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Foreword

This Working Paper contributes to the data evaluation work for the SFCOMPO database -
the world’s largest open database of destructive assay data for spent nuclear fuel. The
database includes measurement data for over 750 fuel samples selected from fuel irradiated
in 44 reactors of 8 types. The database provides descriptions of the measured fuel samples’
characteristics and operation histories and includes datasets of measured nuclide
concentrations for over 60 nuclides, key actinides and fission products, which span needs
and interests of a variety of nuclear science and engineering applications, including
criticality safety, reactor physics, nuclide inventory, nuclear data, decay heat, and radiation
shielding.

The SFCOMPO database is maintained and developed by the Nuclear Energy Agency
(NEA) and managed by the SFCOMPO Technical Review Group (TRG) by mandate from
the NEA Nuclear Science Committee’s Working Party of Nuclear Criticality Safety. One
of the primary missions of the SFCOMPO TRG is to perform peer-review assessment of
the datasets in the database and develop high-quality benchmarks and benchmark models
based on these data. Destructive assay measurement data are widely recognised as one of
the most reliable bases for validating the computational tools and associated nuclear data
applied for predicting nuclide inventories in irradiated nuclear fuel.
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Executive summary

The SFCOMPO database is the world’s largest open database of destructive assay data for
spent nuclear fuel. It serves as a basis for validation of predictive tools for nuclide
transmutations and decay in nuclear fuel during and post-irradiation. It includes
experimental data accompanied by comprehensive data evaluations addressing
completeness, uncertainty, and reliability. It further offers computational benchmark
models designed to validate computer simulations against the experimental data. Each data
evaluation undergoes extensive reviews by the international expert community within the
SFCOMPO Technical Review Group to ensure high quality datasets as required for the
above-mentioned validation programmes.

This report provides a data evaluation for the SFCOMPO database for radiochemical assay
(RCA) data for eight UO, and five UO,-Gd,O3 spent nuclear fuel samples obtained from
five fuel rods. These fuel rods were selected from two 9x9-9 lead test fuel assemblies
(design like ATRIUM-9) that were irradiated in the Fukushima Daini Unit 1 boiling water
reactor (BWR). The RCA data was collected as part of a validation study of burn-up
calculations for BWR cores that was conducted by the Japan Regulation Authority (NRA).
Both fuel assemblies have an identical fuel rod enrichment map, with the 22U enrichments
varying from 2.1% to 4.9%, and a same loading of 5 wt% in the gadolinia fuel rods.

The fuel assemblies were irradiated for three cycles and five cycles in the reactor. The
reported burn-ups for the UO, fuel samples range from 38.9 to 68.4 GWd/MTU. The
samples were cut from top, bottom, and mid-axial elevations of the fuel rods to capture the
effect of axial power and void profile. Although power and void histories at the exact
sample locations are not available, detailed nodal power and void fraction histories were
provided, and they were used to derive sample-specific information.

The RCA measurements were performed by the Japan Atomic Energy Agency (JAEA) in
two experimental campaigns. Only U, Pu, and Nd isotopes were measured in the first
campaign. The second campaign included measurements for the isotopes of Eu, Sm, Gd,
and Ru that are fission products important for burn-up credit. No confidence levels were
provided for the reported measurement uncertainties, and it is not known if they represent
one or two standard deviations.

This Working Paper provides fuel lattice design, nodal operating history, measurement
data, benchmark specifications, and results of fuel sample calculations for the measured
spent fuel samples. Calculation results are provided as the ratio of calculated-to-measured
(C/M) nuclide concentrations in the fuel samples. A detailed uncertainty analysis on
operating history and modelling parameters is presented. Nuclide inventories of the
measured samples were predicted using the Polaris 6.3 code within SCALE 6.2.3 with the
56-group evaluated nuclear data file (ENDF)/B-VIIL.1 neutron cross-section library. The
Working Paper was prepared in accordance with the format and data review procedures
recommended in the Evaluation Guide for the Evaluated Spent Fuel Assay Database
(SFCOMPO), which was published by the Expert Group on Assay Data of the Spent
Nuclear Fuel (EGADSNF) of the Working Party on Nuclear Criticality Safety (WPNCS),
under the guidance of the NEA Nuclear Science Committee (NSC).

A conservative uncertainty analysis for operating and modelling parameters was
performed, considering uncorrelated expected uncertainties for similar core and fuel
designs. Sample burn-up uncertainties are the largest contributors to the known sources of
uncertainties in the analysed samples. The reported burn-up from core calculations and the

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)
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burn-ups calculated by matching the measured **Nd burn-up indicator fission product
show a 0.5% to 4.2% relative discrepancy, from analyses performed with two other
depletion codes (SRAC, MVP-BURN) and reported in the literature. The same relative
variation is less than 2% for the Polaris depletion calculations. The discrepancy between
the measured value for fissions per initial metal atom (FIMA) and the corresponding
Polaris-calculated value is less than 1%.

In general, the relative difference between the calculated and the measured nuclide
concentration for the major actinides 23U and 2*°Pu is less than 5%. The exceptions, in the
case of 2°U, are observed for fuel samples selected from the UO, corner rod (up to 33.8%)
and from fuel samples from gadolinia fuel rods (up to 15.5%). The largest C/M values for
25U are observed for the fuel samples selected from bottom axial nodes of the fuel rod.
Among the major actinides, **U shows the largest deviations of the calculated vs
measurement values overall.

It is important to note that, except for the 23U enrichment, the literature does not provide
data on the initial uranium isotopic compositions. While **U concentrations are known to
be sensitive to their initial values, several samples show a larger-than-expected difference
of approximately 36% between measurements and predictions.

The large differences observed in isotopic comparisons for the samples from corner rod A9
align with predictions made by the SWAT/4 and MVP-BURN codes. These consistent
discrepancies, particularly for corner rod samples, suggest significant unknown errors in
the reported power and void fraction histories of the considered fuel samples. Nevertheless,
the agreement across predictions from different transport codes, using various nuclear data
libraries, supports the value of using these measurements for code validation purposes with
the observed biases, rather than discarding them.

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)
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1. Description of experimental data

1.1. Overview of the experiment

As part of a validation study of burn-up calculations of boiling water reactor (BWR) cores
conducted by the Japan Regulation Authority (NRA) (and initiated by the Japan Nuclear
Energy Safety Organization [JNES]), physics and depletion analyses were performed with
SRAC [1] and MVP-BURN [2] codes. The analyses were performed using post-irradiation
examination (PIE) measurements of burn-up and relative nuclide inventories of eight
samples taken from two 9x9-9 BWR lead test fuel assemblies irradiated in the Fukushima
Daini Unit 1 reactor (2F1). These two assemblies are identified as 2F1ZN2 and 2F1ZN3.

Assembly 2F1ZN2 was discharged from the reactor on 9 May 2000, after three cycles of
irradiation. Assembly 2F1ZN3 was irradiated for five cycles and discharged on 7 January
2003. The assembly design for both 2F1ZN2 and 2F1ZN3 is like the ATRIUM-9 design
with a 9x9-9 lattice.

Measurements for isotopes of uranium, plutonium, and neodymium in eight samples
selected from five different fuel rods of assemblies 2F1ZN2 and 2F1ZN3 were reported by
Yamamoto et al. [3]. Measurements for additional five samples from the same fuel rods
were later reported by Suzuki [4]; these included measurements of additional fission
products. Supplementary design and operating information for the 9x9-9 assemblies were
provided by Yamamoto [5] through an activity co-ordinated by the Nuclear Energy Agency
(NEA) on spent fuel assay data. The supplementary data included the fuel rod enrichment
layouts, time-dependent void fractions, and cumulative burn-ups for the assemblies at the
axial locations (nodes) of all measured samples.

1.2. Design data

The Fukushima Daini Unit 1 nuclear power plant is a BWR-5 type reactor built by Toshiba
with a rated electric power of 1 100 MW. Basic core parameters are provided in [3,6].

Table 1. Fukushima Daini-1 reactor parameters

Commissioning date [6] April 1982
Reactor type [8] BWR-5
Containment vessel [8] Mark Il
Rated power (MWe) [8] 1100
Thermal power (MWH) [8] 3293
Number of fuel assemblies [8] 764
Number of control rods [8] 185
Core flow (t/h) [3] 48.3 x 103
Steam temperature (C) [6] 282
Steam pressure (kg/cm? [gage]) [6] 66.8
Core pressure (kg/cm? [gage]) [3] 70.7
Coolant inlet temperature (C) [3] 286
Core effective height (m) [3] 3.7
Core equivalent diameter(m) [3] 4,75

The main design parameters for the analysed 9x9-9 fuel assemblies are provided in
Table 2 [3,7]. All geometry units are converted to cm, and all diameters are converted to

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)
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radii for consistency. The radial location of the measured samples and the fuel rod
enrichment map is illustrated in Figure 1 [7].

Table 2. Fukushima Daini-1 9%9-9 assembly specifications

Assembly data
Assembly type (lattice) 9x9-9
Fuel assembly pitch (cm) [3] 15.2
Number of fuel rods [3] 72
Number of gadolinia rods [3] 12
Number of water rods [3] 1 (square channel)
Fuel rod pitch (cm) [3] 1.45
Channel thickness (cm) [7] 0.25
Channel bypass gap (cm) [7] 0.65
Channel material [3] Zircaloy-2
Active fuel length (cm) [7] 3N
Fuel rod data
Pellet radius (cm) [3] 047*
Pin-cladding gap (cm) [3] 0.01*
Pellet material [3] UO2/Gd203-UO;
Pellet U235 enrichment (%) [3] 211t04.9
Pellet Gd203 content (wt %) [3] 5.0*
Pellet density (%) [3] ar*
Clad outer radius (cm) [3] 0.55*
Clad thickness (cm) [3] 0.07 (Include Zr lining of 0.1° mm)
Clad material [3] Zircaloy-2 (Zr lining)
Water box data
Outer width (cm) [3] 3.85
Water box material [3] Zircaloy-2

* Rounded number
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Figure 1. Enrichment profile of the Fukushima Daini-1 9x9-9 assemblies

A B C D E F G H J

- U0, U 4.9 %
U0, U 4.2 %
U0, U 3.6 %

Source: ORNL, 2024.

U0, U*33.0 %

U0, U 2.1 %

UO0,-Gd>0; U 3.0 %
Gd20s5 5.0 wt%

1.3. Reactor operating history data
Operating history dates of the Fukushima Daini Unit 1 reactor for five cycles (Cycles 12—

16) are provided in Table 3. Core positions of assemblies 2F1ZN2 and 2F1ZN3 during
these five cycles are shown in Figure 2.
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Table 3. Reactor operating history [13,7]

Cycle Date Operation
number (month/daylyear)

12 07/26/96 Startup
07/28/96 Startup (power generation)
04/12/97 Mid-shutdown
04/18/97 Startup
09/23/97 Shutdown

13 10/31/97 Startup
11/02/97 Startup (power generation)
12/06/97 Mid-shutdown
02/15/98 Startup
12/17/98 Shutdown

14 03/12/99 Startup
03/13/99 Startup (power generation)
05/09/00 Shutdown

15 06/15/00 Startup
06/17/00 Startup (power generation)
01/16/01 Mid-shutdown
02/22/01 Startup
08/13/01 Shutdown

16 11/09/01 Startup
11/11/01 Startup (power generation)
01/07/03 Shutdown

Figure 2. Positions of assemblies 2F1ZN2 (left) and 2F1ZN3 (right) over cycles 12-16
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| 1st cycle
L
3rd cycle {4
V
~ 2nd cycle}
4
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4th cycle w
3rd cycle
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l1st cycle | I
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Source: ORNL, 2024.

