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ABSTRACT

In this study, a DeCART/MIG uncertainty quantification (UQ) analysis code system with a multi-
correlated cross section stochastic sampling (S.S.) module was established and verified through the
UAM (Uncertainty Analysis in Modeling) and the BEAVRS (Benchmark for Evaluation And Validation of
Reactor Simulations) benchmark calculations. For the S.S. calculations, a sample of 500 DeCART multi-
group cross section sets for two major actinides, i.e., 23°U and 238U, were generated by the MIG code
and covariance data from the ENDF/B-VII.1 evaluated nuclear data library. In the three pin problems (i.e.
TMI-1, PB2, and Koz-6) from the UAM benchmark, the uncertainties in ki by the DeCART/MIG S.S.
calculations agreed very well with the sensitivity and uncertainty (S/U) perturbation results by DeCART/
MUSAD and the S/U direct subtraction (S/U-DS) results by the DeCART/MIG. From these results, it was
concluded that the multi-group cross section sampling module of the MIG code works correctly and
accurately. In the BEAVRS whole benchmark problems, the uncertainties in the control rod bank worth,
isothermal temperature coefficient, power distribution, and critical boron concentration due to cross
section uncertainties were calculated by the DeCART/MIG code system. Overall, the uncertainties in these
design parameters were less than the general design review criteria of a typical pressurized water reactor
start-up case. This newly-developed DeCART/MIG UQ analysis code system by the S.S. method can be
widely utilized as uncertainty analysis and margin estimation tools for developing and designing new
advanced nuclear reactors.
© 2023 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

Analysis based on Ray Tracing) two-dimensional lattice neutron/
photon transport code and the MASTER [2] whole core nodal

Innovative and challenging nuclear reactors have been succes-
sively proposed and developed to achieve more improved safety,
efficiency, and sustainability. In particular, from a safety standpoint,
it is extremely crucial to analyze the uncertainties of the design and
to secure enough margins for nuclear design parameters in a new
type of nuclear reactor. Accordingly, general regulating agencies
has issued a construction permit or an operating license through
the full verification and validation (V&V) of the uncertainty quan-
tification (UQ) tools or methodologies, which are used in new types
of nuclear reactor designs. The Korea Atomic Energy Research
Institute (KAERI) has developed its own two-step neutronic core
design code system that uses the DeCART2D [1] (Deterministic Core
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diffusion code. Moreover, KAERI has developed the DeCART [3]
three-dimensional (3D) method of characteristics (MOC) neutron/
photon transport code for direct whole-core calculations. The
DeCART2D/MASTER two-step code system and the DeCART whole
core analysis code have been utilized as tools for new nuclear
reactor core designs since the early 2000s. In general, the un-
certainties of the codes for the nuclear core design and analysis
have been calculated under conservative conditions. According to
this conservative approach, the uncertainties of the design pa-
rameters are defined using the tolerance limits with 95% proba-
bility and 95% confidence. In 2017, the uncertainties of the
DeCART2D/MASTER two-step nuclear core design code system
were evaluated for the axially integrated fuel assembly power and
fuel rod power, as well as the individual and total rod worth [4].
However, this conservative approach may lead to extra costs from
unrealistic calculation conditions and excessive designer-defined
margins. To avoid the disadvantage of the conservative approach,
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the Best Estimate Plus Uncertainty (BEPU) method [5] has been
constructed to estimate the uncertainty quantification (UQ) of
nuclear core design and analysis codes.

In the BEPU method, there are two major streams to estimate
the output uncertainties due to input uncertainties (e.g., nuclear
data, tolerance, material composition), which have been developed
through various studies [6—11]. One major stream is the sensitivity/
uncertainty (S/U) analysis method based on the perturbation
techniques. KAERI developed the MUSAD (Modules for Uncertainty
and Sensitivity Analysis for DeCART) code [12,13] for the DeCART S/
U analysis. The MUSAD code is based on the classical and gener-
alized perturbation theories. KAERI has applied the DeCART/
MUSAD code system to the UQ analysis of various VHTR systems
such as PMR-200 and MHTGR-350.

