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ABSTRACT

This paper presents the verification and validation (V&V) of a calculation module for isotope inventory
prediction to control the back-end cycle of spent nuclear fuel (SNF). The calculation method presented
herein was implemented in a two-step code system of a lattice code STREAM and a nodal diffusion code
RAST-K. STREAM generates a cross section and provides the number density information using branch/
history depletion branch calculations, whereas RAST-K supplies the power history and three history
indices (boron concentration, moderator temperature, and fuel temperature). As its primary feature, this
method can directly consider three-dimensional core simulation conditions using history indices of the
operating conditions. Therefore, this method reduces the computation time by avoiding a recalculation of
the fuel depletion. The module for isotope inventory calculates the number densities using the Lagrange
interpolation method and power history correction factors, which are applied to correct the effects of the
decay and fission products generated at different power levels. To assess the reliability of the developed
code system for back-end cycle analysis, validation study was performed with 58 measured samples of
pressurized water reactor (PWR) SNF, and code-to-code comparison was conducted with STREAM-SNF,
HELIOS-1.6 and SCALE 5.1. The V&V results presented that the developed code system can provide
reasonable results with comparable confidence intervals. As a result, this paper successfully demon-
strates that the isotope inventory prediction code system can be used for spent nuclear fuel analysis.
© 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

approximately 15 min using a single processor. If the core simulates
N cycles, it requires 30.25 x N days. To reduce the simulation time,

This paper presents the verification and validation of a module
used to predict the isotope inventory for spent nuclear fuel (SNF)
and its application in the Westinghouse 2-loop pressurized water
reactor (PWR), which is one of the power plant types used in South
Korea. The target reactor has 2,904 calculation nodes per cycle: 121
radial nodes (i.e., the number of fuel assemblies) and 24 axial nodes
per assembly for nodal calculation. An in-house code, STREAM-SNF,
was previously developed for an analysis of the isotope inventory
and can provide results with up to 7% accuracy as compared with
the Takahama-3, Calvert Cliffs-1, and GKN II benchmark problems
[1]. The total simulation time of the SNF analysis was 30.25 (15 min/
node x 2,904 calculation nodes) days per cycle, as calculated using
STREAM-SNF, where the calculation time for one fuel node was
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the SNF module was developed using a two-step code system. A
Lagrange interpolation, with a history index of the core simulation,
was adopted to reduce the number of re-calculations of the
depletion after a three-dimensional (3D) core simulation.

Because the spent fuel pools of Kori units 1—4 will become fully
saturated by 2024 [7], the management of the spent fuel assembly
is an important issue in South Korea. To ensure safety in the
management and transport of SNF, an SNF inventory calculation is
important for predicting the decay heat, radiological response ac-
tivity, and neutron/gamma source strengths. Furthermore, this
calculation is required for radiation shielding and SNF cask analysis
[2—4], burnup credit criticality analysis [5], and management of
radioactive wastes (evaluation of expected masses and the cost of
waste disposal) [6]. An SNF analysis module is therefore imple-
mented. In this study, we employed 58 measured samples of PWR
SNF to validate the isotope inventory prediction capability of the
SNF analysis module. The measurement data used comes from 15
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different fuel pins and five different PWRs: Takahama-3, Calvert
Cliffs-1, Turkey Point-3, Three Mile Island (TMI)-1, and Obrigheim.
These are described in detail in Section 3.1 and summarized in
Table 1. We would like to mention that the SNF analysis module
implemented in this study can calculate the isotope inventory,
radioactivity, decay heat, neutron and gamma source strengths/
spectra of irradiated fuel. In other words, it encompasses the SNF
radiation source terms. However, only the isotope inventory
calculation results are verified and validated. V&V of the decay heat
calculations results can be found in the reference [12]. The
remainder of this paper is arranged as follows: Section 2 describes
the STREAM/RAST-K code system which contains the imple-
mentation of the isotope inventory prediction module. Section 3
describes the measurement data and details the verification and
validation results. The conclusion and future work are presented in
Section 4.

2. Description of two-step code system

In this section, the two-step code system, a lattice code STREAM,
and a nodal code RAST-K v2.0, used for the SNF analysis is
described. STREAM is a transport code that creates cross sections
using a pointwise energy slowing-down method and a two-
dimensional (2D) form function with a reflective boundary [8,9].
STREAM-SNF was developed to analyze the back-end cycle fuel
assembly and was validated based on various benchmark problems.
Three reactor types were used for the validation of the isotope in-
ventory prediction, the errors of which were within the range
of —7% to +7%; in addition, 91 decay heat samples were employed
for validation, the errors of which were within 5%. Therefore,
STREAM-SNF was employed for a code-to-code comparison, and
the ENDF/B-VIL.O library was used to maintain consistency with the
previous validation of the STREAM-SNF module [1,8—10].

The previous analysis of the predicted isotope inventory was
conducted in four steps: 1) calculation of the cross section using the
lattice code STREAM, 2) a core calculation using the nodal code
RAST-K, 3) a depletion calculation of STREAM using the historical
conditions generated through a 3D core calculation, and 4) cooling
of the assays [11,12]. The calculation system developed in this work
can be used to reduce the calculation time and avoid a recalculation
of the depletion in step 3.

RAST-K 2.0 is a nodal diffusion code applying a 3D multigroup
unified nodal method and a multigroup coarse mesh finite differ-
ence acceleration [14—16]. An inventory of 36 isotopes was gener-
ated by heavy nuclide and fission product depletion chains, which
is made up of 22 actinides, 12 fission products, and 2 burnable
position isotopes (gadolinium). A simplified 1D single-channel
thermal-hydraulic (TH1D) solver was implemented in RAST-K 2.0
to correct the cross sections with thermal-hydraulic feedback
[14—16]. However, to maintain consistency in the validation when
applying the STREAM-SNF module and to consider the fixed-

Table 1
Specifications of validation cases.
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temperature conditions presented in the reference [13], the TH1D
solver was not used in the realistic benchmark calculation.