1.3.1. Power and void history data

Limited axially averaged linear power histories are available for the fuel rods from which
the samples were selected, as presented in Figure 3 through Figure 5. Rod numbers are
consistent with Figure 1. Power histories for axial locations corresponding to the measured
samples are not available. However, burn-up history is available for the axial nodes at the
sample elevations [7]. The average nodal power corresponding to a specific irradiation time
was derived by dividing the burn-up accumulated over that time and the duration (number
of irradiation days). Table 4 through Table 8 list the available cumulative nodal burn-up,
the calculated average nodal power, and the node average void fraction for nodes at sample
locations.
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Table 4. Irradiation histories of nodes 5/6 in assembly 2F1ZN2 [7]

Assembly:2F1ZN2 Node: 5/6

a = Format month/day/year (MM/DD/YY)

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)

Cycle: 12 Cycle: 13
Date? Number of days | Node exposure Void Date? Number of Node exposure Void
(MWd/MTU) fraction days (MWd/MTU) fraction
07/28/96 Startup Startup Startup 11/02/97 Startup Startup Startup
08/1/96 4 127 0.139 11/10/97 8 15031 0.257
09/02/96 32 1183 0.125 12/06/97 26 15787 0.257
10/07/96 35 2326 0.134 02/15/98 startup Startup Startup
11/18/96 42 3704 0.142 02/20/98 5 16270 0.245
12/20/96 32 4801 0.153 03/16/98 24 17245 0.236
01/20/97 31 5886 0.170 04/17/98 32 18536 0.236
02/24/97 35 7162 0.199 05/18/98 3 19780 0.236
03/31/97 35 8518 0.225 06/19/98 32 21064 0.240
04/12/97 12 8983 0.225 07/27/98 38 22616 0.255
04/18/97 Startup Startup Startup 08/28/98 32 23962 0.267
04/25/97 7 9226 0.246 09/28/98 31 25279 0.265
05/26/97 31 10465 0.245 10/26/98 28 26443 0.250
06/27/97 32 11734 0.227 11/19/98 24 27397 0.228
07/30/97 33 12982 0.191 12/17/98 28 28510 0.228
09/05/97 37 14204 0.166
09/23/97 18 14798 0.166
Cycle: 14
Date2 Number of days | Node exposure Void
(MWd/MTU) fraction

03/13/99 Startup Startup Startup -
03/19/99 6 28592 0.193
04/19/99 31 29728 0.180
05/21/99 32 30861 0.179
06/07/99 17 31458 0.175
07/09/99 32 32592 0.171
08/09/99 31 33680 0.169
09/10/99 32 34803 0.169
10/15/99 35 36046 0.172
11/15/99 31 37140 0.166
12/27/99 42 38567 0.149
01/28/00 32 39558 0.111
02/25/00 28 40359 0.085
04/03/00 38 41321 0.064
04/28/00 25 41916 0.042
05/09/00 11 42178 0.042
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Table 5. Irradiation histories of nodes 19/20 in 2F1ZN2 [7]
Assembly: 2F1ZN2 Node: 19/20

Cycle: 12 Cycle: 13
Date2 Number of days | Node exposure | Void fraction Date? Number of | Node exposure | Void fraction
(MWd/MTU) days (MWd/MTU)
07/28/96 Startup Startup Startup 11/02/97 Startup Startup Startup
08/01/96 4 127 0.676 11/10/97 8 15031 0.770
09/02/96 32 1183 0.676 12/06/97 26 15787 0.770
10/07/96 35 2326 0.691 02/15/98 Startup Startup Startup
11/18/96 42 3704 0.692 02/20/98 5 16270 0.765
12/20/96 32 4801 0.702 03/16/98 24 17245 0.763
01/20/97 31 5886 0.712 04/17/98 32 18536 0.764
02/24/97 35 7162 0.725 05/18/98 31 19780 0.765
03/31/97 35 8518 0.736 06/19/98 32 21064 0.766
04/12/97 12 8834 0.736 07/27/98 38 22616 0.768
04/18/97 Startup Startup Startup 08/28/98 32 23962 0.769
04/25/97 7 9226 0.742 09/28/98 31 25279 0.768
05/26/97 3 10465 0.743 10/26/98 28 26443 0.763
06/27/97 32 11734 0.740 11/19/98 24 27397 0.765
07/30/97 33 12982 0.744 12/17/98 28 28510 0.765
09/05/97 37 14204 0.732
09/23/97 18 14789 0.732
Cycle: 14
Date? Number of days | Node exposure | Void fraction
(MWd/MTU)

03/13/99 Startup Startup -

03/19/99 6 28592 0.729

04/19/99 3 29728 0.733

05/21/99 32 30861 0.743

06/07/99 17 31458 0.734

07/09/99 32 32592 0.737

08/09/99 31 33680 0.738

09/10/99 32 34803 0.736

10/15/99 35 36046 0.734

11/15/99 3 37140 0.729

12127199 42 38567 0.730

01/28/00 32 39558 0.712

02/25/00 28 40359 0.714

04/03/00 38 41321 0.708

04/28/00 25 41916 0.688

05/09/00 11 42178 0.688

a = Format month/day/year (MM/DD/YY)
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Assembly: 2F1ZN3 Node: 5/6
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a = Format month/day/year (MM/DD/YY)

Cycle: 12 Cycle: 13
Date? Number of days | Node exposure Void Date? Number of Node exposure Void fraction
(MWd/MTU) fraction days (MWd/MTU)

07/28/96 Startup Startup Startup 11/02/97 Startup Startup Startup
08/01/96 4 127 0.139 11/10/97 8 15031 0.257
09/02/96 32 1183 0.125 12/06/97 26 15787 0.257
10/07/96 35 2326 0.134 02/15/98 Startup Startup Startup
11/18/96 42 3704 0.142 02/20/98 5 16270 0.245
12/20/96 32 4801 0.153 03/16/98 24 17245 0.237
01/20/97 31 5886 0.170 04/17/98 32 18536 0.236
02/24/97 35 7162 0.199 05/18/98 31 19780 0.236
03/31/97 35 8518 0.225 06/19/98 32 21064 0.241
04/12/972 12 8983 0.225 07/27/98 38 22616 0.256
04/18/97 Startup Startup Startup 08/28/98 32 23962 0.268
04/25/97 7 9226 0.246 09/28/98 31 25279 0.265
05/26/97 31 10465 0.245 10/26/98 28 26443 0.250
06/27/97 32 11734 0.227 11/19/98 24 27397 0.228
07/30/97 33 12982 0.191 12/17/98 28 28510 0.228
09/05/97 37 14204 0.166

09/23/97 18 14798 0.166

Cycle: 14 Cycle: 15
Date? Number of Node exposure |Void fraction Date? Number of Node exposure | Void fraction
days (MWd/MTU) days (MWd/MTU)
03/13/99 Startup Startup Startup 06/17/00 Startup Startup Startup
03/19/99 6 28592 0.193 06/22/00 5 42284 0.152
04/19/99 3 29728 0.18 07/24/00 32 43261 0.135
05/21/99 32 30861 0.179 08/28/00 35 44304 0.136
06/07/99 17 31458 0.175 09/07/00 10 44601 0.133
07/09/99 32 32592 0.171 10/10/00 33 45596 0.138
08/09/99 31 33680 0.169 11/08/00 29 46474 0.135
09/10/99 32 34803 0.169 12/11/00 33 47502 0.150
10/15/99 35 36046 0.172 01/16/01 36 48623 0.150
11/15/99 31 37140 0.166 02/22/01 Startup Startup Startup
12127199 42 38567 0.149 02/26/01 4 48717 0.156
01/28/00 32 39558 0.111 03/26/01 28 49623 0.161
02/25/00 28 40359 0.085 04/27/01 32 50643 0.154
04/03/00 38 41321 0.064 05/25/01 28 51482 0.132
04/28/00 25 41916 0.042 06/22/01 28 52271 0.095
05/09/00 11 42178 0.042 07/06/01 14 52642 0.087
08/06/01 31 53392 0.041
08/13/01 7 53561 0.041
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Table 6. Irradiation histories of nodes 5/6 in 2F1ZN3 [7] (cont.)
Assembly: 2F1ZN3 Node: 5/6

Cycle: 16
Date? Number of Node exposure Void
days (GWd/IMTU) fraction

11/111/01 Startup Startup Startup
11/16/01 5 53605 0.000
12/21/01 35 54194 0.000
01/18/02 28 54656 0.000
02/22/02 35 55232 0.000
03/07/02 13 55448 0.000
04/05/02 29 55945 0.001
05/08/02 33 56518 0.001
06/14/02 37 57183 0.002
07/19/02 35 57848 0.004
08/23/02 35 58537 0.006
09/24/02 32 59169 0.004
10/21/02 27 59683 0.003
11/12/02 22 60082 0.003
12/04/02 22 60470 0.001
12/26/02 22 60823 0.000
01/07/032 12 61016 0.000

a = Format month/day/year (MM/DD/YY)

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)



NEA/WKP(2026)1 | 19

Table 7. Irradiation histories of node 11 in 2F1ZN3 [7]
Assembly: 2F1ZN2 Node: 11

Cycle: 12 Cycle: 13
Date? Number of Node exposure Void Date? Number of Node exposure Void
days (MWd/MTU) fraction days (MWd/MTU) fraction
07/28/96 Startup Startup Startup 11/02/97 Startup Startup Startup
08/01/96 4 114 0.466 11/10/97 8 14403 0.589
09/02/96 32 1125 0.455 12/06/972 26 15214 0.589
10/07/96 35 2249 0471 02/15/98 Startup Startup Startup
11/18/96 42 3621 0477 02/20/98 5 15591 0.580
12/20/96 32 4695 0.491 03/16/98 24 16529 0.574
01/20/97 31 5743 0.508 04/17/98 32 17776 0.574
02/24/97 35 6927 0.534 05/18/98 31 18985 0.576
03/31/97 35 8112 0.557 06/19/98 32 20226 0.580
04/12/97 12 8518 0.557 07/27/98 38 21690 0.589
04/18/97 Startup Startup Startup 08/28/98 32 22916 0.596
04/25/97 7 8718 0.568 09/28/98 31 24096 0.594
05/26/97 31 9792 0.567 10/26/98 28 25166 0.583
06/27/97 32 10925 0.556 11/19/98 24 26079 0.571
07/30/97 33 12142 0.535 12/17/98 28 28510 0.571
09/05/97 37 13495 0.509
09/23/97 18 14153 0.509
Cycle: 14 Cycle: 15
Date? Number of Node exposure Void Date? Number of Node exposure Void
days (MWd/MTU) fraction days (MWd/MTU) fraction
03/13/99 Startup Startup Startup 06/17/00 Startup Startup Startup
03/19/99 6 27284 0.531 06/22/00 5 42457 0.479
04/19/99 31 28416 0.526 07/24/00 32 43521 0.465
05/21/99 32 29577 0.533 08/28/00 35 44683 0473
06/07/99 17 30196 0.526 09/07/00 10 45014 0.461
07/09/99 32 31392 0.526 10/10/00 33 46119 0.471
08/09/99 31 32558 0.525 11/08/00 29 47077 0.463
09/10/99 32 33752 0.525 12/11/00 33 48190 0.481
10/15/99 35 35043 0.524 01/16/01 36 49404 0.481
11/15/99 31 36181 0.517 02/22/01 Startup Startup Startup
12/27/99 42 37706 0.505 02/26/01 4 49443 0.481
01/28/00 32 38829 0.467 03/26/01 28 50356 0.486
02/25/00 28 39805 0.444 04/27/01 32 51393 0.481
04/03/00 38 41100 0.42 05/25/01 28 52292 0.459
04/28/00 25 41957 0.384 06/22/01 28 53183 0.418
05/09/00 11 42178 0.384 07/06/01 14 53628 0419
08/06/01 31 54575 0.351
08/13/01 7 54789 0.000

a = Format month/day/year (MM/DD/YY)
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Table 7. Irradiation histories of node 11 in 2F1ZN3 [7] (cont.)
Assembly: 2F1ZN3 Node: 11

Cycle: 16
Date? Number of Node exposure Void
days (MWd/MTU) fraction

11/111/01 Startup Startup Startup
11/16/01 5 54854 0.161
12/21/01 35 55591 0.152
01/18/02 28 56183 0.159
02/22/02 35 56927 0.165
03/07/02 13 57207 0.164
04/05/02 29 57841 0.172
05/08/02 33 58564 0.185
06/14/02 37 59374 0.204
07/19/02 35 60141 0.222
08/23/02 35 60911 0.228
09/24/02 32 61616 0.213
10/21/02 27 62208 0.210
11/12/02 22 62684 0.207
12/04/02 22 63157 0.170
12/26/02 22 63610 0.139
01/07/03 12 63857 0.139

a = Format month/day/year (MM/DD/YY)
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Table 8. Irradiation history of node 19 in 2F1ZN3 [7]
Assembly: 2F1ZN3 Node: 19

Cycle: 12 Cycle: 13
Date? Number of | Node exposure Void Date? Number of Node exposure Void
days (MWd/MTU) fraction days (MWd/MTU) fraction
07/28/96 Startup Startup Startup 11/02/97 Startup Startup Startup
08/01/96 4 93 0.669 11/10/97 8 12144 0.763
09/02/96 32 925 0.669 12/6/97 26 12852 0.763
10/07/96 35 1870 0.684 02/15/98 Startup Startup Startup
11/18/96 42 3039 0.685 02/20/98 5 13168 0.758
12/20/96 32 3936 0.695 03/16/98 24 13995 0.756
01/20/97 3 4812 0.705 04/17/98 32 15105 0.757
02/24/97 35 5791 0.718 05/18/98 31 16191 0.758
03/31/97 35 6756 0.73 06/19/98 32 17298 0.759
04/12/972 12 7087 0.73 07/27/98 38 18605 0.761
04/18/97 Startup Startup Startup 08/28/98 32 19690 0.762
04/25/97 7 7250 0.736 09/28/98 31 20729 0.761
05/26/97 3 8118 0.737 10/26/98 28 21682 0.756
06/27/97 32 9047 0.734 11/19/98 24 22519 0.757
07/30/97 33 10077 0.737 12/17/98 28 23495 0.571
09/05/97 37 11344 0.725
09/23/97 18 11960 0.725
Cycle: 14 Cycle: 15
Date? Number of Node exposure Void Date? Number of Node exposure Void
days (MWd/MTU) fraction days (MWd/MTU) fraction
03/13/99 Startup Startup Startup 06/17/00 Startup Startup Startup
03/19/99 6 23690 0.723 06/22/00 5 38159 0.694
04/19/99 3 24704 0.726 07/24/00 32 39188 0.692
05/21/99 32 25770 0.736 08/28/00 35 40334 0.702
06/07/99 17 26337 0.727 09/07/00 10 40655 0.683
07/09/99 32 27392 0.731 10/10/00 33 41675 0.693
08/09/99 31 28428 0.731 11/08/00 29 42565 0.683
09/10/99 32 29509 0.729 12/11/00 33 43576 0.695
10/15/99 35 30689 0.727 01/16/01 36 44679 0.695
11/15/99 31 31725 0.722 02/22/01 Startup Startup Startup
12/27/99 42 33162 0.722 02/26/01 4 44753 0.688
01/28/00 32 34259 0.703 03/26/01 28 45612 0.694
02/25/00 28 35256 0.705 04/27/01 32 46598 0.694
04/03/00 38 36694 0.698 05/25/01 28 47476 0.686
04/28/00 25 37642 0.678 06/22/01 28 48384 0.666
05/09/00 11 38059 0.678 07/06/01 14 48846 0.676
08/06/01 31 49887 0.637
08/13/01 7 50122 0.637

a = Format month/day/year (MM/DD/YY)
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Table 8. Irradiation history of node 19 in 2F1ZN3 [7] (cont.)
Assembly: 2F1ZN3 Node: 19

Cycle: 16
Date? Number of Node exposure Void
days (MWd/MTU) fraction

11/111/01 Startup Startup Startup
11/16/01 5 50167 0.435
12/21/01 35 50786 0.439
01/18/02 28 51298 0.451
02/22/02 35 51958 0.465
03/07/02 13 52203 0.449
04/05/02 29 52743 0.461
05/08/02 33 53369 0.474
06/14/02 37 54078 0.484
07/19/02 35 54748 0.498
08/23/02 35 55427 0.504
09/24/02 32 56083 0.497
10/21/02 27 56664 0.504
11/12/02 22 57149 0.508
12/04/02 22 57645 0.491
12/26/02 22 58156 0.467
01/07/03 12 58156 0.467

a = Format month/day/year (MM/DD/YY)

Figure 3. Maximum and average linear power rate histories of assembly 2F1ZN3 [13]
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Figure 4. Linear power rate around node 7 of assembly 2F2ZN2 [13]
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Figure 5. Linear power rate around node 7 of assembly 2F2ZN3 [13]

40
¢3 rod
"""" c2' rod
\ a9 rod
30
RNZ N\ t
= 20 T 4 - Rraeeet
10 f
0 | 1 1
0 500 1000 1500 2000

day

Source: ORNL, 2024.