The other major stream is the stochastic or statistical sampling
(S.S.) method, which is the so-called Brute Force method. In the S.S.
method, the input parameters are randomly sampled while
considering their averages, variances, and correlations between
them. Using each sampled input parameter, the output parameters
are calculated by a program or a code. Recently, KAERI developed
the multi-correlated nuclear cross section sampling code MIG and
established the S.S. method based on the McCARD/MIG UQ analysis
code system [14].

The main goal of this study was to establish and validate the S.S.
method-based DeCART/MIG UQ analysis code system. For the V&V
of the DeCART/MIG UQ code system, the uncertainty analysis in
modeling (UAM) [15,16] benchmark and BEAVRS [17] benchmark
calculations were performed using the covariance data in the
ENDF/B-VIL1 evaluated nuclear cross section library [18]. Section II
explains the overview of the newly-established DeCART/MIG S.S.
code system for the UQ analysis. In Section III, the DeCART/MIG S.S.
code system is verified and validated through the UQ analysis of the
UAM benchmark pin problems and the BEAVRS whole core prob-
lem. The conclusions are given in Section IV.

2. Uncertainty quantification analysis by the DeCART/MIG
code system

2.1. DeCART/MIG cross section sampling code system

In this study, the DeCART/MIG cross section sampling code
system was established using the up-to-date MIG code (i.e. version
1.7) and DeCART (i.e. version 3.0). The MIG 1.7 code has the capa-
bility to perform multiple-correlated sampling to estimate the
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X' can be calculated by

X' =X+B-Z, (2)
where X and Z are the mean cross section vector and a random
normal vector calculated by the Box-Muller method [19].

Fig. 1 shows the flowchart of the DeCART/MIG nuclear cross
section UQ analysis code system based on the S.S. method. First, the
MIG 1.7 code can generate sampled cross section sets by using
multi-group covariance data from an evaluated nuclear cross sec-
tion library and an MIG input file. In this study, a multi-group cross
section relative covariance matrix was prepared by the ERRORR
module of the NJOY code [20] that used ENDF/B-VIL.1 evaluated
nuclear data library [18]. The DeCART 47 energy group structure for
the ENDF/B-VIIL.1 covariance data was adopted for both the cross-
section covariance matrix and the sampled cross section sets. The
raw covariance data were edited and reformulated by the MIG code
to be used in the DeCART transport calculations. The MIG code has
the capability to process a relative covariance matrix and its asso-
ciated average multi-group cross sections and then convert them
into the covariance matrix Cy as specified in Eq. (2). Through the
sampling process, the 500 sampled cross section sets from the
ENDF/B-VIIL.1 covariance data for the two major actinide isotopes
(i.e. 23U and 238U), 'H, and '°0 were generated for the DeCART/MIG
UQ calculations. The samplings were conducted on the 47-group
cross sections and the corresponding 47-group covariance matrix
in multi-group representation. In the UQ procedure, the MIG code
generates base-to-sampled cross section ratios and the DeCART
code generates the final sampled cross sections by the product of
the base-to-sampled cross section ratio and the existing self-
shielded cross section from the DeCART library. In the DeCART
code, the module for reading the sampled cross section ratios and
generating the final sampled cross section was newly implemented.
Meanwhile, the sampling process for the DeCART 47-group cross
sections can be performed using both individual and compounded
covariance matrix. The DeCART code can only read the com-
pounded absorption and scattering cross sections from its library to
solve the Boltzmann transport equations instead of the cross sec-
tions for an individual reaction type (i.e. capture, fission, (n,2n),
(n,3n), elastic scattering, and inelastic scattering cross section). The
compounded covariance matrix for the scattering cross section can
be provided by elastic (MT2) and inelastic (MT4) scattering cross
sections as shown in Eqgs. (3) and (4):

COV|[Tsg, 05 g | =COV[Teg, Teg| +COV[0g,0;g] +4COV[02ng, Oong | +9COV |03, 03ng ] + COV[0eg, i g | +2C0V([0eg, 02p ¢ |