Fig. 1 shows the code system workflow of the source-term
calculation implementation. During the RAST-K core-following
operation, three history indices are generated: (1) the boron con-
centration (BOR), (2) fuel temperature (TFU) and (3) moderator
temperature (TMO). The number densities of 1,640 isotopes are
calculated using the Lagrange interpolation method with the his-
tory indices [16]. History depletion branch cases are presented in
detail in the reference [12]. A total of 10 history cases are used for
the interpolation. The number density is calculated using the
Lagrange interpolation through Equation (1) [12].
NDqicutate = NDpase + ANDyo + ANDrry + ANDpog, (1)
where ND_ ycuiate 1S the number density calculated using the
Lagrange interpolation [12,17], NDgasg is the number density
calculated using the main branch, and 4ND is the difference in
number density caused by the different calculation conditions (i.e.,
between the history index and the main branch condition). Equa-
tion (2) shows the definition of the history index and the applica-
tion of the Lagrange interpolation. The history index is calculated
using the time-average value of the three conditions, i.e., boron
concentration, moderator temperature, and fuel temperature.

N
AND =ND(h) — NDgas = > (Li(h)ND;)
i=1

n
N Z] xiAt;
—NDpase = »_ | Li| = ND; | — NDgask, (2)
= at;

i=1

where i is the index, L; is the Lagrange coefficient, h is the history
index, x is the parameter (e.g., TMO, TFU, and BOR), N is the number
of history depletion branches (five for TMO, three for TFU, and four
for BOR), and n is the number of burnup steps. Detailed equations of
the Lagrange interpolation used in this study are shown in the
reference [12]. Equation (3) is the corrected result using a power
correction factor [18]. The power correction factor was derived
from the linear decay chain equation [18,19], and was adopted to
consider the decay effect between different power levels [18].
NDcorrected = NDcalculate*PCFa (3)
where NDcorrecteq is the final result of the isotope inventory pre-
diction, and PCF is the power correction factor, which depends on
the differences in the power and flux between the 2D branch
calculation and the 3D core simulation [18]. The base files of the
number density for interpolation are generated through a STREAM
2D fuel assembly (FA) history depletion branch calculation with a
reflective boundary.

Reactor Measurement facility Assembly Design Enrichment (wt.% 23°U) Burnup [GWd/MTU] No. of M/P* Decay

Time [years]
Takahama-3 JAERI 17 x 17 4.11 14.3—-47.25 10/2 3.96 (Smb)
Calvert Cliffs-1 KRIC, PNLY 14 x 14 2.72,3.038 18.68—44.34 6/2 6.504—12.76
Turkey Point-3 Battelle-Columbus 15 x 15 2.556 30.51-31.56 5/2 2.540
TMI-1 ANLS, 15 x 15 4.013, 4.657 22.8-55.7 19/4 3.022—-4.688

GE-VNCf

Obrigheim JRC® Ispra, Karlsruhe 14 x 14 2.83, 3.00 17.13-37.49 18/5

a is M/P: Measurements/pins; b means that only samarium isotope was measured after the cooling period; c is Khlopin Radium Institute (KRI); d is Pacific Northwest National
Laboratory (PNL); e is Argonne National Laboratory (ANL); f is General Electric Vallecitos Nuclear Center (GE-VNC); g is Joint Research Center, European Commission (JRC).
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Fig. 1. Flow chart of source-term calculation using two-step method.

After the calculation of the isotope inventory, the source terms
(decay heat, radiological response activity, and neutron/gamma
source strengths) can be calculated using two methods, i.e., the
RAST-K and STREAM source-term calculation modules. When the
STREAM source-term calculation module is used, RAST-K generates
the isotope inventory. The difference between the two approaches
is the treatment of the cooling period after discharge. During a
cooling calculation, the RAST-K source term module is not used.
RAST-K is used to predict the isotope inventory which is used in the
STREAM cooling and source term calculations.

3. Verification and validation results using benchmark
problems

3.1. Description of measurement data

This section presents the details of realistic benchmark assays
used to validate the isotope inventory prediction module. Table 1
shows the initial enrichment, discharged burnup, decay time (i.e.,
cooling time), number of pins and measurements, and measure-
ment facilities. The ranges of the initial enrichment and burnup are
2.556—4.657 wt% and 14.3—55.7 GWd/MTU, respectively.

The Takahama-3 PWR, operated in Japan by Mitsubishi Nuclear
Fuel and Nuclear Fuel Industries, uses 17 x 17 fuel assemblies [14].
The Takahama-3 samples were measured at the Japan Atomic En-
ergy Research Institute (JAERI). For these samples, the samarium
isotope was measured after a cooling time of 3.96 years. Calvert
Cliffs-1, Turkey Point-3, and TMI-1 are PWRs operated in the United
States and these reactors provided a total of 30 measured SNF
samples from 8 different pins for validation. The Obrigheim PWR
operated in Germany, and for validation, 18 measured SNF samples
obtained from 5 fuel pins in this reactor are used. Fig. 2 shows the
radial layout of the FAs from which the fuel rods and measured
samples are obtained [14]. This figure also shows the location of the
fuel rods which contain the measured samples. All measured fuel
pins use UO, fuel without a burnable absorber (i.e., pin type 1). The
operating conditions include the boron concentration, moderator
temperature, fuel temperature, specific power density, operating
periods, and overhaul periods and are presented in detail in the
reference [14].