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)



24 | NEA/WKP(2026)1

1.4. Fuel sample data

Fuel samples were cut from bottom, middle and top elevations of UO; and UO»-Gd»0s fuel
rods. The initial 22U enrichments of the samples range from 2.1 to 4.9%. The fuel in the
gadolinia fuel rods contained 5 wt% Gd,O;. Sample burn-ups ranged from
29 GWd/MTU (UO»-Gd,03 sample) to 68.4 GWd/MTU (UO, sample). The reported
sample burn-ups [1,4] were estimated using the measured '**Nd concentrations. A summary
of the sample measurements and their characteristics are provided in Table 9. The sample
locations are illustrated in Figure 6. This figure shows the sample locations relative to axial
nodes, which were established by dividing the length of the active fuel into 24 equal
segments. Top and bottom axial locations of samples from the first measured campaign are
provided in [1] according to node location. However, for the second measured campaign
of samples, only the axial locations of samples’ midpoints were provided [7]. Sample axial
locations relative to the bottom of the active fuel are calculated based on the nodal locations
of the samples.

Table 9. Summary of Fukushima Daini-1 9x9-9 assembly fuel sample measurements

Assembly | Rod | Sample |Fuel type|Avg. void|Enrichment| Gd content | Burn-up® | Nodal | Nodal |Axial location
ID ID ID (%) (% 35U) | (wt % Gd203) | (GWd/IMTU) | location | history? (cm)
GdB cl;JdOz- 18 3.0 5.0 35.56 49-5.0 5/6 76.4-76.6
c2 203
2F1ZN2 GdT C?d?gs 74 3.0 5.0 29.0 18.9¢ | 19/20 292.2¢
c3 uB uo; 18 4.9 0 47.49 5.1-54 5/6 79.3-79.5
uT U0, 74 4.9 0 38.9 18.9¢ | 19/20 292.1
uB V[6)) 18 2.1 0 61.2 5.0-5.3 5/6 77.4-81.4
A9 | UM [0} 38 2.1 0 68.0 10.7¢ 1 165.4¢
uT U02 60 2.1 0 56.32 18.5-18.7] 19 285.4-288.8
GdB U0z 18 3.0 5.0 54.56 5.2¢ 5/6 78.6-82.6
Gd20s
2F1ZN3 | C2 | GdM U0z 38 3.0 5.0 57.7 10.7¢ 1" 165.4¢
Gd203
UO:- 18.5-
GdT GhOs 60 3.0 5.0 46.32 18.7 19 285.4-289.4
uB [0} 1 4.9 0 68.25 5.1-54 5/6] 78.6-82.6
C3 | UM [0} 38 4.9 0 68.4 10.6°¢ 1 163.9¢
uT V[6)) 60 4.9 0 59.05 18.5-18.7] 19 285.4-289.4

@ = average values of two adjacent nodes are used for the samples close to the node boundary.
b = reported measured burn-up that was estimated via Nd'*® content and corrected with Nd'*” and Nd'*® absorption [1,2].

¢ “midpoint of axial node [4].
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Figure 6. Axial sample locations [1,4]
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1.5. Measurement data

The nuclide measurements were performed by the Japan Atomic Energy Agency (JAEA)
in two campaigns. The first campaign of measurements only provided U, Pu and Nd
isotopes. Isotopic dilution mass spectrometry (ID-MS) was applied to the Nd, U, and Pu
isotopes with spikes in the forms of Nd'°, U?? and Pu?*?, respectively. The reported
measurement uncertainties are less than 0.1% for Nd isotopes, U?*> and U?*; less than 1%
for U?**; less than 2% for U?¢; less than 0.3% for Pu?*®- 240- 241.242. and less than 0.5% for
Pu?*® [1]. No confidence levels are provided for the reported measurement uncertainties,
and it is not known if they represent one or two standard deviations.

The second measurement campaign expanded measurements to include fission products.
U, Pu and Nd isotopes were measured using ID-MS with thermal ionisation mass
spectrometry (TIMS). Gamma spectroscopy was used for Cs'**, Cs'*¥’, Eu'>*, and Eu'**
nuclides. Inventories of the other Eu isotopes as well as for Sm and Gd isotopes were
measured using ID-MS with the high-resolution inductively coupled plasma mass
spectrometer (HR-ICP-MS).
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The measured isotopes and the measurement techniques used are listed in Table 10, and
the measurement results are listed in Table 11 [1] and Table 12 [4]. Decay times for the
measured sets are provided in Table 13 and Table 14.

Table 10. Measurement techniques and measured nuclides

Technique Nuclides

ID-MSa + TlMSb U234Y U235’ U236, U238’ PUZSS, PU239, PU240, PU241, Pu242
NdMZ, Nd143’ Nd144, Nd145’ NdMG, Nd148y Nd150

lD_MSa + HR-lCP-MSd EU151, EU153, SmW, Sm148’ SmMQ, Sm15°, Sm151’ Sm152, Sm154
Gd152, Gd154’ Gd155, Gd156’ Gd157’ Gd158, Gd160

CCMC " HR-ICP-MSd M095‘ Tng, Ru101‘ Rh103, Ag109, Cs133

y-ray spectroscopy Cs'34, Cs'37, Eu'™, Eu'%s

B-Lsc® Pm™7

2ID-MS = isotope dilution mass spectrometry.

PTIMS = thermal ionisation mass spectrometry.

°CCM = calibration curve method.

9HR-ICP-MS = high-resolution inductively coupled plasma mass spectrometry.

€B-LSC = B-ray liquid scintillation counting.

Table 11. Measured nuclides (atoms/total final U atoms) from the 1% measurement campaign [1]

Assembly 2F1ZN2 2F1ZN3
Rod c3 c2 c3 c2 A9 C3 c2 A9
Sample UB GdB UB GdB UB uT GdT uT Reported
Fuel type UO; | UO»Gd:05| UO2 |UO-Gd:0s| UO: UO; | UO-Gd0s| UO: me;z'::gﬁem
Axial node 506 506 506 506 506 19 19 19| uncertainty (%)
FIMA(%)? 4943 3.685 7.071 5624 | 6266 | 6.116 4773 5.766
Burn-up (GWA/IMTU) | 47.49 35.56 6825 | 5456 612 59.05 46.32 56.32
Nuclide Atoms/total U atoms
2 3.000E-04 | 2.000E-04 | 2.000E-04 | 1.000E-04 | 1.000E-04 | 2.000E-04 | 1.000E-04 | 1.000E-04 <10
2% 1.030E-02 | 6.200E-03 | 2.400E-03 | 1.400E-03 | 1.000E-04 | 7.300E-03 | 4.500E-03 | 7.000E-04 <01
U236 7.000E-03 | 4.300E-03 | 7.800E-03 | 4.700E-03 | 2.900E-03 | 7.700E-03 | 4.700E-03 | 3.100E-03 <20
U238 9.824E-01 9.893E-01 | 9.896E-01 | 9.938E-01 | 9.969E-01 | 9.848E-01 | 9.907E-01 | 9.961E-01 <01
Py 2.195E-04 | 1.637E-04 | 4.823E-04 | 3.559E-04 | 2.941E-04 | 5.232E-04 | 4.042E-04 | 4.081E-04 <05
NS 4272E-03 | 4.175E-03 | 3.803E-03 | 3.663E-03 | 3.115E-03 | 5.586E-03 | 5.737E-03 | 4.342E-03 <03
P20 2.557E-03 | 2.560E-03 | 3.163E-03 | 3.023E-03 | 2.665E-03 | 3.493E-03 | 3.626E-03 | 3.128E-03 <03
Py 1.002E-03 | 9.873E-04 | 1.113E-03 | 1.068E-03 | 9.185E-04 | 1.456E-03 | 1.496E-03 | 1.310E-03 <03
Pu22 6.246E-04 | 6.394E-04 | 1.528E-03 | 1.484E-03 | 2.084E-03 | 1.025E-03 | 1.061E-03 | 1.754E-03 <03
Total Pu 8.675E-03 | 8.526E-03 | 1.009E-02 | 9.593E-03 | 9.076E-03 | 1.208E-02 | 1.232E-02 | 1.094E-02
Nd™#2 5.670E-05 | 4.000E-05 | 1.625E-04 | 1.192E-04 | 2.008E-04 | 1.006E-04 | 7.098E-05 | 1.609E-04 <01
Nd™3 1.846E-03 | 1.325E-03 | 1.683E-03 | 1.300E-03 | 9.224E-04 | 2.081E-03 | 1.582E-03 | 1.310E-03 <01
Nd™# 3.506E-03 | 2468E-03 | 5.926E-03 | 4.398E-03 | 5.157E-03 | 4.486E-03 | 3.298E-03 | 4.352E-03 <01
Nd™ 1688E-03 | 1.216E-03 | 2.184E-03 | 1.675E-03 | 1.662E-03 | 1.958E-03 | 1.485E-03 | 1.621E-03 <01
Nd* 1734E-03 | 1.249E-03 | 2.750E-03 | 2.093E-03 | 2.453E-03 | 2.290E-03 | 1.722E-03 | 2.177E-03 <01
Nd™8 8.921E-04 | 6.604E-04 | 1.307E-03 | 1.031E-03 | 1.162E-03 | 1.122E-03 | 8.698E-04 | 1.064E-03 <01
Ng 150 4.040E-04 | 3.149E-04 | 6.235E-04 | 5.181E-04 | 6.109E-04 | 5.369E-04 | 4.363E-04 | 5.659E-04 <01

a Fission per initial metal atom (FIMA).
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Table 12. Measured nuclides (atoms/total final U atoms) from the 2" measurement campaign [4]