+3C0V([0eg, 03ng ] +COV[0jg, Teg] 4+ 2COV[Tig, Oong] +3COV (04, 03n g | +2COV[025 5, Teg | +2C0V[02n g, Tig ]

(3)

+6C0V[02ng, 03ng | +3COV[03n g, Teg ] +3COV[035g, 0 g ] +6COV([03,6, 020 ¢ ]

uncertainties of nuclear reactor core design parameters due to
nuclear data uncertainties. The Cholesky covariance matrix
decomposition module for multiple-correlated random sampling
was implemented into the MIG code. As shown in Eq. (1), a lower
triangular matrix B and the transpose matrix of B, BT can be
calculated by the Cholesky decomposition of the nuclear reaction
cross section covariance matrix C,.

C,=B-B' (1)

Then, if C, is symmetrical and positive definite, a i-th sample value
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Osg=0cg + 0ig+ 20215 + 303, ¢ (4)
where geg, 0ig, 02ng, and o3, indicate the g-th group elastic
scattering, inelastic scattering, (n,2n), and (n,3n) nuclear reaction
cross section. In the same manner, the compounded covariance
matrix for the absorption cross section can be expressed by
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Fig. 1. Flowchart of DeCART/MIG nuclear cross section UQ analysis code system.

Nuclear Engineering and Technology 55 (2023) 1563—1570

the direct subtraction calculations can be adopted as an alternative
way to obtain the sensitivity coefficients. To apply of the direct
subtraction calculations, the sensitivity coefficients can be
approximated as

8Q _ 8Q (X + 0 (X)) — 0Q (Xk)

anr o 0(x]<r)

The perturbed term 8Q (X, +0(X)) and reference term 9Q (x;)
about x;, can be calculated by the two direct calculations. The S/U-
DS method is intuitive and very easy to implement. However, the S/
U analyses with the direct subtraction (S/U-DS) need the higher
number of calculations as the number of input parameters than the
perturbation method. Nevertheless, the best benefit of the S/U-DS
method is that one can obtain accurate S/U analysis solutions and
it can be used as reference. In this study, the S/U-DS analysis
modules were implemented into the DeCART/MIG code system.

(8)

3. Validation and application of DeCART/MIG stochastic
sampling code system

3.1. Validation by the UAM exercise I-1 benchmark

COV[0ag,Oag ]| = COV[0yg, Oy g ]+ COV [af_’g, of‘g,] +COV[02ng, O2ng | +4COV[03n g, 03ng]

+ cov [oyﬂg, afg,] —COV[0yg,02ng ] —2C0V [0y g, 03 4] + COV [‘Tf,gv a%g,]

— cov [af,g, 02,1‘4 —2cov {af‘g, agn’g,} —COV[0ong, Oy g ] — COV [amg, ofg,}

+ 2C0V[02ng, O3ng ] — 2€COV[03n 4,0y | — 200V [agng, O’f,g/] + 200V (034, 02ng ]

Oag=0yg+0fg — Og — 203 g (6)
where o4, 07, are the g-th group (n, v), fission cross section,
respectively. After the nuclear cross section sampling processes of
the MIG code finished, the DeCART neutronic transport calculations
were performed using each sampled cross section set. Finally, the
statistical analyses were performed on the DeCART results to
determine the uncertainties of the target design parameters due to
the cross-section uncertainties.

2.2. DeCART/MIG uncertainty quantification analysis by direct
subtraction method

Equation (7) shows a common S/U analysis equation (i.e., the
sandwich equation) for the uncertainty quantification of an output
parameter Q due to uncertain input parameters (i.e., x;, and x; ).

)

This involves a first-order Taylor series expansion about the
uncertain input parameters. Accordingly, S/U analysis equations
have sensitivity coefficients and covariance data. In the determin-
istic S/U analysis, the sensitivity coefficients (0Q /dx;, and 9Q/ 9x)
are generally calculated by the perturbation technique. Meanwhile,

. 1 =
o*(Q)= lim F——(Q~Q)?