2106

3.2. Verification and validation using Takahama-3 measurements

This section presents the verification and validation results for
the Takahama-3 FA. Takahama-3 is a PWR in Japan, and JAERI
measured 16 samples from three fuel rods in FAs with IDs NT3G23
and NT3G24 [14]. In this study, however, 10 samples from two fuel
rods are considered and the calculation-to-experiment ratio (C/E)
comparison results are presented. Because STREAM-SNF is used for
code-to-code comparison, 10 samples from a previous validation
study on STREAM-SNF are selected [1]. Fig. 3 shows the axial and
radial layout of the FA containing the measured fuel rods. Five
samples are obtained from the SF95 pin, as shown in subplot (b) of
Fig. 3. A height of 0 cm indicates the bottom of the fuel rod, where
the active height is 366 cm. Table 2 shows the design specifications
of the Takahama-3 FA [1,11,12,14,20]. The operating conditions of
the samples are described in document [14]. The SF95 pin was from
a twice-burned NT3G23 FA (having undergone cycle 5 and 6 op-
erations), and assays of the SF97 pin are from a thrice-burned
NT3G24 FA (having undergone cycle 5, 6, and 7 operations). For
the calculation, the samples are built as pin models with reflective
boundaries, and overhaul periods are considered.

In the appendix, Table A. 1 shows the comparison results with 10
measurements using STREAM-SNF and RAST-K SNF. A total of 20
axial nodes were used for the nodal calculations (each of which was
18.3 cm in height). The value of o is the standard deviation of the
C/E distribution, and oy is the standard deviation of the measure-
ment, as presented in the reference [14]. The calculation results are
first converted to the ratio of calculated mass per initial uranium
mass (g/gUinit) before comparison with measured data. Samarium
isotope was measured after a cooling period of 3.96 years. Most
isotopes demonstrated a similar scale error compared to the vali-
dated STREAM-SNF. Fig. 4 shows a comparison between the
calculation results of RAST-K SNF and the measurements, and Fig. 5
provides the average results (C/E) of the STREAM-SNF and RAST-K
SNF calculations. These figures are for the samples from the SF95
fuel rod. In addition, Fig. 6 shows the absolute and relative differ-
ences compared with the experimental data in the SF95-1 sample.
The nuclides: >4™Am, 243Cm, and 24°Cm have the largest relative
errors. By contrast, these isotopes have the smallest absolute dif-
ferences of approximately 0.01 g/ginitial u- Fig. 7 shows the depletion
chain used for the micro-depletion in RAST-K. A sensitivity study is
conducted with —1% change in the initial mass of 233U. The values
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(b) Axial sample location in SF95 pin  (c) Axial sample location in SF97 pin

(a) Radial layout of Takahama-3 assembly

Fig. 8 shows the decay chain of ?4°Cm and 246Cm. These nuclides are
calculated using a Lagrange interpolation method based on the
discharge burnup, boron concentration, moderator temperature,
and fuel temperature. Because the benchmark burnup reported in
document [14] was calculated using the standard ASTME 321-79
method with an uncertainty of up to 3% [1], the sensitivity study
was conducted under the discharge burnup conditions to indicate

Fig. 3. Layout of Takahama-3 FA

according to the change in the initial concentration of 23%U. The
amount of 2**™Am is decreased by 1%, whereas those of *4?Am,
242Cm, and 24*Cm decrease by 2.03%, 2.05%, and 3.06%, respectively.
From Figs. 4 and 6, it can be seen that the mass of 238U affects the

in blue indicate the relative difference in mass ratio (g/ginitial u)
amounts of 242Cm and 2*3Cm.

As indicated in Fig. 5, the relative difference in 4>Cm is large.
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Table 2
Fuel design specifications of Takahama-3 FA.
Parameter Value Unit
Number of measured FAs 2 (SF95, SF97)
Number of measured pins 10
Rod pitch? 1.311 cm
Radius of fuel pin 0.4025 cm
FA type 17 x 17
Radius of inner cladding 0.4110 cm
Radius of outer cladding 0.4750 cm
Enrichment of 23°U 4.11 (SF95) wt.%
2.63 (SF97)
Average fuel rod temperature 900 K
Active fuel rod height 366 cm
2 Equivalent cell pitch for each measured fuel rod [1].
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Fig. 4. RAST-K SNF ratio of calculated-to-measured (C/E) isotope inventories of SF95
fuel samples.

the difference according to an uncertainty of the design parameters
[21]. The nuclides of 24°Cm and 246Cm show changes of —6.21%
and —8.17% as the discharge burnup is changed by —1%. The un-
certainty of the burnup conditions can affect the 24°Cm and 246Cm.

Fig. 9 shows the relative errors of the SF97 samples discharged
from Takahama-3. Most of the isotopes are within the +20% error
boundary. In addition, Fig. 10 shows the mean ratio of the calculated
and measured results, and Fig. 11 provides the mass ratio as
compared with the measurements. The nuclides of 242™Am, 243Cm,
and 9Sm have large relative errors similar with the SF95 samples.

3.3. Verification and validation results

This section presents the verification and validation results of
the 58 measured samples from five different reactors: Takahama-3,
Calvert Cliffs-1, Turkey Point-3, TMI-1, and Obrigheim. The Ap-
pendix contains the relative errors (C/E—1 [%]) of 26 nuclides: 234U,
235y 236y, 238y, 238py, 239py, 240py, 241py, 242py, 237Np, 241Am,
242mp 1 243am Mo, 99Tc, 19Ry, 193Rh, 3Nd, M5Nd, 47Sm, 49Sm,
1505m, 1515m, 12Sm, 'Eu, and '3Eu. Fig. 12 shows the mean ratio
of the calculated and measured results. STREAM-SNF was used as a
reference in a code-to-code comparison. Tables A. 2 and A. 3 in the

2108

Nuclear Engineering and Technology 53 (2021) 2104—2125

| | o STREAM-SNF |
1.8 < RAST-K SNF
= Relative error of 10%
1.6 [ |— — Relative error of 20% h
1.4 b
!
1077 o ettt B B
P i i
= & Ei
bl.o—é‘a‘e—é ggs 2 © @engaﬁmyi;
a
08T 1T T T -8 ———————
0.6 % %g |
0.4r .
021 b
0.0 I:)‘D‘DI:)I:slslsI:I:IEIEIEIEIEIEIEIE'IUIUI@"_ULU‘IU_IUIU)‘W‘:SIO
T S8 PR FFLOC00NELL L L LA
””””QQﬁﬁﬁggggggggizzzizgﬂﬂﬂi
(]

ISOTOPE

Fig. 5. Mean calculated-to-measured ratio (C/E) for SF95 fuel samples.

appendix contain the detail mean ratio of STREAM-SNF and RAST-K
SNF and the average relative difference between the STREAM-SNF
and RAST-K SNF calculation results. The nuclides of 24*™Am and
the curium isotopes show a large difference compared with the
STREAM-SNF results, whereas the trends of C/E are similar.