Assembly 2F1ZN2 2F1ZN3
Rod C2 C3 C2 C3 A9
Sample GdT uT GdM uMm UM
Fuel type UO,-Gd203 U0, UO,-Gd203 U0, U0,
Axial node? 18.9 18.9 10.7 10.6 10.7
FIMA(%)P 2.889 3.969 5.606 7.079 6.565
Burn-up 27.89 38.15 54.45 68.42 64.18
(GWd/MTU)
Nuclide Atom/total U | Unc.(%) | Atom/total U |Unc.(%) | Atom/total U | Unc. (%) | Atom/total U | Unc. (%) | Atom/total U | Unc. (%)
Yz 1.699E-04 | <1.4 3.293E-04 | <14 1.407E-04 <14 2.336E-04 <14 6.870E-05 <14
U2z% 1.123E-02 | <0.3 1.743E-02 | <0.3 2.320E-03 <0.3 3.687E-03 <0.3 2.300E-04 4
U236 3.799E-03 | <0.2 6.269E-03 | <0.2 4.796E-03 <0.2 7.889E-03 <0.2 2.917E-03 <0.2
U8 9.848E-01 | <0.2 9.760E-01 | <0.2 9.927E-01 <0.2 9.882E-01 <0.2 9.968E-01 <0.2
Pu23% 1.291E-04 | <0.5 1.811E-04 | <0.5 3.850E-04 <0.5 5.756E-04 <0.5 4.002E-04 <0.5
Pu23 5.827E-03 | <0.2 6.098E-03 | <0.2 4.722E-03 <0.2 4.684E-03 <0.2 4.064E-03 <0.2
Pu240 2.325E-03 | <0.2 2.386E-03 | <0.2 3.576E-03 <0.2 3.583E-03 <0.2 3.276E-03 <0.2
Pu24 7.413E-04 | <0.2 6.955E-04 | <0.2 9.935E-04 <0.2 1.120E-03 <0.2 1.012E-03 <0.2
Pu242 3.517E-04 | <0.2 3.753E-04 | <0.2 1.489E-03 <0.2 1.482E-03 <0.2 2.336E-03 <0.2
Nd42 3.150E-05 | <0.6 5.069E-05 | <0.6 1.251E-04 <0.6 1.495E-04 <0.6 1.926E-04 <0.6
Nd43 1.225E-03 | <0.3 1.727E-03 | <0.3 1.521E-03 <0.3 1.954E-03 <0.3 1.139E-03 <0.3
Nd'44 1.778E-03 | <0.3 2.595E-03 | <0.3 4.226E-03 <0.3 5.707E-03 <0.3 5.309E-03 <0.3
Nd'45 9.669E-04 | <0.3 1.364E-03 | <0.3 1.681E-03 <0.3 2.194E-03 <0.3 1.761E-03 <0.3
Nd46 9.606E-04 0.3 1.367E-03 | 0.3 2.093E-03 0.3 2.758E-03 0.3 2.578E-03 0.3
Nd'48 5.154E-04 | <0.3 7.107E-04 | <0.3 1.032E-03 <0.3 1.316E-03 <0.3 1.227E-03 <0.3
Nd'50 2.503E-04 | <0.7 3.265E-04 | <0.7 5.246E-04 <0.7 6.366E-04 <0.7 6.495E-04 <0.7
Cs'3 6.450E-06 | <4 1.010E-05 | <4 4.170E-05 <4 5.350E-05 <4 5.450E-05 <4
Cs'¥7 1.540E-03 | <4 2.180E-03 | <4 3.470E-03 <4 4.320E-03 <4 3.900E-03 <4
Eu's! 2.308E-06 3.8 2.122E-06 1.4 2.037E-06 2.5 1.977E-06 1.3 1.530E-06 1.4
Eu's3 1.548E-04 2.6 1.852E-04 1.3 3.089E-04 2.1 3.533E-04 0.5 3.504E-04 0.7
Eu'> 1.560E-05 | <4 2.000E-05 | <4 3.770E-05 <4 4.360E-05 <4 3.830E-05 <4
Eu'® 2.690E-06 | <6 3.420E-06 | <6 9.630E-06 <6 1.130E-05 <6 1.120E-05 <6
Pm147 1.750E-05 | <5 2.400E-05 | <5 3.650E-05 <5 4.470E-05 <5 3.140E-05 <5
Sm™7 4.006E-04 2.1 5.393E-04 1 5.434E-04 1.8 6.624E-04 1.2 4.591E-04 1.2
Sm'48 1.858E-04 24 2.592E-04 1.1 5.474E-04 1.8 6.923E-04 1.2 6.645E-04 1.2
Sm'4 5.097E-06 3.7 6.120E-06 1.9 3.450E-06 34 3.809E-06 1.5 3.515E-06 2.1
Sm150 3.785E-04 2.2 5.062E-04 1 7.551E-04 1.8 9.152E-04 1.2 8.217E-04 1.3
Sm's! 1.788E-05 26 2.213E-05 1.9 1.755E-05 24 1.999E-05 1.5 1.613E-05 2.1
Sm1? 1.454E-04 1.9 1.789E-04 1 2.479E-04 1.6 2.871E-04 1.1 2.850E-04 1.1
Sm1s4 6.609E-05 24 6.008E-05 1.2 1.302E-04 2 1.315E-04 1.2 1.612E-04 1.2
Gd152 4.965E-05 | 4.3 9.162E-07 | 3.8 9.551E-06 5.9 7.599E-07 5.3 2.012E-06 5.8
Gd's 1.397E-03 2 2.708E-05 1.4 1.075E-03 1.6 4.957E-05 1.3 4 477E-05 1.6
Gd1% 2.028E-05 8.2 1.025E-05 1.1 2.329E-05 8.5 1.935E-05 1.1 1.913E-05 1.3
Gd1%® 2.677E-02 1.4 1.168E-04 | 0.8 2.677E-02 1.2 5.581E-04 0.8 8.463E-04 1
Gd"7 1.072E-05 6.2 3.505E-07 | 2 5.869E-06 10.1 5.287E-07 3.7 8.371E-07 3
Gd'%8 3.241E-02 14 2.083E-05 1.1 3.357E-02 1.2 7.213E-05 0.9 1.176E-04 1.2
G160 1.704E-02 1.6 1.653E-06 1.8 1.722E-02 14 4.505E-06 1.9 6.649E-06 2.1
Mo®% 1.770E-03 3.9 2456E-03 | 4 3.154E-03 2.2 4.173E-03 45 3.316E-03 2.3
Tc%® 1.238E-03 3.1 1.664E-03 | 3.1 2.172E-03 24 2.816E-03 3.5 2.293E-03 24
Ru'0! 1.648E-03 3 2.211E-03 | 341 3.215E-03 2 4.090E-03 3.8 3.844E-03 2.2
Rh10s 1.037E-03 26 1.250E-03 | 24 1.621E-03 2 1.879E-03 3.7 1.710E-03 1.9
Ag'o® 1.022E-04 1.9 1.026E-04 | 2.1 2.296E-04 1.5 2.512E-04 15 3.812E-04 15
Cs'33 1.870E-03 39 2451E-03 | 3.8 3.329E-03 3.1 4.065E-03 4.8 3.438E-03 35

a Relative height over 24 equally spaced nodes.

b Fission per initial metal atom (FIMA).
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Table 13. Measurement dates for the 1°* measurement campaign [1]

Assembly ID RodID | Sample ID Measurement Date 2

C2 GdB 10/10/02

ZF1ZN2 C3 uB 10/10/02
uB 10/04/05

AS Ut 10104105

GdB 08/26/05

ZF1ZN3 c2 GdT 08/26/05
c3 uB 08/26/05

utT 08/26/05

a Format month/day/year MM/DD/YY.

Table 14. Decay times in years for the 2" measurement campaign [4]

Assembly 2F1ZN2 2F1ZN3
Rod C2 C3 C2 C3 A9
Sample GdT ut GdM um um
Y24 9.69 12.21 9.54 7.02 7.02
U6 9.69 12.21 9.54 7.02 7.02
yzs 9.69 12.21 9.54 7.02 7.02
yzs 9.69 12.21 9.54 7.02 7.02
Pu2ss 9.69 12.21 9.54 7.02 7.02
Pus 9.69 12.21 9.54 7.02 7.02
Py 9.69 12.21 9.54 7.02 7.02
Pu2 9.69 12.21 9.54 7.02 7.02
Pu2 9.69 12.21 9.54 7.02 7.02
Nd*42 9.69 12.21 9.54 7.02 7.02
Nd3 9.69 12.21 9.54 7.02 7.02
Nd144 9.69 12.21 9.54 7.02 7.02
Nd5 9.69 12.21 9.54 7.02 7.02
N6 9.69 12.21 9.54 7.02 7.02
Nde 9.69 12.21 9.54 7.02 7.02
Nd150 9.69 12.21 9.54 7.02 7.02
Cs™4 9.73 9.62 7.02 7.02 7.02
Cs!¥ 9.73 9.62 7.02 7.02 7.02
Eut® 10.68 1048 8.02 7.96 7.96
Eut% 10.68 1048 8.02 7.96 7.96
Eu™ 9.73 9.62 7.08 7.08 7.08
Eut% 9.73 9.62 7.08 7.08 7.08
Pm™7 10.70 10.61 8.02 7.96 7.96
Sm™ 10.68 1048 8.02 7.96 7.96
Sm™8 10.68 1048 8.02 7.96 7.96
Sm™9 10.68 1048 8.02 7.96 7.96
Sm50 10.68 1048 8.02 7.96 7.96
Sm's! 10.68 1048 8.02 7.96 7.96
Sm'%2 10.68 1048 8.02 7.96 7.96
Sm54 10.68 1048 8.02 7.96 7.96
Gd12 10.69 1048 8.02 7.96 7.96
Gds# 10.69 1048 8.02 7.96 7.96
Gd1%5 10.69 1048 8.02 7.96 7.96
Gd16 10.69 1048 8.02 7.96 7.96
Gd1s7 10.69 1048 8.02 7.96 7.96
Gd1s 10.69 1048 8.02 7.96 7.96
Gd'eo 10.69 1048 8.02 7.96 7.96
Mo% 11.65 11.65 8.99 8.99 8.99
Te% 11.65 11.65 8.99 8.99 8.99
Ruto! 11.65 11.65 8.99 8.99 8.99
Rh10s 11.65 11.65 8.99 8.99 8.99
Ag'® 11.65 11.65 8.99 8.99 8.99
Cs'3 11.65 11.65 8.99 8.99 8.99
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2. Evaluation of experimental data

2.1. Design data

The main design parameters for the analysed 9x9-9 fuel assemblies are provided in
validation of SRAC95 Code [1] and the 2013 paper by Suzuki [4]. However, design
parameters such as bypass gap widths, channel/central water channel thicknesses, and
channel corner radii are not available. Moreover, only rounded dimensions were provided
in these sources [1,2]. When publicly available, 9x9-9 assembly parameters with more
significant digits were used herein instead of the dimensions provided [1,2]. Missing
parameters were supplemented from data for similar assembly designs.

The Fukushima Daini-1 9x9-9 lattice design is illustrated in Figure 7. The Fukushima
Daini-1 reactor is a BWR-5 reactor designed to be loaded with C-type lattices [9]. The C-
type lattices have equal assembly gap distances and a 6-inch (15.24 cm) lattice pitch based
on design data for La Salle and Limerick plants [10]. The outer radius and thickness of the
clad is found in the literature [12] with more significant digits; these values are 0.559 cm
for the outer radius and 0.0711 cm for the thickness. No public data are available for the
central water channel clad thickness. However, the central water channel thickness of the
Atrium-10 design is 0.0725 cm, as specified in literature [11]. All supplemental design
information found in the literature confirms that the lattice design used in the “Burn-up
Credit Criticality Safety Benchmark Phase III-C” [14] can be used to model Fukushima
Daini-1 9x9-9 lattices. Therefore, except for fuel rod dimensions and channel corner radius,
all assembly design parameters shown in Figure 7 are acquired from the “Burn-up Credit
Criticality Safety Benchmark Phase I1I-C” [14] lattice specifications.

The channel corner radius of the 9x9-9 assembly is not publicly available, so it was
assumed to be the same as the channel corner radius of an 8x8 assembly [15]. Note that the
accuracy of the channel corner radius is not expected to change the accuracy of nuclide
predictions unless the sample is located at the assembly corner. A sensitivity study was
performed to show the effect of channel corner radius on nuclide densities for samples from
the A9 rod in Section 4.4.4.4.
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Figure 7. Fukushima Daini-1 9x9-9 lattice design
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Dimension (cm) 0.956 1.118 0.9758 0.67 145 3.70 3.85 6.70
Dimension ID | J K
Dimension (cm) 134 0.25 0.9652

Source: ORNL, 2024.
2.2. Material compositions
2.2.1. Density data

2.2.1.1. Fuel density

The density of the UO; fuel is derived by multiplying the reference theoretical density (TD)
with the provided TD % of the fuel (97%) [1]. The UO, reference density is assumed to be
10.96 £ 0.07 g/cm? at 273 K [22]. The reference density of Gd>03-UO; pellets varies with
the gadolinia weight percent in these pellets. Different proprietary correlations based on
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different manufacturing processes are used in the industry [19,21]. The correlation
expressed in Equation (1) and available in the literature is considered to have acceptable
accuracy [32] and is used here:

Pruet(TD) = pyo,(TD) — 0.031(Gd, 03wt%) 0

Chamfering and dishing information for the modelled pins is not provided. The dishing
volume is assumed to be 1%. To reflect the change in pellet volume, the calculated fuel
pellet densities are reduced by the dishing volume, as shown in Equation (2):

TD %
Pfuel = Pfueltheoretical ¥ (TOO) * (1 — Chamfering or dishing volume %/100) 2

2.2.1.2. Coolant/moderator density

The water density at saturation is a function of the void fraction. Water in the bypass region
is assumed to be at saturation with no boiling. This is a valid assumption under normal
operation. At saturation, coolant and moderator densities can be calculated from
Equation (3) using saturated liquid (0.743 kg/cm?) and vapour densities (0.0353 kg/cm?)
for the provided core pressure (70.7 kg/cm?) [16]:

Pcootant = P1 + alpy, — pp),
3)

where p; and p,, are liquid and vapour water densities at saturation, and « is void fraction.
Since void fractions at sample locations are not provided, assuming radially uniform void
fraction distribution, node average void fractions for the axial nodes at sample locations
(Table 4 through Table 8) are used to calculate coolant densities for each sample. However,
intra-nodal void fraction distribution is not uniform and shows variations as a function of
pin power and radial location (proximity to the water box and the channel box) [25].
Therefore, the coolant density around the samples can be significantly different than the
node’s average density.

2.2.1.3. Clad, gap and structural material density

Density of clad, water channel, and assembly channel are assumed to be the same as the
Zircaloy-2 nominal density of 6.56 g/cm?® [23]. The gap is assumed to consist of helium
gas, with a density of 1.786E-4 g/cm? [23].

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)



32 | NEA/WKP(2026)1

2.3. Irradiation history

Power histories for the measured samples are not provided. However, the power histories
of the nodes at sample locations are available. If sample power histories are assumed to be
proportional to corresponding nodal power histories, or if relative pin power distribution
within the assembly does not change significantly with burn-up, then sample-specific
powers can be derived by scaling nodal power histories to sample burn-up. This assumption
is clearly not valid for gadolinia fuel rods, and the contribution of this assumption to
calculated nuclide densities is discussed further in Section 4.4.1.

Since power is calculated through nodal burn-up, assumptions regarding power ramps at
startups and shutdowns should be made. Since the first and the last dates at full power are
not known, power is assumed to be constant at those depletion intervals.

2.4. Reactor operating conditions

2.4.1. Temperature data

Since temperature information is not available for fuel, clad, coolant or moderator (bypass)
regions [1,7], several assumptions were made.