(zzw X %)

kK

_ 7
T (7)
axk, an//

T NSoN -1
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(5)

To validate the newly-established DeCART/MIG UQ code system,
the Uncertainty Analysis in Modelling (UAM) Exercise I-1 bench-
mark [15,16] was considered. The UAM benchmark set is proposed
by the Organization for Economic Co-operation and Development
(OECD), the expert group of the Nuclear Energy Agency (NEA), to
estimate the uncertainties in the nuclear reactor physics and
thermal/hydraulic (T/H) calculations for light water reactor (LWR)
design and analysis. In this study, we selected three UAM Exercise I-
1 benchmark hot full power (HFP) pin problems for the pressurized
water reactor (PWR) based Three Mile Island Unit 1 (TMI-1), the
Boiling Water Reactor (BWR) based Peach Bottom Unit 2 (PB-2), and
the VVER-1000 reactor based Kozloduy-6 (Koz-6) problem. Table 1
shows the brief configurations of the three UAM HFP pin problems.

All UQ analysis for the UAM pin problems were conducted using
the DeCART ENDF/B-VIL.1 based cross section library and the pre-
pared 500 cross section sample sets for 'H, 1°0, 23°U, and 228U. The
five-batch calculations with the 100 cross section sample sets per
batch were conducted to estimate the range of the uncertainties of
output results due to the uncertainties of the cross sections. In this
study, the sampled elastic and inelastic scattering cross section sets
were provided by the individual covariance matrix option, not the
compounded one because it is already confirmed that there are no
significant differences between two covariance matrix options. In
the sampled cross section sets, v, capture, (n,2n), (n,3n), fission,
elastic and inelastic scattering reaction cross sections, and fission
spectrum were considered.

Table 2 and Fig. 2 present the uncertainties in kjy¢ for the TMI-1
HFP pin problem for each reaction. In the DeCART/MIG S.S. results,
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Table 1
Configuration of the HFP pins in the UAM benchmark problem.
Parameter TMI-1 HFP PB2 HFP Koz-6 HFP
Pin Pitch (cm) 1.4427 1.875 1.275
Fuel Pellet Radius (cm) 0.46955 0.60579 0.378*
Cladding Inner Radius (cm) 0.4791 0.62103 0.386
Cladding Outer Radius (cm) 0.5464 0.71501 0.455
Fuel/Cladding/Moderator Material U0,/ U0,/ U0,/
235y Enrichment (w/o) ii;2810Y-4/H20 ii;‘;aloy‘z/HZO gl';l%Nb/HZO
Fuel/Cladding/Moderator Temperature (K) 900/600/562 900/600/557 900/600/560
¢ Koz-6 has a central void region with 1.4 mm diameter in the fuel pellet.
the total kipr uncertainty due to the 2>°U and 238U cross section [UAM TMi-1 HFP Pin Problem |
uncertainties, including fission spectrum, was about 1086 pcm e S S B
(0.78%). The largest contributions for each isotope were 23°U v (849
pcm, 0.61%) and 228U (n,y) cross section (550 pcm, 0.39%). It is Relative Standard Deviation (%)
. .. . . DeCART/MUSAD (Explicit)
worthwhile to note that there were significant contributions from 0.8 | DeCART/MIG (S/U-DS method) i
the 23U fission spectrum uncertainties (214 pcm, 0.15%). Table 3 N [ DeCART/MIG (S.S. method)
and Fig. 3 present the uncertainties in kj,r for the PB2 HFP pin NS
problem. The total uncertainty in k¢ due to the 2354 and 238U cross E
section uncertainties was 1059 pcm (0.89%). In the same manner as = 067 ’
the TMI-1 HFP pin problem, the largest contributions were the 23°U 3
v (691 pcm, 0.58%) and 233U (n,y) cross section (692 pcm, 0.58%). E
Table 4 and Fig. 4 show the uncertainties in ks for the Koz-6 HFP 5 044 ]
pin problem. The total uncertainty in ki r was 1076 pcm (0.81%). For 2
comparison, the DeCART/MUSAD [9] and DeCART/MIG S/U-DS re- -
sults are provided for each UAM benchmark problem. Overall, the 021 7
uncertainties in kinr by the DeCART/MIG S.S. and others were in
good agreement when considering their statistical uncertainties. It [I_I]
was observed that there were comparable differences between the 00—y o 4 V) e ) G T
uncertainties of DeCART/MUSAD and others due to the un- nsy; 58y Uy 50 Total

certainties of the fission spectrum and 238U (n,y) cross section. In
this particular case, the detailed validation for the cross-section
sampling sets will be conducted in the future. From these results,
it was confirmed that the DeCART/MIG UQ analysis code systems
work well for all the UAM exercise I-1 problems.