The isotopes of 242™Am, 242Cm, >43Cm, and *#’Cm are under-
estimated compared with the measurements. The 24>Cm results are
overestimated. The 24>™Am isotope is generated by a capture re-
action with 24'Am, and is lost from an isometric transition and an «
decay rection with 2*2Am and *3®Np, respectively [15]. Because
242mam is underestimated by 22%, it can be seen that the lost re-
actions have a dominant effect on the amount of >>™Am. The un-
derestimation of *™Am influences the underestimation of ?4?’Am
as an isometric transition, and the 12% underestimation of 4°Cm is
affected by the underestimation of *?Am through a §~ decay re-
action. Considering the 12% underestimation of the nuclide of
242Cm, as shown in Table A. 2, 242Cm may result in a 22% under-
estimation of *3Cm through a capture cross section. Fig. 7 deals
with micro-depletion for 13 isotopes and more detail information is
describe in document [15].

The 24°Cm is generated by >*’Am (8~ decay), ?4°Cf (« decay), and
244Cm (n, v). The overestimation of ***Cm can affect the over-
estimation of 24°Cm. In addition, 24’Cm is generated by >4’Am (5~
decay), 2°1Cf (« decay), and ?#°Cm (n, y). Therefore, the underesti-
mation of 2#®Cm can affect the underestimation of 24’Cm. More-
over, to consider the calculation uncertainty caused by the cross-
section library, the relative errors in the curium isotopes can be
within two standard deviations. In the reference [22], the authors
describe the calculation uncertainty caused by the ENDF/B-VII.1
cross-section library for two samples of the LWR-PROTEUS II pro-
gram. The isotopes of 246Cm, 24°Cm, and 243Cm have uncertainties
of 29.79%, 16.38%, and 12.84%, respectively [22]. To consider such
uncertainty, the relative error of 246Cm is within one standard de-
viation, whereas 24°Cm and 243Cm are within two standard de-
viations. However, because these uncertainties in the isotopes are
generated by ENDF/B-VIL1, a quantification of the uncertainty will
be determined using ENDF/B-VIL.O for the 58 measured samples in a
future study.
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Fig. 8. Decay chain of 24°Cm and 24°Cm.

The mean of the results calculated for the 58 measured samples
are shown in Fig. 12. The 24°Cm has a much larger relative error
than that of the other isotopes. Fig. 13 shows the mean ratio of each
of the five different reactors. The 2#°Cm content of the NJO70G pin
samples discharged from TMI-1 show large relative errors. The
average relative differences are within +4% for the actinides 234U,
235y, 236y, 238y, 238py 240py, 242py and 237Np and fission products
QSMO, ]01RU, 103RU, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd, 150Nd, ]47Sm,
1505m, 1525m, 154sm, 133Cs, 135¢s, 137Cs, 144Ce, 153Eu, 0. In addition,

average relative differences are within +12% for 24'Am, 24>Cm,
244cm, and 246Cm which are used in shielding analysis [2].

3.4. Error trend analysis

An error trend analysis was conducted to indicate the relation-
ship between the parameters and the calculated-to-measured (C/E)
ratio of the isotope inventories. Four parameters are tested, namely,
the enrichment, decay time, burnup, and axial location of the
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Fig. 10. Mean of calculated-to-measured ratio (C/E) for SF97 fuel samples.

samples. Detail specification of 58 samples are described in
Ref. [14]. A total of 58 samples are used for the analysis. The ranges
of samples axial location, rod pitch, enrichment, cooling period, and
burnup are from 9.9 to 245.9 cm, 1.311-1.473 cm, 2.556—4.657 wt%,
2.54—12.76 years, and 14.3—55.7 MWd/kg, respectively.

Four isotopes with large relative differences are first examined:
22mam, 243Cm, 244Cm, and 2#°Cm. The ratio of calculated-to-
measured isotope inventories and their trend graphs are provided
in Fig. 14. Detail trend analysis results are presented in Table A. 4.
The trend of ?*°Cm has a large slope in terms of enrichment,
burnup, and cooling time. The linear-correlation coefficients of
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245Cm for the enrichment, discharge burnup, and cooling time are
0.3665, 0.2688, and 0.2345, as shown in Table A. 4. Linear-
correlation coefficient is calculated following the reference [23]
and the trend is calculated by least-square method [24]. Compared
with the other three isotopes, the nuclide of *°Cm has a stronger
correlation with the design parameters. This indicates that 2°Cm
has a large sensitivity according to the design parameters. In
addition, Fig. 8 shows the relationship between the relative errors
of 2>Cm and the discharge burnup. As indicated in the graph,
245Cm changes by —6% according to a —1% change in the discharge
burnup. In the cases of 24>™Am and 242Cm, the effect of the cooling
time is larger than that of the other parameters. The nuclide of
244Cm has a smaller correlation with the parameters as compared
with the other nuclides.

Fig. 15 shows the error trends of 234U, 238U, 238py, and 24°Pu,
which have smaller relative errors compared with the isotopes
shown in Fig. 14. Table A. 5 lists the linear-correlation factors of
uranium and plutonium isotopes. The linear-correlation coefficient
is also smaller compared with that in Table A. 4. The nuclides of
234y and **%Pu have large correlations with the cooling time at
0.2325 and 0.2179, respectively.