2.4.1.1. Fuel temperature

Fuel temperature varies radially and axially as a function of the axial power shape and
coolant temperature. Fuel burn-up is also a determining factor in fuel temperature [17] since
it impacts the physical dimensions and the thermal properties of the fuel pin. As shown in
Equation (4), geometrically averaged fuel temperatures at different axial locations are
available for a GE11 (9x9) fuel assembly [18]. However, Equation (4) does not represent
effective fuel temperature for neutronic calculations; nor does it represent actual average
fuel temperature based on a parabolic profile [19]. A fuel performance analysis for a GE11
fuel assembly [17] shows that the radially averaged fuel temperature is approximately
100 K lower than that predicted by Equation (4). Therefore, the burn-up independent axial
temperature profile provided by Radulescu [18] is adapted with a -100 K bias for nodal
temperatures:

l l l
Tfue :1/2Tfue +1/2Tfue

average surface center (4)

The effects of fuel temperature uncertainty on calculated relative nuclide concentrations
are discussed in Section 4.4.3.

2.4.1.2. Coolant/moderator temperature

Since coolant and moderator (bypass) are at saturation at most parts of the fuel assembly,
the coolant and moderator are assumed to be at saturated water temperature (559 K) [16]
for the provided core pressure (70.7 kg/cm?). However, it should be noted that during
normal operation, moderator and coolant regions can have radial and axial pressure
differentials, and subcooling/superheating can exist in water. However, the fuel samples
considered herein are not near the top and bottom of the fuel rod where these effects are
most likely.
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2.4.1.3. Clad, gap and structural material temperature

The temperatures of the fuel gap, clad, and other structural material such as the channel
wall and the water channel are at temperatures higher than the coolant. However, the gap
and structural material temperatures have negligible effect on neutronics calculations and
are assumed to be at the coolant temperature (558.15 K). During normal operation, clad
temperature varies from 558-598 K between the outer and inner surfaces of the clad [17].
On the other hand, the gap temperature varies between fuel surface temperature (~750 K)
and the clad’s inner surface temperature (~598.15 K) until the gap is closed with fuel
swelling after 30 GWd/MTU [17].

2.5. Measurements

Okumura et al. [1] and Suzuki et al. [4] list measured contents in atoms relative to total U
atoms. Although it is not specified whether the normalisation was performed with final U
atoms, the sum of all U atoms adds up to 1.00 and is therefore noted as the final U atoms
in this evaluation. Decay times for the first measurement campaign were calculated from
the measurement dates in Table 13 and presented in Table 15 in days. For consistency,
decay times for the second measurement campaign were converted to days from Table 14
and presented in Table 16.

Table 15. Decay times in days for the first measurement campaign [1]

Assembly | 2F1ZN2 2F1ZN3

Rod c2 | C3 C2 C3 A9

Sample | GdB | UB | GdB | GdT | UB | UT | UB ut
yz4 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
ys 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
U6 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
yzs 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Pu23 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Pu2% 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Py 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Put 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Pu2+2 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd'42 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd™43 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd44 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd'4 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd'46 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd148 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001
Nd150 884 | 884 | 962 | 962 | 962 | 962 | 1001 | 1001

Table 16. Decay times in days for the second measurement campaign [4]

Assembly 2F1ZN2 2F1ZN3
Rod C2 C3 C2 C3 A9
Sample GdT uT GdM UM UM

yz 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
yzs 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
ye 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
ye 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Pu2s 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Pu2s 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Pu240 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Pu2 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
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Table 16. Decay times in days for the second measurement campaign [4] (continued)

Pu%2 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™2 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™3 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™4 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™5 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™6 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd™8 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Nd'%0 | 3536.85 | 4456.65 | 3482.10 | 2562.30 | 2562.30
Cs™ | 3551.45 | 3511.30 | 2562.30 | 2562.30 | 2562.30
Cs'37 | 3551.45 | 3511.30 | 2562.30 | 2562.30 | 2562.30
Eu'' | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Eu' | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Eu'™ | 3551.45 | 3511.30 | 2584.20 | 2584.20 | 2584.20
Eu' | 3551.45 | 3511.30 | 2584.20 | 2584.20 | 2584.20
Pm'7 | 3905.50 | 3872.65 | 2927.30 | 2905.40 | 2905.40
Sm'47 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm'4 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm'™9 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm'50 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm's! | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm'52 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Sm's4 | 3898.20 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'$2 | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'> | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'%5 | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'%6 | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'57 | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'®® | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Gd'® | 3901.85 | 3825.20 | 2927.30 | 2905.40 | 2905.40
Mo®% | 4252.25 | 4252.25 | 3281.35 | 3281.35 | 3281.35
Tc%® | 425225 | 4252.25 | 3281.35 | 3281.35 | 3281.35
Ru™' | 4252.25 | 4252.25 | 3281.35 | 3281.35 | 3281.35
Rh103 | 4252.25 | 4252.25 | 3281.35 | 3281.35 | 3281.35
Ag'% | 425225 | 4252.25 | 3281.35 | 3281.35 | 3281.35
Cs'3 | 4252.25 | 4252.25 | 3281.35 | 3281.35 | 3281.35

2.6. Sample burn-up

Detailed discussion of burn-up calculations based on measured data of burn-up indicator
isotopes — Nd'*¥ Nd'**, Nd'*¢, and Cs"*” —is available in the literature. A detailed summary
is available in the SFCOMPO guidance [32]. Three separate burn-up estimates are provided
in Suzuki et al. [4]. These estimates are based on analytical calculations using Nd'#®
measurements and core follow calculations using the SRAC and MVP-BURN codes. The
average Nd'*® yield and energy per fission used in these analytical calculations were
obtained from MVP-BURN calculations. Additionally, the Nd'*® concentrations were
corrected for Nd'¥’(n,y) reactions. The percent fission per initial metal atom can be
calculated as described in ASTM E321-96 [28]:

N148 Y14—8
/ x 100,
U +Np +Pu +Cm +N148/y148 (5)

FIMA(%) =

where Nj4g/Y 45 is the number of fissions based on measured Nd'*® atom concentration
(Ni4s) and effective fission yield of Nd'*¥(Y4s). The denominator in Equation (5) also
includes the total measured atom concentrations for isotopes of U, Np, Pu, and Cm. Note
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that measured Cm and Np concentrations are not available in the literature [14]. However,
their contribution to the total sum of heavy metal atoms in the denominator is not
significant.

In the present evaluation, the sample burn-ups were estimated based on code calculations
(Polaris) by adjusting the nodal power until the calculated Nd!*® concentrations match the
measured Nd'*® concentrations for each sample. These adjusted nodal powers also account
for the difference in the derived node average power (Section 2.2.3) and the actual sample
power (not available).

Different burn-up estimates for each sample are listed in Table 17. Reported FIMA values
based on estimates with the MVP-BURN depletion code [4] are compared with FIMA
values estimated in the current evaluation. The latter FIMA values were calculated using
Equation (6) based on the total fission product concentrations predicted by Polaris. Initial
uranium number densities are calculated using fuel density as shown in Equation (2), initial
enrichments of the samples (see Figure 1) and distribution of the isotopes listed in
Table 21:

(Total Number of Fission Product Atoms )/2 100
X
Number of Initial Uranium Atoms (6)

FIMA(%) =

The burn-up of each sample can be calculated from FIMA by multiplying with average
energy per fission (C) in Equation (7):

Burnup = FIMA(%) X C, o

where C(GWd) is energy/fission. Clearly, accurate calculation of FIMA depends on an
accurate value of Yiss, and an accurate value of burn-up depends on an accurate value of
average energy per fission, as well as FIMA. However, burn-up calculations for gadolinia-
loaded samples should have additional contributions from the energy released in Gd'*” and
Gd'> (n,y) reactions. The energy release per neutron capture (kn,) can vary based on the
nuclear data set used in calculations; this introduces additional uncertainty/bias to burn-up
calculations.
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Table 17. Sample burn-ups

Burn-up (GWd/MTU) FIMA (%)
Assﬁ?n?gémd/ rﬁ:ggl:trz% Based on Based on Based on Stdev/Meana rﬁ:ggl:trz% Calculgted
burn-up [1,2] SRAC[2] | MVP-BURN [2] Polaris (%) value [2] [Polaris]
2F1ZN2/C2/GDB 35.56 34.25 34.43 35.56 20 3.685 3.661
2F1ZN2/C2/GDT 27.89 28.44 28.7 28.17 1.2 2.884
2F1ZN2/C3/UB 47.49 46.51 46.1 46.54 1.3 4.943 4.930
2F1ZN2/C3/UT 38.15 39.05 38.77 37.39 1.9 3.959
2F1ZN3/A9/UB 61.2 56.18 57.24 60.59 42 6.266 6.208
2F1ZN3/A9/UM 64.18 60.28 61.29 63.54 3.0 6.504
2F1ZN3/AUT 56.32 57.16 57.64 55.73 1.5 5.766 5.725
2F1ZN3/C2/GDB 54.56 52.27 52.59 54.56 23 5.624 5.579
2F1ZN3/C2/GDM 54.45 53.82 54.35 55.00 0.9 5.615
2F1ZN3/C2/GDT 46.32 48.98 49.37 46.88 3.2 4.773 4.788
2F1ZN3/C3/UB 68.25 66.81 66.19 66.89 1.3 7.071 7.009
2F1ZN3/C3/UM 68.42 68.06 67.61 67.73 0.5 7.086
2F1ZN3/C3/UT 59.05 62.47 62.05 57.99 3.7 6.116 6.086

a. Stdev and mean are calculated for SRAC, MVP-BURN and Polaris burn-up estimates.
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Based on the data provided in Section 1 and discussions in Chapter 2, data required for the
fuel assembly geometry model is listed in Table 18 and illustrated in Figure 7. The radial
locations of samples and the enrichment map are illustrated in Figure 8. Fuel, moderator,
coolant, and structural material densities are provided in Table 19 and the material
temperatures in Table 20. Distribution of isotopes for each material are presented in

Table 21.
Table 18. Fukushima Daini-1 9x9-9 assembly geometry parameters
Assembly data
Assembly type (lattice) 9x9-9
Fuel assembly pitch (cm) [14]? 15.24
Number of fuel rods [1] 72
Number of gadolinia rods [1] 12
Number of water rods [1] 1 (square channel)
Fuel rod pitch (cm) [1]° 1.45
Channel thickness (cm) [1]° 0.25
Channel bypass gap (cm) [14] 0.67
Channel corner radius ¢ (cm) [15] 0.9652
Channel material [1] Zircaloy-2
Active fuel length (cm) [7] 371
Fuel rod geometry
Pin radius (cm) [1]¢ 0.478

Pin material [1]

U02/Gd203-U02

Pin-cladding gap (cm) [1]

0.01

Clad outer radius (cm)" [12] 0.559

Clad thickness (cm)i [12] 0.0711

Clad material [1] Zircaloy -2
Water box geometry

Inner width k (cm) [14] 3.70

Outer width (cm) [1] 3.85

Water box material Zircaloy -2

@ Rounded number 15.2 cm [1].

b Rounded number.

¢ Assumed to be the same as an 8x8 assembly.
g Calculated rounded number 0.47 cm [1].

" Based on similar 9x9 GE11/GE13 dimensions. Rounded number 0.55 [1].
i Based on similar 9x9 GE11/GE13 dimensions. Rounded number 0.07 [1].
k Based on the thickness provided in BWR numerical benchmark [14]. This value is close to Atrium 10 water

box thickness [11], which yields to an inner width of 3.685 cm.
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Figure 8. Enrichment profile of the Fukushima Daini-1 9x9-9 assemblies

A B C D E F G H J

U0, U 4.9 % U0, #U 3.0 %

P UO, U 4.2 % U0, U 2.1 %

U0,-Gd»03 25U 3 %

3 235 0
U0, ~"U 3.6 % Gd,05 5 wt%

Source: ORNL, 2024.
3.2. Material compositions and temperature(s)

Material densities and temperatures used in modelling 2F1ZN2 and 2F1ZN3 assemblies
are listed in Table 19 and Table 20, respectively. Fuel and structural material isotope
distributions are calculated using the predefined isotopic distributions of the material as
available in SCALE [22] and are presented in Table 21. The isotopic distributions for U
are based on the provided U?** enrichments and the U isotopic correlations in [22].

Table 19. Fukushima Daini-1 9x9-9 assembly material densities

Fuel density g/cm?
Gd203-UO2 10.32
U0 10.52
Coolant/moderator density
Saturated liquid 0.7430
Saturated vapour 0.0353
Clad/water box/channel wall material 6.56
Fuel gap density 1.786E-4
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Table 20. Fukushima Daini-1 9x9-9 assembly material temperatures

Axial fuel temperature K
2F1ZN2/C2/GdT, 2F1ZN2/C3/UT, 2F1ZN3/C2/GdT,2F1ZN3/C3/UT, 800.00
2F1ZN3/A9UT )
2F1ZN3/C2/GdM,2F1ZN3/C3/UM, 2F1ZN3/A9/UM 900.00
2F1ZN2/C2/GdB, 2F1ZN2/C3/UB, 2F1ZN3/C2/GdB,2F1ZN3/C3/UB, 800.00
2F1ZN3/A9/UB )

Coolant/moderator temperature 559.00

Clad/water box/channel wall temperature 559.00

Table 21. Fukushima Daini-1 9%9-9 assembly fuel material initial isotopic composition [23]

Material Isotope Weight fraction (%)
7r 98.250
s’ 1.450
Zircaloy-2 Ee; 813(5)
Ni* 0.055
Hf 0.010
Gq'52 0.193
G5 2134
G55 14.581
Gadolinium* Gd'% 20.297
Gq1s7 15.617
G5 24.946
G160 22.232
(J234 0.043
235
Uranium (4.9 % 235U)" 8236 gggg
U8 95.034
yz4 0.037
235
Uranium (4.2 % 235U)" 8236 33(1)3
U238 95.744
yz4 0.031
235
Uranium (3.6 % %5U)" Bzae gg?g
238 96.352
U234 0.025
235
Uranium (3.0 % %5U)" Bzae 38(1)2
Y238 96.961
U234 0.017
235
Uranium (2.1 % 235U)" 8236 38(1)8
U238 97.873

*From natural abundance.
**Bowman and Suto [34].