The DeCART/MIG code system utilizes self-shielded multi-group
cross sections generated by the external code system. However,
performing uncertainty analysis with these pre-self-shielded cross

Nuclide/Reaction Type
Fig. 2. Comparison between the uncertainties in the kir by the DeCART/MIG and
DeCART/MUSAD for the UAM TMI-1 HFP pin problem.

evaluated nuclear data files, which are based on infinitely-diluted
cross sections. As such, the uncertainty change resulting from the

sections leads to discrepancies with the covariance data from  resonance treatment should be considered as an implicit
Table 2
Uncertainties in the k¢ for UAM TMI-1 pin problem.
Nuclide Reaction Type MT Number Uncertainties in the kins (%)
DeCART/MUSAD DeCART/MIG
S/U S/U-DS S-S.
235y v 452 0.604 0.604 0.606 + 0.032
(n,y) 102 0.210 0213 0.208 + 0.007
(n,f) 18 0.077 0.077 0.072 + 0.003
(n,n) 2 - 0.001 0.001 + 0.001
(n,n") 4 - 0.001 0.001 + 0.001
% 1018 0.128 0.156 0.152 + 0.004
238y v 452 0.071 0.072 0.070 + 0.002
(n,y) 102 0.382 0.390 0392 + 0.013
(n,f) 18 0.015 0.015 0.015 + 0.001
(n,n) 2 - 0.056 0.052 + 0.002
(n,n") 4 - 0.055 0.049 + 0.003
™ 1018 0.055 0.028 0.028 + 0.001
H (n,y) 102 0.108 0.108 0.109 + 0.001
(n,n) 2 0.043 0.042 0.041 + 0.001
160 (n,y) 102 0.157 0.159 0.156 + 0.001
(n,n) 2 0.002 0.002 0.002 + 0.001
235042384 (wfo ) 0.761 0.765 0.762 + 0.032
25042380 (wy) 0.774 0.775 0.781 + 0.041
Total 0.792 0.793 0.793 + 0.036
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Table 3
Uncertainties in the k¢ for UAM PB2 pin problem.