3.5. Verification based on HELIOS-1.6 and SCALE5.1

To indicate the effect of the modeling parameters and libraries,
this section describes the verification of the results based on the
development of other spent fuel analysis code systems. Two codes
are employed for the comparison: HELIOS-1.6 and SCALE5.1 [14,25].
HELIOS-1.6 has been validated with 16 samples (i.e., SF95-1 to 5,
SF96-1 to 5, and SF97-1 to 6) discharged from Takahama-3 [25], and
these validation benchmark set includes the ten samples used in
this study. In addition, SCALE5.1 calculation module has been
validated against 119 spent nuclear fuel samples from PWRs, as
shown in Ref. [14]. The spent fuel samples have a range of 23°U
enrichment from 2.453 to 4.657 wt% and discharged burnups from
7.2 GWd/MTU to 704 GWd/MTU. The 119 spent fuel samples
include the 58 measured samples calculated in this study. For
calculation, HELIOS-1.6, SCALE 5.1, and RAST-K SNF use the ENDF/B-
VI.0, ENDF/B—V.0, and ENDF/B-VL.8 library, respectively [14,25]. For
the depletion calculations, HELIOS-1.6 and SCALE 5.1 use the FA
model. RAST-K SNF uses the pin-cell model.

The HELIOS-1.6 (with 2D calculations) code package uses three
programs, AURORA, HELIOS, and ZENITH. AURORA is used for
defining the benchmark parameters (geometry, material compo-
sition, and calculation parameters) [25]. ZENITH saves the output
data from HELIOS-1.6 and converts the data from a binary format
into the ASCII format [25]. A quarter symmetric layout is applied in
the FA calculation. In addition, HELIOS-1.6 considers the influence
of the surrounding FA on the isotopic concentration of the samples
because the measured samples are located at the outer edge of the
FA [25]. Moreover, SCALE 5.1 code package uses the TRITON/NEWT
depletion module to solve the 2D transport equation, and uses the
44 group ENDF/B—V.0 library [26].

The comparison results (C/E) are presented in Figs. 16—21.
Figs. 16—21 present the ratio of calculated-to-measured nuclide
content for samples discharged from Takahama-3, Calvert Cliffs-1,
Turkey Point-3, TMI-1, and Obrigheim, respectively. These figures
display the root mean square (RMS) of C/E as a function of burnup,
and the detail C/E of some selected nuclides from some reactor
samples. The nuclide C/E plot correspond to discharge burnup. The
error bars on the calculated-to-measured ratios refer to one stan-
dard deviation of measurement [14].

As shown in section 3.4, Cm and Am isotopes have more strong
relationship with discharge burnup condition compared with other
parameters. Therefore, to assess the effect of burnup on C/E, C/E of
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Fig. 13. Mean ratio of calculated-to-measured isotope inventories of five reactors.
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Fig. 16. Ratio of calculated-to-measured (C/E) isotope inventories of Takahama-3.

three codes was drawn with discharge burnup conditions of sam-
ples. The burnup range of the 58 samples is from 14.3 GWd/MTU to
55.7 GWd/MTU, and this burnup range covers the 11 high burnup
samples (>45 GWd/MTU [27]). Takahama-3 and TMI-1 have two
and nine high burnup samples, respectively. The relative difference
is increasing as burnup proceeds as shown in subplot (a) of
Figs. 16—21. The largest relative errors are seen at the highest
burnup sample, D1A2 (55.7 GWd/MTU) discharged from TMI-1 as
shown in Fig. 19. Although RAST-K SNF has largest C/E in the D1A2
sample, RAST-K SNF (RMS C/E of 1.31) has smaller RMS C/E than
SCALE 5.1 (RMS C/E of 1.66). Fig. 20 presents the detail C/E of two
highest burnup samples, B1B (discharged at 54.5 GWd/MTU) and
D1A2. SCALE5.1 has larger relative errors compared with RAST-K
SNF in those two samples as shown in subplot (a) of Fig. 20.

RAST-K SNF has improved results in 2**Am, ®'Sm, and ®?Sm
compared with SCALE 5.1. By contrast, SCALE 5.1 has slightly
improved results in 24'Pu and 2*'Am isotopes. RAST-K SNF has
slightly overestimated **'Pu and it could be responsible for the
overestimated 24'Am content as beta decay.

As the burnup proceeds, fuel composition is changed by decay
and fission reactions. The minor actinides 24™Am and Cm have
large absolute C/E as shown in Figs. 16—21. To assess the effect of
mass ratio (i.e., change of fuel composition) on C/E, the trend
analysis of C/E is performed with mass ratio (g/ginitial u). Fig. 22 and
Table A. 6 contain the trend analysis results of six isotopes: 24*™Am,
242cpm, 243Cm, 244Cm, 2%°Cm, and 246Cm. The trend is calculated by
least-square method [24] and linear-correlation coefficient is
calculated following the reference [23]. Subplot (a) of Fig. 22
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contains the ratio of calculated-to-measured (i.e., C/E) as a function
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Fig. 22. Trend analysis of C/E and mass ratio with seven isotopes.
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the range of the benchmark sample mass ratios to assess the
behavior of C/E in this interval. The isotopes: 242Cm and 24>Cm are
closer to 1 (i.e., relative difference goes to zero) as the mass ratio
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increases. Table A. 6 contains the details of linear correlation co-
efficient and trend. The C/E has strong correlation with mass ratio
in 242Cm, #*4Cm, and %4°Cm (i.e., R? value is closer to 1 compared
with other isotopes [23]). The subplot (b) of Fig. 22 and Table A. 6
show that 242Cm (R? = 0.8441), **Cm (R? = 0.8712), and *°Cm
(R> = 0.8092) have stronger correlation between burnup and
isotope mass ratio compared with 245Cm (R?> = 0.6869), **Cm
(R? = 0.5373), 22MAm (R? = 0.0235). To assess the dominant effect
on C/E, comparison of linear correlation coefficient is performed.
246Cm has the strongest correlation with mass ratio, compared with
burnup. For this nuclide, the linear correlation coefficient with
discharge burnup is farther from 1 than the mass ratio condition. By
contrast, 2*>Cm has the strongest relationship with discharge
burnup condition compared with mass ratio.

