as shown by the blue lines in Figs. 8 and 9.

Figs. 10 and 11 show the boron letdown curves calculated under
100% constant power condition. For cycles 1 and 2, the RMS errors
of CBC are 8 and 4 ppm. During two cycles, it was observed that the
CBC results from DeCART agree reasonably well with the mea-
surements. The RMS errors of CBC calculated by nTRACER under
100% constant power condition are 20 and 16 ppm for cycles 1 and
2, respectively [7]. For cycle 1, the cycle length calculated by
DeCART is 318 effective full power days (EFPDs). It is noted that the
cycle lengths by the other codes (i.e. VERA, nTRACER, and STREAM)
are also under-predicted under 100% constant power condition
[6,7,12].

Figs. 12 and 13 show the boron letdown curve calculated under
the simplified power level model. For cycles 1 and 2, the RMS error
is 20 ppm. It is noted that the error at 12.34MWd/kgU burnup point
of cycle 1 exceeds the 50 ppm limit, which is well known as the
typical acceptance criterion in zero power physics tests [22].
Meanwhile, the error of CBC at the same burnup point from
CASMO/Simulate-3 calculations in the BEAVRS uncertainty quan-
tification report is 46 ppm [8]. In the comparison of the PARCS
results [7], it was the only point that was higher than 50 ppm.
Therefore, a large error may stem from the uncertainties of mea-
surements and the simplified power level model.

The assembly-wise detector signals with the measurements by
the detailed calculations over burnup are also given in Figs. 14e16.
The relative RMS andmaximum errors at 1.50MWd/kgU (169 days)
of cycle 1 are 1.9% and 3.8% and those at 10.43MWd/kgU (296 days)
of cycle 2 are 1.1% and 2.8%. It was observed that the difference in
the relative RMS andmaximum errors owing to burnup is not large.

4. Comparison between DeCART stand-alone and DeCART/
MATRA coupled calculations

The DeCART/MATRA neutronics-T/H coupled calculations were
performed for the octant core of the BEAVRS at the beginning of
cycle 1. A radial and axial mapping file of each code was produced
by the GUI utility for the coupled system. Table 8 compares the
nuclear design parameters between the DeCART SA and the
DeCART/MATRA CO calculations. The CO calculation decreased the
CBC by about 15 ppm and changed the axial offset (AO)
from�0.659 to �0.683. The coupled calculation increased by about
0.5% in the radial pin peaking factors (Fr, Fxy), and 1.5% in the axial
pin peaking factor (Fz). Overall, there are no remarkable differences
between the SA and CO results in spite of the difference of the
thermos-physical properties (e.g. conductivity) and the T/H models
(e.g. coolant channel, conduction region).

Fig. 17 shows the minimum departure from nucleate boiling
ratio (MDNBR) when applying the AECL-95 lookup table [23] to
calculate the critical heat flux (CHF). The MDNBRs are evaluated as
2.35885 and 2.88103 for the SA and CO calculations, respectively.
The MDNBR results by the SA calculation are more conservative
than those by the CO calculation. Figs. 18 and 19 show the average
exit coolant temperatures and axially integrated pin-wise power
distributions for SA and CO. As shown in Fig. 19, there are stark
differences in the average coolant temperature between SA and CO,
but small differences in pin power distributions between them. This
may lead to the small difference of CBC between SA and CO.

All calculations are performed using Intel Xeon X5650 2.66 GHz
120-core processors. The computational time was 3.5 and 6 h for
the SA and CO calculations, and the CO calculation converged and
terminated under about 10 iterations. Fig. 20 compares the trends
in CBC convergences between the cases with and without the
relaxation scheme for Eq. (1). The CBC with the relaxation scheme
converges more quickly than the CBC without the relaxation
scheme and the trend in CBC convergence with the relaxation
scheme looks much more stable. Moreover, the CBC without the
relaxation scheme failed to converge as shown in Fig. 20.

Recently, the differences between simplified MPACT T/H models
and MPACT/CTF model were assessed by Watts Bar Unit 1 simula-
tions [24]. In the same manner, the differences in CBC and pin
power distribution between themwas not large enough to raise the
issues of accuracy. In this case, the maximum errors of CBC and pin
power distribution are less than 3 pcm and 3%, respectively.

5. Conclusions

The BEAVRS benchmark problem was solved by the DeCART
neutronics standalone code and DeCART/MATRA multi-physics
coupled calculations to verify them through its core follow calcu-
lations. It was noted that the DeCART SA results for control rod bank
worth (CRBW), isothermal temperature coefficient (ITC), radial
detector signal, and critical boron concentration (CBC) during two
cycles agreed well with the measured data. Notably, the DeCART SA
results for the zero power physics problem showed excellent
agreement with the measurements. The errors of the DeCART SA
calculations except for the two-cycles depletion results with the
simplified power model were less than the typical criteria of gen-
eral zero power physics tests [22]. It is supposed that the error in
the two-cycle CBC may mainly stem from the uncertainties of the
simplified power model. Therefore, it is concluded that the DeCART
code is well verified in terms of solution accuracy for high-fidelity
nuclear parameter evaluation. Moreover, the DeCART/MATRA
multi-physics coupled code systemwaswell demonstrated through
the BEAVRS benchmark calculations at BOC of cycle 1. It was
observed that the differences between the SA and CO results were
not significantly large in spite of the difference of the thermos-
physical properties and the T/H model between them. Therefore,
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it is concluded that both DeCART code and DeCART/MATRA multi-
physics coupled code system have the capabilities to generate high
fidelity transport solutions at core follow calculations.
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