3.3. Reactor operating conditions
The irradiation and void fraction histories for the analysed samples are listed in Table 23
through Table 34. For convenience, coolant densities corresponding to void fractions are

calculated using steam tables as described in Section 2.2.1.2. and as presented in Table 35
through Table 39.
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3.4. Model simplifications

There is no simplification or approximation in the benchmark model compared to the
information provided in Chapter 1.

Table 22. Irradiation history of sample C2/GdT in assembly 2F1ZN2 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)

CYCLE12 CYCLE13 | CYCLE14
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)
4 67.6 17.02 8 77 17.00 6 72.9 24,95
16 67.6 18.91 26 77 17.00 31 73.3 24.40
16 67.6 18.91 71 0.00 32 74.3 24,82
17.5 69.1 19.58 5 76.5 61.25 17 73.4 24.89
17.5 69.1 19.58 12 76.3 25.28 32 73.7 2457
21 69.2 20.29 12 76.3 25.28 31 73.8 24.98
21 69.2 20.29 16 76.4 25.58 32 73.6 25.15
16 70.2 20.41 16 76.4 25.58 35 734 25.07
16 70.2 20.41 15.5 76.5 25.89 31 72.9 25.12
15.5 712 20.58 15.5 76.5 25.89 21 73 25.64
15.5 712 20.58 16 76.6 25.70 21 73 25.64
17.5 72.5 20.43 16 76.6 25.70 32 71.2 25.73
17.5 72.5 20.43 19 76.8 25.52 28 714 26.83
17.5 73.6 20.17 19 76.8 25.52 19 70.8 28.41
17.5 73.6 20.17 16 76.9 25.25 19 70.8 28.41
12 73.6 20.17 16 76.9 25.25 25 68.8 28.40
6 0.00 31 76.8 25.07 11 68.8 28.40
7 74.2 16.89 28 76.3 25.38
15.5 74.3 20.43 24 76.5 26.08
15.5 74.3 20.43 28 76.5 26.08
16 74 21.21 86 0.00
16 74 21.21
16.5 74.4 22.75
16.5 74.4 22.75
18.5 732 24 .88
18.5 732 24.88
18 732 24.88
40 0.00
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Table 23. Irradiation history of sample C2/GdB in assembly 2F1ZN2 [7]

CYCLE12 CYCLE13 CYCLE14

Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MWIMTU) (days) (%) (MW/MTU)

4 13.9 26.77 8 26 24.5 6 19.3 11.52
16 12.5 27.82 13 26 24.5 31 18 30.9
16 12.5 27.82 13 26 24.5 32 17.9 29.85
17.5 13.4 27.53 71 0 17 17.5 29.61
17.5 13.4 27.53 5 25 81.5 32 17.1 29.88
14 14.2 27.66 12 24 34.25 31 16.9 29.59
14 14.2 27.66 12 24 34.25 32 16.9 29.59
14 14.2 27.66 16 24 34.01 35 17.2 29.94
16 15.3 28.9 16 24 34.01 31 16.6 29.75
16 15.3 28.9 15.5 24 33.83 42 14.9 28.65
15.5 17 29.51 15.5 24 33.83 32 11.1 26.11
15.5 17 29.51 16 24 33.83 28 8.5 24.12
11.67 19.9 30.74 16 24 33.83 38 6.4 21.34
11.67 19.9 30.74 19 26 3443 25 4.2 20.07
11.67 19.9 30.74 19 26 3443 11 4.2 20.07
11.67 22.5 32.66 16 27 35.46
11.67 225 32.66 16 27 35.46
11.67 225 32.66 15.5 27 35.82
12 225 32.66 15.5 27 35.82

6 0 28 25 35.05

7 25 29.28 24 23 33.51
10.33 25 33.7 28 23 33.51
10.33 25 33.7 86 0
10.33 25 33.7
10.67 23 3343
10.67 23 33.43
10.67 23 33.43
11 19 31.88
11 19 31.88
11 19 31.88
12.33 17 27.85
12.33 17 27.85
12.33 17 27.85

9 17 27.85

9 17 27.85
40 0
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Table 24. Irradiation history of sample C3/UT in assembly 2F1ZN2 [7]

CYCLE12 CYCLE13 CYCLE14
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)
4 67.6 22.59 8 77 22.56 6 72.9 33.11
16 67.6 25.10 13 77 22.56 15.5 73.3 32.39
16 67.6 25.10 13 77 22.56 15.5 73.3 32.39
17.5 69.1 25.99 71 0.00 16 74.3 32.94
17.5 69.1 25.99 5 76.5 81.29 16 74.3 32.94
14 69.2 26.93 12 76.3 33.55 17 734 33.03
14 69.2 26.93 12 76.3 33.55 16 73.7 32.61
14 69.2 26.93 10.67 76.4 33.95 16 73.7 32.61
16 70.2 27.10 10.67 76.4 33.95 15.5 73.8 33.14
16 70.2 27.10 10.67 76.4 33.95 15.5 73.8 33.14
15.5 712 27.31 15.5 76.5 34.36 16 73.6 33.38
15.5 712 27.31 15.5 76.5 34.36 16 73.6 33.38
17.5 72.5 27.13 16 76.6 34.11 35 734 33.27
17.5 72.5 27.13 16 76.6 34.11 31 729 33.34
17.5 73.6 26.77 19 76.8 33.88 42 73 34.04
17.5 73.6 26.77 19 76.8 33.88 32 71.2 34.14
12 73.6 26.77 16 76.9 33.51 28 71.4 35.61
6 0.00 16 76.9 33.51 38 70.8 37.70
7 74.2 22.41 15.5 76.8 33.28 25 68.8 37.69
15.5 74.3 27.12 15.5 76.8 33.28 11 68.8 37.69
15.5 74.3 27.12 28 76.3 33.69
16 74 28.15 24 76.5 34.60
16 74 28.15 28 76.5 34.60
16.5 744 30.18 86 0.00
16.5 74.4 30.18
12.33 732 33.02
12.33 732 33.02
12.33 732 33.02
9 732 33.02
9 73.2 33.02
40 0.00
4 67.6 22.59
16 67.6 25.10
16 67.6 25.10
17.5 69.1 25.99
17.5 69.1 25.99
14 69.2 26.93
14 69.2 26.93
14 69.2 26.93
16 70.2 27.10
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Table 25. Irradiation history of sample C3/UB in assembly 2F1ZN2 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)

CYCLE12 CYCLE13 CYCLE14
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)

4 13.9 35.04 8 26 32.07 6 19.3 15.08
10.67 12.5 36.42 26 25.7 32.07 31 18 40.44
10.67 12.5 36.42 71 0.00 32 17.9 39.07
10.67 12.5 36.42 5 25 106.66 17 17.5 38.75
11.67 13.4 36.04 12 24 44 83 32 171 39.10
11.67 13.4 36.04 12 24 44 83 31 16.9 38.73
11.67 13.4 36.04 16 24 44 51 32 16.9 38.72
10.5 14.2 36.20 16 24 44,51 35 17.2 39.19
10.5 14.2 36.20 15.5 24 44.28 31 16.6 38.95
10.5 14.2 36.20 15.5 24 44.28 42 14.9 37.50
10.5 14.2 36.20 16 24 44.28 32 11.1 34.17
10.67 15.3 37.83 16 24 44.28 28 8.5 3157
10.67 15.3 37.83 19 26 45.07 38 6.4 27.93
10.67 15.3 37.83 19 26 45.07 25 4.2 26.26
10.33 17 38.62 16 27 46.41 11 4.2 26.26
10.33 17 38.62 16 27 46.41
10.33 17 38.62 15.5 27 46.87
11.67 19.9 40.23 15.5 27 46.87
11.67 19.9 40.23 14 25 45.87
11.67 19.9 40.23 14 25 45.87
11.67 22.5 42.75 24 23 43.87
11.67 22.5 42.75 28 23 43.87
11.67 22.5 42.75 86 0.00

6 22.5 42.75

6 22.5 42.75

6 0.00

7 25 38.32
10.33 25 44.10
10.33 25 44.10
10.33 25 4410
10.67 23 43.76
10.67 23 43.76
10.67 23 43.76
11 19 41.73
11 19 41.73
11 19 41.73
18.5 17 36.45
18.5 17 36.45
18 17 36.45
40 0.00
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Table 26. Irradiation history of sample C2/GdT in assembly 2F1ZN3 [7]

CYCLE12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)
4 66.9 18.61 8 76.3 21.81 5 69.4 15.96
16 66.9 20.82 13 76.3 21.80 32 69.2 25.76
16 66.9 20.82 13 76.3 21.80 35 70.2 26.26
17.5 68.4 21.61 71 0.00 10 68.3 25.65
17.5 68.4 21.61 5 75.8 50.59 33 69.3 24.75
21 68.5 22.28 12 75.6 27.58 29 68.3 24.54
21 68.5 22.28 12 75.6 27.58 33 69.5 24.54
16 69.5 22.44 16 75.7 27.78 36 69.5 24.54
16 69.5 22.44 16 75.7 27.78 37 0.00
15.5 70.5 22.62 15.5 75.8 28.05 4 68.8 14.83
15.5 70.5 22.62 15.5 75.8 28.05 28 69.4 24.56
17.5 71.8 22.39 16 75.9 27.69 32 69.4 24.66
17.5 71.8 22.39 16 75.9 27.69 28 68.6 25.11
17.5 73 22.08 12.67 76.1 27.53 28 66.6 25.97
17.5 73 22.08 12.67 76.1 27.53 14 67.6 26.42
12 73 22.08 12.67 76.1 27.53 31 63.7 26.89
6 0.00 32 76.2 27.15 7 63.7 26.89
7 73.6 18.66 31 76.1 26.84 90 0.00
15.5 737 2242 28 75.6 27.25 CYCLE16
15.5 737 2242 24 75.7 27.92 5 435 7.19
16 734 23.24 28 57.1 30.45 35 439 14.16
16 734 23.24 86 0.00 28 451 14.64
16.5 73.7 24.99 CYCLE14 35 46.5 15.10
16.5 737 24.99 6 72.3 25.96 13 449 15.09
12.33 72.5 27.41 31 72.6 26.19 29 46.1 14.91
12.33 72.5 27.41 32 73.6 26.67 33 474 15.19
12.33 72.5 27.41 17 72.7 26.70 37 484 15.34
18 72.5 27.41 32 73.1 26.39 35 49.8 15.32
40 0.00 31 73.1 26.76 35 50.4 15.53
32 72.9 27.05 32 49.7 16.41
35 72.7 26.99 27 50.4 17.23
31 72.2 26.76 22 50.8 17.65
21 72.2 27.39 22 49.1 18.05
21 72.2 27.39 22 46.7 18.59
32 70.3 27.44 12 46.7 18.59
28 70.5 28.51
19 69.8 30.30
19 69.8 30.30
25 67.8 30.36
11 67.8 30.36
39 0.00

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)
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Table 27. Irradiation history of sample C2/GdM in assembly 2F1ZN3 [7]

CYCLE 12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MWIMTU) (days) (%) (MWIMTU)
4 46.6 24.54 8 6 26.89 5 479 21.17
16 455 27.21 13 19.4 26.89 32 46.5 28.63
16 455 27.21 13 19.4 26.89 35 473 28.59
17.5 471 27.65 71 0 10 46.1 28.50
17.5 471 27.65 5 58 64.80 33 471 28.84
14 47.7 28.13 12 57.4 33.66 29 46.3 28.45
14 47.7 28.13 12 57.4 33.66 33 48.1 29.05
14 47.7 28.13 16 57.4 33.56 36 48.1 29.05
16 49.1 28.91 16 57.4 33.56 37 0
16 49.1 28.91 15.5 57.6 33.58 4 48.1 8.35
15.5 50.8 29.12 15.5 57.6 33.58 28 48.6 28.08
15.5 50.8 29.12 16 58 33.40 32 48.1 27.91
11.67 53.4 29.14 16 58 33.40 28 45.9 27.65
11.67 53.4 29.14 19 58.9 33.18 28 418 27.40
11.67 53.4 29.14 19 58.9 33.18 14 419 27.37
11.67 55.7 29.16 16 59.6 33.00 31 35.1 26.31
11.67 55.7 29.16 16 59.6 33.00 7 0 26.31
11.67 55.7 29.16 15.5 59.4 32.79 90 0
12 55.7 29.16 15.5 59.4 32.79 CYCLE16
6 0 28 58.3 32.91 5 16.1 11.22
7 56.8 2457 24 57.1 32.76 35 15.2 18.14
15.5 56.7 29.84 28 57.1 32.76 28 15.9 18.21
15.5 56.7 29.84 86 0 35 16.5 18.31
16 55.6 30.49 CYCLE 14 13 16.4 18.55
16 55.6 30.49 6 53.1 20.07 29 17.2 18.83
11 53.5 31.76 31 52.6 31.45 33 18.5 18.87
11 53.5 31.76 32 53.3 31.25 37 204 18.86
11 53.5 31.76 17 52.6 31.36 35 22.2 18.88
12.33 50.9 31.49 16 52.6 32.19 35 22.8 18.95
12.33 50.9 31.49 16 52.6 32.19 32 21.3 18.98
12.33 50.9 31.49 15.5 52.5 32.39 27 21 18.89
9 50.9 31.49 15.5 52.5 32.39 22 20.7 18.63
9 50.9 31.49 16 52.5 32.14 22 17 18.51
40 0 16 52.5 32.14 22 13.9 17.74
35 52.4 31.76 12 13.9 17.74
31 51.7 31.61
42 50.5 31.27
32 46.7 30.22
28 444 30.02
38 42 29.35
25 384 29.52
11 38.4 29.52
39 0