These comparisons show that RAST-K SNF can generate
reasonable calculation results with accuracy comparable to SCALE
5.1 and HELIOS-1.6.

4. Conclusion

An SNF analysis method for the prediction of the isotope in-
ventory was validated in this study. RAST-K SNF was developed
using the STREAM/RAST-K two-step code system to improve the
speed of the calculation. A Lagrange interpolation and the power
history correction factors were used to replace the depletion
calculation during the SNF analysis. To assess the accuracy of
developed code system, validation study was performed with a
total of 58 benchmark assays. The targeted SNF applications are
engineering design studies of reactor components (shielding and
maintenance schedules), burnup credit criticality safety analysis,
and management of radioactive wastes (evaluation of expected
masses and costs of waste disposal). Selected benchmark samples
cover UO, enrichment range of 2.556—4.657 wt%, a discharge
burnup from 14.3 to 55.7 GWd/MTU, and a cooling times from 2.54
to 12.76 years. ENDF/B-VILO library and pin model are used for the
calculations.

The validation study presents the average relative difference (C/
E-1) within +4% for the actinides 234U, 23°U, 236y, 238y, 238py,
240py 242py, and 2*’Np and fission products °°Mo, 1°'Ru, 1Ry,
143Nq 144Nd, 145Nd, 146Nd, 148Nd, 15ONd, 47Sm, 159Sm, 1525m, 154sm,
133¢s, 135Cs, 137Cs, 144Ce, 1°3Eu, and °Sr. In addition, the average
relative differences are within +12% for 24Am, 242Cm, 244Cm, and
246Cm isotopes which are of importance in shielding analysis. In
addition, a verification study was performed in this study with
HELIOS-1.6 and SCALES5.1. A total of 10 samples of Takahama-3 are
used for comparison with HELIOS-1.6 and 58 samples are used for
comparison with SCALE 5.1. This verification study presents that the
developed code system can provide reasonable results with accu-
racy comparable with those code systems.

We plan to predict the isotope inventory of SNF assemblies
discharged from full cycles of PWRs in South Korea and suggest an
optimum pattern of spent fuel storage casks for safety and greater
financial gain.
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Appendix

Table A. 1 contains the mean ratio of calculated-to-measured
isotope inventories. Tables A. 2 and A. 3 describe the verification
results with STREAM-SNFE. Tables A. 2 and A. 3 contain the com-
parison data of actinides and fission products, respectively.
Tables A. 4 and A. 5 contain the detail error trend analysis results of
Am, Cm, U and P isotopes. Table A. 6 presents the trend analysis
results of Am and Cm with mass ratio and discharge burnup.

Fig. A.1 through Fig. A. 11 show the relative errors (C/E—1) of the
nuclides with measurement uncertainties [14], and the graphs
contain the results of 234U, 235U, 236y, 238y, 238py, 239y, 240py,
241py 242py 237Np, 241 Am, 242MAm, 243Am, %Mo, 99Tc, 1°'Ru, 103Rh,
143Nq 145N Q 147gy 1495 1505y 151 1525y 151y and 153Ey,

Table A. 1
Mean ratios of calculated-to-measured (C/E) isotope inventory of Takahama-3
samples as compared with the measurements

ISOTOPE 10y [%] SF95 SF97

STREAM- RAST-K STREAM- RAST-K

SNF SNF SNF SNF

mb loc ¢ w loc Ci/E loc ﬁ loc
234y 1 112 014 109 010 107 002 1.08 0.01
235y 0.1 1.00 001 1.01 001 1.00 003 102 005
236y 2 098 001 099 003 098 000 099 001
238y 0.1 1.00 000 1.00 000 100 000 1.00 0.00
237N 10 096 001 095 0.01
238py 0.5 088 005 094 010 085 003 084 0.04
239py 0.3 1.00 003 101 002 101 003 101 004
240py 0.3 1.01 002 1.01 003 106 002 106 0.02
241py 0.3 095 003 099 004 097 004 097 004
242py 0.3 094 002 097 005 095 000 094 0.02
241Am 2 1.02 013 101 015 119 008 119 0.10
22mam 10 055 004 104 051 059 004 060 0.09
243Am 5 101 005 103 004 101 003 099 004
242cm 10 070 010 079 023 115 010 114 0.10
243Cm 2 064 005 086 041 072 004 070 0.5
244Cm 2 088 009 094 008 089 005 086 0.06
245Cm 2 098 011 131 047 097 010 1.07 0.13
246Cm 5 088 039 095 028 087 005 089 0.08
247Cm 079 006 084 0.08
142Nd 083 005 091 0.13
143Nd 0.1 095 000 097 004 097 001 098 0.01
144Nd 0.1 096 002 103 012 095 002 091 0.03
145Nd 0.1 097 000 098 003 098 000 097 0.01
145Nd 0.1 099 000 099 000 099 000 098 0.01
148Nd 0.1 099 000 099 001 099 000 1.00 0.01
150Nd 0.1 097 001 099 002 100 000 099 001
137¢s 3 096 001 096 004 096 000 096 001
134¢s 3 092 002 09 013 092 004 095 0.02
154gy 3 099 003 108 013 101 004 1.05 0.04
144ce 10 097 003 094 013 098 006 105 0.09
147sm 0.1 1.01 001 088 025
1485 m 0.1 090 001 089 0.02
1495 m 0.1 063 0.02 064 0.03
1505m 0.1 1.00 001 1.00 0.02
151sm 0.1 097 005 1.05 0.06
1525m 0.1 1.02 002 1.00 0.02
1545m 0.1 1.02 001 1.01 0.01

a. o) is the standard deviation of the measurements [14].
b. C/E is the mean of the ratio of calculated-to-experimental isotope inventories.
c. gc is the standard deviation of the calculated isotope inventory, oc =