Nuclear Engineering and Technology 55 (2023) 1563—1570

Nuclide Reaction Type MT Number Uncertainties in the kins (%)
DeCART/MUSAD DeCART/MIG
Siu S/U-DS SS.
%y v 451 0.582 0.580 0.581 + 0.032
(n,y) 102 0.192 0.190 0.191 + 0.006
(n,f) 18 0.091 0.091 0.080 + 0.003
(n,n) 2 - 0.001 0.001 + 0.001
(n,) 4 - 0.001 0.001 + 0.001
% 1018 0214 0.254 0.250 + 0.006
28y v 451 0.107 0.111 0.108 + 0.002
(n,y) 102 0.539 0.581 0.582 + 0.020
(n,f) 18 0.025 0.027 0.027 + 0.001
(n,n) 2 - 0.128 0.122 + 0.003
(n,) 4 - 0.125 0.116 + 0.007
% 1018 0.108 0.073 0.073 + 0.003
H (n,y) 102 0.096 0.095 0.098 + 0.001
(n,n) 2 0.056 0.056 0.056 + 0.001
150 (n,y) 102 0.164 0.167 0.164 + 0.001
(n,n) 2 0.004 0.004 0.004 + 0.001
2354238 (wfo %) 0.836 0.842 0.860 + 0.035
B5U4238U (wfy) 0.870 0.861 0.891 + 0.049
Total 0.884 0.898 0.889 + 0.041
[UAM PB2 HFP Pin Problem | control rod bank worth (CRBW), isothermgl temperaturg goefﬁcient
1. b (ITC), fuel assembly (FA)-wise detector signals, and critical boron
R r—— o concentrations (CBCs) with two-cycles burnup. The UQ analyses for
DeCART/MUSAD (Explicit) the BEAVRS benchmark were conducted by the DeCART/MIG UQ
084 [0 DeCART/MIG (S/U-DS method) i analysis code system with the ENDF/B-VIL1 based prepared cross
I DeCARTMIG (S.S. method) section sample sets for the 23U and 233U isotopes. The same multi-
N group cross section library and cross section sample sets as the ones
£ 16l | used in the UAM benchmark were utilized for the BEAVRS
x benchmark.
%): Table 6 shows the uncertainties in the CRBW of Cycle 1 due to
2 the 235U and 38U cross section uncertainties. The maximum rela-
g 044 ] tive uncertainties of the individual and total CRBWs due to the
§ cross-section uncertainties were 2.5% and 0.6%. The general design
2 review criteria (DRC) [21,22] of the individual and total CRBWs on
0.2 7 start-up and operation were 10% and 15%, respectively. Therefore, it
was observed that the uncertainties in the CRBWs by the DeCART/
I I]_I] MIG calculations were less than the DRC of CRBW in a typical PWR
00— o 7 Vomy) nmy ) ¥ E mp)mn) | onp) start-up case. Fig. 5 shows the FA-wise power distributions for the
657 58y 'y 50 Total hot-zero power (HZP) condition. In Fig. 5, the first and second lines

Nuclide/Reaction Type

Fig. 3. Comparison between the uncertainties in the ki, by the DeCART/MIG and
DeCART/MUSAD for the UAM PB2 HFP pin problem.

uncertainty. The MUSAD code can generate an implicit uncertainty
using multi-group self-shielding factors [13]. Table 5 shows the
implicit and explicit uncertainties in kj,r due to the total and 238y
capture cross section uncertainties for the UAM pin problems. It is
noted that the explicit uncertainties due to 2%U capture cross
section were overestimated compared to 16—19% with the implicit
uncertainties and the total explicit uncertainties were found to be
4—6% higher than the total implicit uncertainties. Moreover, the
implicit effects on the other isotopes and reactions were tested and
it was observed that there are no significant differences between
them.

3.2. Nuclear data UQ analysis for the BEAVRS benchmark

The BEAVRS benchmark [17] provides a highly-detailed PWR
specification with two-cycles of measured operation data such as

1567

indicate the normalized FA-wise power distribution for the mea-
surement and DeCART/MIG S.S. calculations, whereas the third line
means the uncertainties due to the 23U and 238U cross section
uncertainties. It was observed that the maximum uncertainty of the
FA-wise power distribution was 1.3% at the central H-8 FA. The DRC
of the FA-wise power distribution was 10% in a typical PWR start-up
case. In the same manner, the uncertainties in the FA-wise power
distribution were less than the DRC values. Table 7 shows the un-
certainties in the ITCs due to the 23U and 238U cross section un-
certainties. The maximum uncertainty of the ITC for each case was
0.20 pcm/°F, which was also less than the DRC values (2.0 pcm/°F).