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)
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Table 28. Irradiation history of sample C2/GdB in assembly 2F1ZN3 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)

CYCLE12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)
4 13.9 28.39 8 25.7 26.16 5 15.2 19.43
16 12.5 29.51 13 25.7 26.16 32 13.5 27.3
16 12.5 29.51 13 25.7 26.16 35 13.6 26.65
11.67 13.4 29.20 71 0 10 13.3 26.56
11.67 13.4 29.20 5 24.50 85.57 33 13.8 26.96
11.67 13.4 29.20 24 23.60 36.33 29 13.5 27.07
14 14.2 29.34 16 23.60 36.08 33 15 27.86
14 14.2 29.34 16 23.60 36.08 36 15 27.86
14 14.2 29.34 15.5 23.60 35.85 37 0
16 15.3 30.65 15.5 23.60 35.85 4 15.6 20.91
16 15.3 30.65 16 24.00 35.88 28 16.1 28.93
15.5 17 31.30 16 24.00 35.88 32 15.4 28.5
15.5 17 31.30 19 25.50 36.52 28 13.2 26.79
11.67 19.9 32.60 19 25.50 36.52 28 9.5 25.2
11.67 19.9 32.60 16 26.70 37.64 14 8.7 23.7
11.67 19.9 32.60 16 26.70 37.64 31 4.1 21.63
11.67 225 34.64 15.5 26.50 37.96 7 4.1 21.63
11.67 225 34.64 15.5 26.50 37.96 90 0
11.67 225 34.64 14 25.00 3717 CYCLE16
12 225 34.64 14 25.00 3717 5 0 7.81
6 0 24 22.80 35.54 35 0 15.05
7 24.60 31.05 28 22.80 35.54 28 0 14.75
10.33 24.50 35.77 86 0 35 0 14.72
10.33 24.50 35.77 CYCLE14 13 0 14.86
10.33 24.50 35.77 6 19.3 12.22 29 0.1 15.32
10.67 22.70 35.4 15.5 18 32.8 33 0.1 15.53
10.67 22.70 35.4 15.5 18 32.8 37 0.2 16.07
10.67 22.70 35.4 16 17.9 31.63 35 04 16.99
11 19.10 33.84 16 17.9 31.63 35 0.6 17.6
11 19.10 33.84 17 17.5 314 32 04 17.66
11 19.10 33.84 16 17.1 31.72 27 0.3 17.02
12.33 16.60 29.51 16 17.1 31.72 22 0.3 16.22
12.33 16.60 29.51 31 16.9 31.38 22 0.1 15.77
12.33 16.60 29.51 32 16.9 31.38 22 0 14.35
9 16.60 29.51 35 17.2 31.76 12 0 14.35
9 16.60 29.51 31 16.6 31.53
40 0 42 14.9 30.38
32 11.1 21.72
28 8.5 25.55
38 6.4 22.64
25 4.2 21.25
11 4.2 21.25
39 0
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Table 29. Irradiation history of sample C3/UT in assembly 2F1ZN3 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)

CYCLE12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MWIMTU)
4 66.9 23.02 8 76.3 26.97 5 69.4 19.80
16 66.9 25.75 13 76.3 26.97 32 69.2 31.85
16 66.9 25.75 13 76.3 26.97 35 70.2 32.44
17.5 68.4 26.73 71 0 10 68.3 31.75
17.5 68.4 26.73 5 75.8 62.57 33 69.3 30.58
14 68.5 27.57 12 75.6 34.12 29 68.3 30.38
14 68.5 27.57 12 75.6 34.12 33 69.5 30.38
14 68.5 27.57 10.67 75.7 34.35 36 69.5 30.38
16 69.5 27.76 10.67 75.7 34.35 37 0
16 69.5 27.76 10.67 75.7 34.35 4 68.8 18.35
15.5 70.5 27.99 15.5 75.8 34.69 28 69.4 30.38
15.5 70.5 27.99 15.5 75.8 34.69 32 69.4 30.52
17.5 71.8 27.71 16 75.9 34.26 28 68.6 31.06
17.5 71.8 27.71 16 75.9 34.26 28 66.6 32.12
17.5 73 27.30 19 76.1 34.07 14 67.6 32.68
17.5 73 27.30 19 76.1 34.07 31 63.7 33.25
12 73 27.30 16 76.2 33.58 7 63.7 33.25
6 0 16 76.2 33.58 90 0
7 73.6 23.08 31 76.1 33.19 CYCLE16
15.5 73.7 21.72 28 75.6 33.19 5 435 8.90
15.5 73.7 27.72 24 75.7 33.70 35 439 17.51
16 73.4 28.75 14 57.1 34.54 28 451 18.11
16 73.4 28.75 14 57.1 37.67 35 46.5 18.68
11 73.7 30.91 86 37.67 13 449 18.66
11 73.7 30.91 CYCLE14 29 46.1 18.44
11 73.7 30.91 6 72.3 32.11 33 474 18.79
12.33 72.5 33.91 31 72.6 32.39 37 484 18.97
12.33 72.5 33.91 16 73.6 32.39 35 49.8 18.95
12.33 72.5 33.91 16 73.6 32.99 35 50.4 19.21
9 72.5 33.91 17 72.7 32.99 32 49.7 20.31
9 72.5 33.91 32 73.1 33.03 27 50.4 21.32
40 0 31 73.1 32.65 22 50.8 21.83
16 72.9 32.65 22 49.1 22.32
16 72.9 33.10 22 46.7 23.00
17.5 72.7 33.10 12 46.7 23.00
17.5 72.7 33.46
31 722 33.46
42 722 33.39
32 70.3 33.10
28 70.5 33.88
38 69.8 33.95
25 67.8 35.26
11 67.8 37.48
39 37.55
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Table 30. Irradiation history of sample C3/UM in assembly 2F1ZN3 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)

CYCLE 12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MWIMTU) (days) (%) (MWIMTU)
4 46.6 30.54 8 6 33.45 5 479 26.34
10.67 455 33.85 26 19.4 33.45 32 46.5 35.63
10.67 455 33.85 71 0 35 473 35.57
10.67 455 33.85 5 58 80.62 10 46.1 35.47
11.67 471 34.41 12 57.4 41.88 33 471 35.88
11.67 471 34.41 12 57.4 41.88 29 46.3 35.39
11.67 471 34.41 16 57.4 41.75 33 481 36.14
14 47.7 35 16 57.4 41.75 36 48.1 36.14
14 47.7 35 15.5 57.6 41.79 37 0
14 47.7 35 15.5 57.6 41.79 4 48.1 104
10.67 49.1 35.96 16 58 41.55 28 48.6 34.94
10.67 491 35.96 16 58 41.55 32 48.1 34.72
10.67 49.1 35.96 19 58.9 41.28 28 459 344
10.33 50.8 36.22 19 58.9 41.28 28 418 34.1
10.33 50.8 36.22 16 59.6 41.05 14 41.9 34.06
10.33 50.8 36.22 16 59.6 41.05 31 35.1 32.73
11.67 53.4 36.25 15.5 59.4 40.78 7 0 32.73
11.67 53.4 36.25 15.5 59.4 40.78 90 0
11.67 53.4 36.25 14 58.3 40.94 CYCLE16
11.67 55.7 36.28 14 58.3 40.94 5 16.1 13.96
11.67 55.7 36.28 24 57.1 40.76 35 15.2 22.56
11.67 55.7 36.28 14 57.1 40.76 28 15.9 22.65
12 55.7 36.28 14 57.1 40.76 35 16.5 22.78
6 0 86 0 13 16.4 23.08
7 56.8 30.57 CYCLE 14 29 17.2 2342
10.33 56.7 37.12 6 53.1 24.97 33 18.5 23.47
10.33 56.7 37.12 31 52.6 39.13 37 204 23.46
10.33 56.7 37.12 32 53.3 38.87 35 22.2 23.48
10.67 55.6 37.94 17 52.6 39.01 35 22.8 23.57
10.67 55.6 37.94 32 52.6 40.05 32 21.3 23.61
10.67 55.6 37.94 31 52.5 40.3 27 21 23.49
11 53.5 39.51 32 52.5 39.98 22 20.7 23.18
11 53.5 39.51 35 52.4 39.52 22 17 23.04
11 53.5 39.51 31 51.7 39.33 22 13.9 22.06
12.33 50.9 39.18 42 50.5 38.9 12 13.9 22.06
12.33 50.9 39.18 32 46.7 37.6
12.33 50.9 39.18 28 444 37.35
18 50.9 39.18 38 42 36.51
40 46.6 0 25 384 36.73
11 38.4 36.73
39 0
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Table 31. Irradiation history of sample C3/UB in assembly 2F1ZN3 [7]

CYCLE12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MWIMTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)
4 13.9 34.80 8 25.7 32.07 5 15.20 23.81
10.67 12.5 36.17 26 25.7 32.06 32 13.50 33.47
10.67 12.5 36.17 71 0.00 35 13.60 32.66
10.67 12.5 36.17 5 245 104.91 10 13.30 32.56
11.67 13.4 35.80 12 23.6 4453 33 13.80 33.06
11.67 13.4 35.80 12 23.6 4453 29 13.50 33.19
11.67 13.4 35.80 16 23.6 44.23 33 15.00 34.15
10.5 14.2 35.97 16 23.6 44.23 36 15.00 34.15
10.5 14.2 35.97 15.5 23.6 43.95 37 0.00
10.5 14.2 35.97 15.5 23.6 43.95 4 15.60 25.64
10.5 14.2 35.97 16 24 43.98 28 16.10 35.47
10.67 15.3 37.58 16 24 43.98 32 15.40 34.94
10.67 15.3 37.58 19 255 4477 28 13.20 32.85
10.67 15.3 37.58 19 255 44.77 28 9.50 30.89
10.33 17 38.37 16 26.7 46.14 14 8.70 29.05
10.33 17 38.37 16 26.7 46.14 31 4.10 26.52
10.33 17 38.37 15.5 26.5 46.53 7 410 26.52
11.67 19.9 39.96 15.5 26.5 46.53 90 0
11.67 19.9 39.96 14 25 45,57 CYCLE16
11.67 19.9 39.96 14 25 45,57 5 0 9.57
11.67 22.5 4247 24 22.8 43,57 35 0 18.44
11.67 22.5 4247 28 22.8 43,57 28 0 18.09
11.67 22.5 4247 86 0 35 0 18.04
6 22.5 4247 CYCLE14 13 0 18.22
6 22.5 4247 6 19.3 14.98 29 0.1 18.79
6 0.00 31 18 40.21 33 0.1 19.03
7 24.6 38.06 32 17.9 38.78 37 0.2 19.70
10.33 245 43.85 17 17.5 38.49 35 04 20.83
10.33 245 43.85 32 17.1 38.88 35 0.6 21.58
10.33 245 43.85 31 16.9 38.48 32 04 21.65
10.67 22.7 43.40 32 16.9 38.47 27 0.3 20.86
10.67 22.7 43.40 35 17.2 38.94 22 0.3 19.88
10.67 22.7 43.40 31 16.6 38.65 22 0.1 19.34
11 19.1 41.49 42 14.9 37.24 22 0 17.59
11 19.1 41.49 32 11.1 33.99 12 0 17.59
11 19.1 4149 28 8.5 31.32
18.5 16.6 36.17 38 6.4 271.75
18.5 16.6 36.17 25 4.2 26.05
18 16.6 36.17 11 4.2 26.05
40 0.00 39 0.00

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)
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Table 32. Irradiation history of sample A9/UT in assembly 2F1ZN3 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9%9-9)

CYCLE12 CYCLE13 CYCLE15
Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MWIMTU)
4 66.9 22.79 8 76.3 25.73 5 69.4 18.91
16 66.9 25.48 13 76.3 25.72 32 69.2 30.38
16 66.9 25.48 13 76.3 25.72 35 70.2 30.97
17.5 68.4 26.46 71 0.00 10 68.3 30.28
17.5 68.4 26.46 5 75.8 59.68 33 69.3 29.20
14 68.5 27.27 12 75.6 32.55 29 68.3 29.01
14 68.5 27.27 12 75.6 32.55 33 69.5 28.91
14 68.5 21.27 10.67 75.7 32.76 36 69.5 28.91
16 69.5 2747 10.67 75.7 32.76 37 0.00
16 69.5 2747 10.67 75.7 32.76 4 68.8 17.49
15.5 70.5 27.70 15.5 75.8 33.09 28 69.4 28.98
15.5 70.5 27.70 15.5 75.8 33.09 32 69.4 29.11
17.5 71.8 27.41 16 75.9 32.67 28 68.6 29.62
17.5 71.8 27.41 16 75.9 32.67 28 66.6 30.63
17.5 73 27.02 19 76.1 32.49 14 67.6 31.17
17.5 73 27.02 19 76.1 32.49 31 63.7 31.72
12 73 27.02 16 76.2 32.03 7 63.7 31.72
6 0.00 16 76.2 32.03 90 0.00
7 73.6 22.84 31 76.1 31.65 CYCLE16