SN (X —X)
N

2
, where X is the value of C/E, X is the mean value of C/E, and N is the

total number of calculated results.
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Table A. 2
Ratio of calculated-to-measured isotope inventories compared with STREAM-SNF for actinides
Isotope Number of samples RAST-K SNF STREAM-SNF Relative difference
ﬁb loc” m 1loc Diffavgd [%] loag® [%]

234y 40 1.01 0.07 1.01 0.08 0 4
235y 58 1.03 0.06 1.03 0.06 1 2
26y 58 0.96 0.04 0.97 0.04 -1 2
238y 39 1.00 0.01 1.00 0.01 0 1
238py 58 0.96 0.13 0.97 0.14 -1 4
239py 58 1.13 0.12 1.14 0.12 -1 5
240py 58 1.03 0.06 1.03 0.07 0 3
241py 58 1.09 0.10 1.10 0.10 -1 4
242py 58 0.97 0.08 0.98 0.09 -1 3
23'Np 30 1.00 0.06 1.03 0.07 -2 6
241Am 34 1.09 0.17 1.11 0.17 -2 10
242mpm 23 0.78 0.34 0.71 0.26 10 33
283Am 29 1.11 0.16 1.12 0.15 -1 3
242Cm 18 0.88 0.23 0.87 0.22 1 9
243Cm 18 0.78 0.23 0.74 0.11 6 34
244Cm 35 1.08 0.21 1.10 0.20 -2 3
295Cm 18 1.30 0.36 1.21 0.31 9 25
246Cm 10 0.92 0.20 0.92 0.25 8 42
247Cm 5 0.84 0.08 0.79 0.07 6 8

For b and c, see the footnotes of Table A. 1.

d is mean relative difference [%], Diffu,g = (% ZL (?‘AV;KSNF - 1))*100 [%], where n is the number of samples; and.
=1\ CsTREAM —SNF

e is the standard deviation of the relative difference [%], 04, = , where x is the value of Crast-k snr/CsTREAM-SNF X iS the mean value of Crast-k sne/CsTREAM-SNF, and

x —%)?
n

N is the number of samples.

Table A. 3
Ratio of calculated-to-measured isotope inventories compared with STREAM-SNF for fission products
Isotope Number of samples RAST-K SNF STREAM-SNF Relative difference
C_/Eb loc© C_/E loc Diffaugd [%] 10auge [%]

%Mo 11 1.00 0.06 0.97 0.06 4 3
9Tc 17 0.95 0.11 0.96 0.12 -1 3
101Ry 11 0.99 0.08 0.99 0.07 0 3
103Rh 11 1.03 0.08 1.07 0.07 -4 2
142Nd 5 0.91 0.13 0.84 0.06 7 10
143Nd 32 1.02 0.06 1.02 0.06 0 3
144Nd 13 0.98 0.10 0.96 0.02 2 9
145Nd 32 0.98 0.04 0.97 0.04 0 3
145Nd 21 0.99 0.01 0.99 0.01 0 1
148Nd 37 0.99 0.04 0.99 0.04 0 2
150Nd 21 0.99 0.02 1.00 0.02 -1 3
147sm 24 0.99 0.15 1.01 0.08 -2 13
148sm 5 0.89 0.02 0.90 0.01 -1 1
1495 m 24 1.08 0.25 1.09 0.26 -1 2
150sm 24 0.98 0.08 1.02 0.11 -3 4
151sm 24 1.12 0.09 1.15 0.14 -2 7
1525m 24 0.96 0.05 0.97 0.06 -1 2
1545m 5 1.01 0.01 1.02 0.01 0 2
133¢s 3 1.00 0.01 0.99 0.01 1 2
134¢s 18 0.89 0.10 0.88 0.07 1 7
135¢s 6 0.96 0.05 1.01 0.10 —4 9
137¢s 50 0.96 0.06 0.97 0.05 -1 3
144ce 10 0.99 0.12 0.97 0.05 2 15
151gy 19 0.90 0.32 0.93 0.31 -2 15
153gy 19 1.01 0.06 1.01 0.06 0 2
154gy 10 1.07 0.09 1.03 0.05 4 6
155Ey 11 0.61 0.12 0.64 0.10 -5 11
90gp 6 0.98 0.02 0.99 0.01 0 2
79se 6 1.31 0.06 1.30 0.06 1 0
155Gd 19 0.72 0.13 0.76 0.13 -5 12
1097¢ 11 1.54 0.38 1.57 0.38 -2 3

For b, c, d, and e, see the footnotes of Table A. 2.
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Table A. 4
Error trend analysis of Am and Cm
Isotope Parameter R?4 Trend °
242mam Enrichment [wt.%] 0.1647 y€=0.1287x%+0.1752
Burnup [MWd/kg] 0.0104 y =0.0022 x + 0.5947
Axial height [cm] 0.0396 y = — 0.0005 x + 0.7707
Cooling time [years] 0.2095 y = 0.0636 x + 0.4866
243Cm Enrichment [wt.%] 0.1154 y =0.0532 x + 0.4724
Burnup [MWd/kg] 0.0246 y = —0.0024 x + 0.7555
Axial height [cm] 0.1051 y = — 0.0004 x + 0.7504
Cooling time [years] 0.3221 y =0.0388 x + 0.6154
244Cm Enrichment [wt.%] 0.0700 y = — 0.0682 x + 1.3240
Burnup [MWd/kg] 0.0652 y = — 0.0068 x + 1.2900
Axial height [cm] 0.0315 y = — 0.0003 x + 1.1440
Cooling time [years] 0.0343 y=—0.0231 x + 1.1090
2450y Enrichment [wt.%] 0.3665 y = 0.2130 x + 0.4199
Burnup [MWd/kg] 0.2688 y =—0.0176 x + 1.8030
Axial height [cm] 0.0683 y = — 0.0007 x + 1.3830
Cooling time [years] 0.2345 y =0.0743 x + 1.1320

a is Linear-correlation coefficient. The closer the coefficient approaches a value of 1, the better the fit is to the linear trend [23]; b is trend calculated using least-square method

[24]; c indicates the ratio of calculated-to-measured (C/E) isotope inventories; d is a parameter.