Tables 8 and 9 provide the average CBCs and their uncertainties
due to the 2°U and 238U cross section uncertainties for the two-
cycle burnup. The DRC of the CBC was 50 pcm. The uncertainties
in the CBC due to the 23°U and 238U cross section uncertainties
ranged from 5.5 pcm to 55.3 pcm. At the beginning of the cycle
(BOC) in Cycles 1 and 2, the CBC uncertainty was slightly larger than
the DRC value (50 ppm) at the All Rod Out (ARO) state. However, as
the burnup proceed, the CBC uncertainty quickly dropped to less
than the DRC value. Figs. 6 and 7 plot the average CBCs and their
uncertainties due to the 23U and 238U cross section uncertainties
for Cycles 1 and 2, respectively. The black box points mean the
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Table 4
Uncertainties in the k¢ for UAM Koz-6 pin problem.
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Nuclide Reaction Type MT Number Uncertainties in the kins (%)
DeCART/MUSAD DeCART/MIG
S/U S/U-DS S-S.
25y v 451 0.619 0.620 0.622 + 0.035
(n,y) 102 0.186 0.186 0.186 + 0.006
(n,f) 18 0.093 0.093 0.085 + 0.004
(n,n) 2 - 0.001 0.001 + 0.001
(n,n’) 4 - 0.001 0.001 + 0.001
% 1018 0.131 0.157 0.153 + 0.004
238y v 451 0.072 0.073 0.071 + 0.001
(n,y) 102 0.440 0.438 0.441 + 0.016
(n,f) 18 0.016 0.017 0.016 + 0.001
(n,n) 2 - 0.052 0.050 + 0.001
(n,n’) 4 - 0.051 0.047 + 0.003
™ 1018 0.056 0.029 0.028 + 0.001
'H (n,y) 102 0.148 0.148 0.149 + 0.001
(n,n) 2 0.042 0.042 0.042 + 0.001
160 (n,y) 102 0.078 0.078 0.078 + 0.001
(n,n) 2 0.003 0.001 0.003 + 0.001
2354238 (wfo %) 0.799 0.798 0.794 + 0.032
B5U4238U (wfy) 0.812 0.814 0.810 + 0.041
Total 0.824 0.834 0.824 + 0.027
Table 6
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Fig. 4. Comparison between the uncertainties in the ki, by the DeCART/MIG and
DeCART/MUSAD for the UAM Koz-6 HFP pin problem.

Table 5
Explicit and Implicit Uncertainties in the ki,s for UAM pin benchmarks.

Benchmark Reaction MT Uncertainties in the kinr (%)
Type Number 1 RT/MUSAD DeCART/MIG
Explicit Explicit+Implicit Explicit
TMI-1 (n,y) 102 0382 0310 0.392 + 0.013
Total 0.792 0.764 0.793 + 0.036
PB-2 (n,y) 102 0.539 0.441 0.582 + 0.020
Total 0.884 0.828 0.889 + 0.041
Koz-6 (n,y) 102 0.440 0.369 0.441 = 0.016
Total 0.824 0.788 0.824 + 0.027
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Uncertainties in the control rod bank worth due to the 23U and 238U cross section
uncertainties (Cycle 1).

Case CRBW and its uncertainties
Average (pcm) Unc. (pcm)? Rel. Unc. (%)*

D in 781 5 0.7
D, Cin 1246 8 0.6
D,C Bin 1252 13 1.0
D,C B, Ain 499 12 25
D,C B, A SEin 458 10 21
Total 4236 24 0.6

2 Unc.(pcm) and Rel. Unc.(%) are the absolute and relative uncertainties in the
CRBW due to cross section uncertainties.

average CBCs by the DeCART/MIG S.S. calculations whereas their
error bars indicate their uncertainties due to the 23U and 238U cross
section uncertainties. The red cycle points represent the measure-
ments from the reference with their error bars representing the
DRC value (=50 ppm) for comparison. As shown in Figs. 6 and 7, it
was observed that all the measured values were distributed within
the uncertainties due to the 23°U and **%U cross section un-
certainties by the DeCART/MIG S.S. calculations.

4. Conclusions

In this study, the multi-correlated variable random sampling
code, MIG, was successfully updated for the sampling process of the
DeCART cross section library. In addition, the DeCART/MIG UQ
analysis code system was established and verified through the UAM
benchmark exercise I-1 pin problems and the BEAVRS whole core
benchmark problems. To validate this DeCART/MIG UQ analysis
code system, a S/U analysis module based on the direct subtraction
was additionally implemented into the MIG code. For the S.S. cal-
culations in the DeCART code, the 500 cross section sample sets for
the two major isotopes - 23°U and 238U from the ENDF/B-VIL1
covariance data were generated by the MIG code. In the three pin
problems (i.e., the TMI-1, PB2, and Koz-6) from the UAM
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Fig. 5. Uncertainties of the assembly-wise power distribution due to the 2>°U and 2*%U
cross section uncertainties.