Table A. 5
Error trend analysis with U and Pu
Isotope Parameter RZ @ Trend ?
B4y Enrichment [wt.%] 0.0591 y€=—0.0239 x ¢ + 1.0950
Burnup [MWd/kg] 0.0340 y=—0.0013 x + 1.0550
Axial height [cm] 0.0906 y =0.0002 x + 0.9710
Cooling time [years] 0.2325 y =-0.0116 x + 1.0520
238y Enrichment [wt.%] 0.0049 y =0.0013 x + 0.9973
Burnup [MWd/kg] 0.0064 y = —0.0001 x + 1.0040
Axial height [cm] 0.0037 y=1
Cooling time [years] 0.2179 y =—0.0012 x + 1.0030
238py Enrichment [wt.%] 0.0016 y = 0.0069 x + 0.9153
Burnup [MWd/kg] 0.0260 y = 0.0020 x + 0.8723
Axial height [cm] 0.0135 y = 0.0001 x + 0.9160
Cooling time [years] 0.0116 y =0.0042 x + 0.9276
240py Enrichment [wt.%] 0.0127 y = 0.0091 x + 1.0070
Burnup [MWd/kg] 0.5445 y = 0.0042 x + 0.8965
Axial height [cm] 0.0112 y = 0.0001 x + 1.0290
Cooling time [years] 0.0964 y =0.0057 x + 1.0230
a, b, c and d see the footnotes of Table A. 4.
Table A. 6
Trend analysis of Am and Cm with mass ratio and discharge burnup
Figure Isotope R?4 Trend ®
Subplot (a) of Fig. 22 242maAm 3.3290e-06 y € =0.0015x ¢ + 0.7244
242Cm 0.3316 y = 0.0124 x + 0.8032
243Cm 0.0233 y = — 0.0771 x + 0.7410
244cm 0.1880 y = — 0.0044 x + 1.0990
245Cm 0.1295 y = — 0.0684 x + 1.2850
246Cm 0.1595 y = — 0.4540 x + 1.0000
Subplot (b) of Fig. 22 242maAm 0.0235 y = 0.0039 x + 0.0980
242Cm 0.8441 y = 0.9283 x — 20.8600
243Cm 0.8712 y = 0.0231 x — 0.5408
244cm 0.5373 y = 1.8510 x — 46.6500
245Cm 0.8092 y =0.1948 x — 4.7790
246Cm 0.6869 y =0.0179 x — 0.4320

a, b, c and d see the footnotes of Table A. 4.
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Fig. A. 1. Relative differences in concentration of U isotopes versus sample burnup.
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Fig. A. 2. Relative differences in concentration of Pu isotopes versus sample burnup.

2120



100
80
60
40

-80
-100

O Takahama-3

< Calvert Cliffs-1

O Turkey Point-3

> TMI-1

A Obrigheim
— — Relative error 10%
— Relative error 20%
M= = Relative error 50%

Burnup [MWd/kg]

10 15 20 25 30 35 40 45 50 55 60

Fig. A. 3. Relative differences in 2*’Np concentration versus sample burnup.

60

A 242mA
I fwernanrmnsransrs s e smenaEms srmansma 100
O Takahama-3
80 F ] < Calvert Cliffs-1 %
80| o Turkey Point-3 1
> TMI-1
60 } 1 60| A Obrigheim 1
------- ot e S B S A S B — — Relative error 10% [+ = m = oo o o i m
40 ) 1 4() |=Relative error 20% [ y
[# = = Relative error 50%
_ [ Saun ! I
> 20 —® — 20 —
il TR L T T 2
-  0f 4 bt $ 1 = of 1
S I S <o < —[#1%* e s Ak Jr ,,,,,,,,,,,,,,,, b
5 o = ¥
O 20 O 20 +
O Takahama-3 b IS
40 1 < Calvert Cliffs-1 ] |3 {, {) +
- || @ TurkeyPoint-3 | oo -40 [|>|1> b b { S ]
> TMI-1 b O oo o ol o - et E.- i
60 | A Obrigheim 1 -60 1 % ]
— — Relative error 10%
-80 [|— Relative error 20% ] -80 | 1
= = Relative error 50%
-100 B G
10 15 20 25 30 35 40 45 50 55 60 1 15 20 25 30 35 40 45 50 55
Burnup [MWd/kg] Burnup [MWd/kg]
243Am
100 T T T " T . . - :
80 ]
OLdiiks SN RE R RN NERR1
40 1
= 20 yt
§ ——i; ————— $————¢—¢_}__ IE___
- 0f dr $
o et i S _E ______ _;;>_<? ______
O -20H © Takahama-3
< Calvert Cliffs-1
-40 O Turkey Point-3 8
H > TMIlL === ==eem—emeaaaa
-60 f A Obrigheim 1
— — Relative error 10%
-8(0 H=—Relative error 20% 8
= = Relative error 50%
_100 1 1 1 1l L L 1 1 1
10 15 20 25 30 35 40 45 50 55 60
Burnup [MWd/kg]
Fig. A. 4. Relative differences in concentration of Am isotopes versus sample burnup.
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Fig. A. 10. Relative differences in concentration of Sm isotopes versus sample burnup.
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Fig. A. 11. Relative differences in concentration of Eu isotopes versus sample burnup.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.net.2021.01.009.
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