Table 7
Uncertainties in the isothermal temperature coefficients due to the 2*°U and
cross section uncertainties.

238U

Case ITC and its uncertainties
Average (pcm/°F) Unc. (pcm/°F)? Rel. Unc. (%)?
ARO -3.13 0.19 6.24
Din —4.57 0.20 441
D, Cin -9.51 0.20 2.14

2 Unc.(pcm/°F) and Rel. Unc.(%) are the absolute and relative uncertainties in the
ITC due to cross section uncertainties.

benchmark, the uncertainties in the kj,r by the DeCART/MIG S.S.
calculations agreed very well with the S/U perturbation method
based DeCART/MUSAD and the S/U direct subtraction based
DeCART/MIG results. From these results, it was concluded that the
multi-group cross section sampling module of the MIG code works
correctly and accurately. However, it was observed that there are
comparable differences between the DeCART/MUSAD results and
the others in the fission spectrum and 238U (n,y) cross section case.
A comprehensive analysis to improve the cross section sampling
module for these particular cases, will be conduct in the near
future.

In the BEAVRS whole benchmark problems, the uncertainties in
the design parameters (i.e. CRBW, ITC, FA-wise power distribution,
CBC) due to the 2*°U and 238U cross section uncertainties were
generated by the DeCART/MIG UQ analysis code system. The un-
certainties in the design parameters were less than the DRC of a
typical PWR start-up case, except for the uncertainties in CBCs. This
newly-developed DeCART/MIG UQ analysis code system by the S.S.
method can be utilized as uncertainty analysis and margin esti-
mation tools to develop and design a new advanced nuclear reactor.

The uncertainties by the DeCART/MIG UQ analysis code system
were naturally based on the cross-section covariance data, which
were provided by the evaluated nuclear data library vendor.
Nowadays, a fully correlated combination of the experimental data,
nuclear physical theory, and engineer's evaluation is absent from
the covariance data of the evaluated nuclear data library [23]. That
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Table 8
Uncertainties in the critical boron concentration due to the 23U and 238U cross
section uncertainties for Cycle 1.

EFPD CBCs and its uncertainties (pcm)
Average Unc.®

0 909.9 553
4 631.0 53.9
11 615.2 529
16 619.3 523
22 625.6 51.6
31 630.8 50.5
36 631.0 50.0
52 622.5 48.3
69 602.3 46.7
85 5773 45.2
96 558.1 44.2
110 531.6 43.1
124 503.6 42.0
141 467.4 40.7
144 461.1 40.5
152 4433 399
164 415.8 39.1
174 392.2 384
177 385.1 38.2
180 3779 38.0
190 353.2 373
204 317.8 364
214 2919 35.8
219 278.8 355
225 2629 35.1
228 2549 349
235 2359 345
248 200.0 33.7
271 134.7 324
295 65.2 30.7
326 11.2 5.5

2 Unc. is the absolute uncertainty in CBC due to cross section uncertainties.

Table 9
Uncertainties in the critical boron concentration due to the 23U and 2*8U cross
section uncertainties for Cycle 2.

EFPD CBCs and their uncertainties (pcm)
Average Unc.?

0 11163 50.6
13 927.9 47.3
23 894.1 46.5
43 8314 45.0
63 765.0 435
84 693.3 41.9
103 627.5 40.5
129 537.4 38.7
150 464.9 374
176 375.5 35.7
202 286.8 342
234 178.4 325
257 101.1 31.2

2 Unc. is the absolute uncertainty in CBC due to cross section uncertainties.

may lead to the underestimation or overestimation of the un-
certainties in design parameters due to the uncertain covariance
data from the evaluated nuclear data library. Therefore, improving
the accuracy of the covariance data can upgrade the performance of
the DeCART/MIG-provided uncertainties for the nuclear core
design analysis.
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Fig. 6. Uncertainties of the critical boron concentration due to the 2*°U and 2*8U cross
section uncertainties for Cycle 1.
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section uncertainties for Cycle 2.
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