15.5 73.7 27.44 28 75.6 32.14 5 435 8.49
15.5 73.7 27.44 24 75.7 32.94 35 439 16.71
16 73.4 28.45 14 57.1 35.93 28 451 17.27
16 73.4 28.45 14 57.1 35.93 35 46.5 17.81
11 73.7 30.59 86 0.00 13 449 17.80
11 73.7 30.59 CYCLE14 29 46.1 17.59
11 73.7 30.59 6 72.3 30.62 33 474 17.91
12.33 72.5 33.56 31 72.6 30.90 37 484 18.10
12.33 72.5 33.56 16 73.6 31.47 35 49.8 18.08
12.33 72.5 33.56 16 73.6 31.47 35 50.4 18.33
9 72.5 33.56 17 72.7 31.51 32 49.7 19.37
9 72.5 33.56 32 73.1 31.14 27 50.4 20.33
40 0.00 31 73.1 31.57 22 50.8 20.83
16 72.9 31.91 22 49.1 21.30
16 72.9 31.91 22 46.7 21.94
17.5 72.7 31.84 12 46.7 21.94

17.5 72.7 31.84

31 722 3157

42 722 32.32

32 70.3 32.38

28 70.5 33.63

38 69.8 35.74

25 67.8 35.82

11 67.8 35.82

39 0.00
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Table 33. Irradiation history of sample A9/UM in assembly 2F1ZN3 [7]

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)

CYCLE12 CYCLE13 CYCLE15

Time Void fraction Power Time Void fraction Power Time | Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MWIMTU) (days) (%) (MWIMTU)

4 46.6 28.35 8 6 31.07 5 479 24.46
10.67 455 31.43 26 19.4 31.07 32 46.5 33.09
10.67 455 31.43 71 0 0.00 35 473 33.04
10.67 455 31.43 5 58 74.86 10 46.1 32.94
11.67 471 31.96 24 574 38.89 33 471 33.31
11.67 471 31.96 16 574 38.78 29 46.3 32.87
11.67 471 31.96 16 574 38.78 33 48.1 33.56

14 47.7 32.50 15.5 57.6 38.81 36 48.1 33.56

14 47.7 32.50 15.5 57.6 38.81 37 0.00

14 47.7 32.50 16 58 38.59 4 48.1 9.65
10.67 49.1 33.39 16 58 38.59 28 48.6 32.44
10.67 491 33.39 19 58.9 38.33 32 48.1 32.24
10.67 49.1 33.39 19 58.9 38.33 28 45.9 31.95
10.33 50.8 33.64 16 59.6 38.13 28 41.8 31.66
10.33 50.8 33.64 16 59.6 38.13 14 41.9 31.63
10.33 50.8 33.64 15.5 59.4 37.88 31 35.1 30.39
11.67 53.4 33.66 15.5 59.4 37.88 7 0 30.39
11.67 53.4 33.66 14 58.3 38.03 90 0.00
11.67 53.4 33.66 14 58.3 38.03 CYCLE16
11.67 55.7 33.69 24 57.1 37.85 5 16.1 12.97
11.67 55.7 33.69 14 57.1 37.85 35 15.2 20.95
11.67 55.7 33.69 14 57.1 37.85 28 15.9 21.04

12 55.7 33.69 86 0.00 35 16.5 21.15

6 0.00 CYCLE14 13 16.4 2143

7 56.8 28.38 6 53.1 23.19 29 17.2 21.75
10.33 56.7 34.47 15.5 52.6 36.33 33 18.5 21.80
10.33 56.7 34.47 15.5 52.6 36.33 37 204 21.78
10.33 56.7 34.47 16 53.3 36.10 35 22.2 21.81
10.67 55.6 35.23 16 53.3 36.10 35 22.8 21.89
10.67 55.6 35.23 17 52.6 36.23 32 21.3 21.92
10.67 55.6 35.23 32 52.6 37.18 27 21 21.82

11 53.5 36.70 31 52.5 3742 22 20.7 21.53

11 53.5 36.70 32 52.5 37.13 22 17 21.39

11 53.5 36.70 35 52.4 36.70 22 13.9 20.49
12.33 50.9 36.38 31 51.7 36.53 12 13.9 20.49
12.33 50.9 36.38 42 50.5 36.13
12.33 50.9 36.38 32 46.7 34.92

9 50.9 36.38 28 444 34.68

9 50.9 36.38 38 42 33.91

40 0.00 25 384 34.11

11 384 34.11
39 0.00
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Table 34. Irradiation history of sample A9/UB in assembly 2F1ZN3 [7]
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CYCLE12 CYCLE13 CYCLE15

Time Void fraction Power Time Void fraction Power Time Void fraction Power
(days) (%) (MW/MTU) (days) (%) (MW/MTU) (days) (%) (MW/MTU)

4 13.9 31.85 8 25.7 29.34 5 15.2 21.79
10.67 12.5 33.1 26 25.7 29.338 32 13.5 30.62
10.67 12.5 33.1 71 0 35 13.6 29.89
10.67 12.5 33.1 5 24.5 95.99 10 13.3 29.79
11.67 13.4 32.76 24 23.6 40.75 33 13.8 30.24
11.67 13.4 32.76 16 23.6 40.47 29 13.5 30.37
11.67 13.4 32.76 16 23.6 40.47 33 15 31.25

14 14.2 32.91 15.5 23.6 40.22 36 15 31.25

14 14.2 32.91 15.5 23.6 40.22 37 0

14 14.2 32.91 16 24 40.25 4 15.6 23.46
10.67 15.3 34.38 16 24 40.25 28 16.1 32.45
10.67 15.3 34.38 19 25.5 40.97 32 15.4 31.97
10.67 15.3 34.38 19 25.5 40.97 28 13.2 30.05
10.33 17 35.11 16 26.7 42.22 28 9.5 28.26
10.33 17 35.11 16 26.7 42.22 14 8.7 26.58
10.33 17 35.11 15.5 26.5 42.58 31 4.1 24.27
11.67 19.9 36.57 15.5 26.5 42.58 7 4.1 24.27
11.67 19.9 36.57 14 25 417 90 0
11.67 19.9 36.57 14 25 417 CYCLE16

11.67 225 38.86 24 22.8 39.87 5 0 8.76
11.67 22.5 38.86 14 22.8 39.87 35 0 16.88
11.67 22.5 38.86 14 22.8 39.87 28 0 16.55

12 22.5 38.86 86 35 0 16.51

6 0 CYCLE14 13 0 16.67

7 24.6 34.83 6 19.3 13.71 29 0.1 17.19
10.33 24.5 40.12 15.5 18 36.79 33 0.1 17.42
10.33 24.5 40.12 15.5 18 36.79 37 0.2 18.03
10.33 24.5 40.12 32 17.9 35.48 35 04 19.06
10.67 22.7 39.71 17 17.5 35.22 35 0.6 19.75
10.67 22.7 39.71 32 171 35.58 32 04 19.81
10.67 22.7 39.71 31 16.9 35.2 27 0.3 19.09

11 19.1 37.96 32 16.9 35.2 22 0.3 18.19

11 19.1 37.96 35 17.2 35.62 22 0.1 17.69

11 19.1 37.96 31 16.6 35.36 22 0 16.09
12.33 16.6 33.1 42 14.9 34.08 12 0 16.09
12.33 16.6 33.1 32 11.1 31.09

12.33 16.6 33.1 28 8.5 28.66

9 16.6 33.1 38 6.4 25.39

9 16.6 33.1 25 4.2 23.83

40 0 11 4.2 23.83

39 0
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Table 35. Coolant density histories for cycle 12 for different groups of samples [7]

Date? Nu::;g of Void fraction (%) Density (g/cm?)
B M ™™ T2 B M ™ T2
07/28/96 Startup Startup | Startup | Startup | Startup | Startup | Startup | Startup | Startup
08/01/96 4 0.139 | 0466 | 0.669 | 0.676 | 0.6446 | 0.4132 | 0.2695 | 0.2646
09/02/96 32 0125 | 0455 | 0669 | 0.676 | 0.6545 | 0.4210 | 0.2695 | 0.2646
10/07/96 35 0.134 | 0471 | 0684 | 0.691 | 0.6482 | 0.4097 | 0.2589 | 0.2540
11/18/96 42 0.142 | 0477 | 0685 | 0.692 | 0.6425 | 0.4054 | 0.2582 | 0.2533
12/20/96 32 0.153 | 0491 | 0695 | 0.702 | 0.6347 | 0.3955 | 0.2511 | 0.2462
01/20/97 31 0.17 0508 | 0.705 | 0.712 | 0.6227 | 0.3835 | 0.2441 | 0.2391
02/24/97 35 0.199 | 0534 | 0718 | 0.725 | 0.6022 | 0.3651 | 0.2349 | 0.2299
03/31/97 35 0.225 | 0.557 0.73 0.736 | 0.5838 | 0.3488 | 0.2264 | 0.2221
04/12/97 12 0225 | 0.557 0.73 0.736 | 0.5838 | 0.3488 | 0.2264 | 0.2221
04/18/97 Startup Startup | Startup | Startup | Startup | Startup | Startup | Startup | Startup
04/25/97 7 0246 | 0568 | 0.736 | 0.742 | 0.5689 | 0.3410 | 0.2221 | 0.2179
05/26/97 31 0.245 | 0567 | 0.737 | 0.743 | 0.5696 | 0.3417 | 0.2214 | 0.2172
06/27/97 32 0227 | 0.556 | 0.734 0.74 | 0.5824 | 0.3495 | 0.2235 | 0.2193
07/30/97 33 0.191 | 0535 | 0.737 | 0.744 | 0.6078 | 0.3644 | 0.2214 | 0.2165
09/05/97 37 0.166 | 0509 | 0.725 | 0.732 | 0.6255 | 0.3828 | 0.2299 | 0.2250
09/23/97 18 0.166 | 0509 | 0.725 | 0.732 | 0.6255 | 0.3828 | 0.2299 | 0.2250
2 MM/DD/YY format.

B: 2F1ZN2/C2/GdB, 2F1ZN2/C3/UB, 2F1ZN3/C2/GdB, 2F1ZN3/C3/UB, 2F1ZN3/C3/UB.
M: 2F1ZN3/C2/GdM, 2F1ZN3/C3/UM, 2F1ZN3/C3/UM.

T1: 2F1ZN3/C2/GdT, 2F1ZN3/C3/UT, 2F1ZN3/A9/UT.

T2: 2F1ZN2/C2/GdT, 2F1ZN2/C3/UT.
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Table 36. Coolant density histories for cycle 13 for different groups of samples [7]

Date Number of Void fraction (%) Density (g/cm?)
days B ' T T2 B M T T2

11/02/97 Startup Startup Startup | Startup | Startup Startup Startup Startup Startup
11/10/97 8 0.257 0.589 0.763 0.77 0.5611 0.3262 0.2030 0.1981
12/06/97 26 0.257 0.589 0.763 0.77 0.5611 0.3262 0.2030 0.1981
02/15/98 Startup Startup Startup | Startup | Startup Startup Startup Startup Startup
02/20/98 5 0.245 0.58 0.758 0.765 0.5696 0.3325 0.2066 0.2016
03/16/98 24 0.236 0.574 0.756 0.763 0.5760 0.3368 0.2080 0.2030
04/17/98 32 0.236 0.574 0.757 0.764 0.5760 0.3368 0.2073 0.2023
05/18/98 31 0.236 0.576 0.758 0.765 0.5760 0.3354 0.2066 0.2016
06/19/98 32 0.240 0.580 0.759 0.766 0.5732 0.3325 0.2059 0.2009
07/27/98 38 0.255 0.589 0.761 0.768 0.5625 0.3262 0.2044 0.1995
08/28/98 32 0.267 0.596 0.762 0.769 0.5540 0.3212 0.2037 0.1988
09/28/98 31 0.265 0.594 0.761 0.768 0.5555 0.3226 0.2044 0.1995
10/26/98 28 0.250 0.583 0.756 0.763 0.5661 0.3304 0.2080 0.2030
11/19/98 24 0.228 0.571 0.757 0.765 0.5816 0.3389 0.2073 0.2016
12/17/98 28 0.228 0.571 0.571 0.765 0.5816 0.3389 0.3389 0.2016

2 MM/DD/YY format.

*B: 2F1ZN2/C2/GdB, 2F1ZN2/C3/UB, 2F1ZN3/C2/GdB, 2F1ZN3/C3/UB, 2F1ZN3/C3/UB.
M: 2F1ZN3/C2/GdM, 2F1ZN3/C3/UM, 2F1ZN3/C3/UM.

T1: 2F1ZN3/C2/GdT, 2F1ZN3/C3/UT, 2F1ZN3/A9/UT.

T2: 2F1ZN2/C2/GdT, 2F1ZN2/C3/UT.
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Table 37. Coolant density histories for cycle 14 for different groups of samples [7]

Date? Number of Void fraction (%) Density (g/cm?)
days B 0 T 2 B M T1 T2

03/13/99 Startup Startup Startup | Startup | Startup Startup Startup Startup Startup
03/19/99 6 0.193 0.531 0.723 0.729 0.6064 0.3672 0.2313 0.2271
04/19/99 31 0.18 0.526 0.726 0.733 0.6156 0.3707 0.2292 0.2243
05/21/99 32 0.179 0.533 0.736 0.743 0.6163 0.3658 0.2221 0.2172
06/07/99 17 0.175 0.526 0.727 0.734 0.6192 0.3707 0.2285 0.2235
07/09/99 32 0.171 0.526 0.731 0.737 0.6220 0.3707 0.2257 0.2214
08/09/99 31 0.169 0.525 0.731 0.738 0.6234 0.3715 0.2257 0.2207
09/10/99 32 0.169 0.525 0.729 0.736 0.6234 0.3715 0.2271 0.2221
10/15/99 35 0.172 0.524 0.727 0.734 0.6213 0.3722 0.2285 0.2235
11/15/99 31 0.166 0.517 0.722 0.729 0.6255 0.3771 0.2320 0.2271
12/27/99 42 0.149 0.505 0.722 0.73 0.6376 0.3856 0.2320 0.2264
01/28/00 32 0.111 0.467 0.703 0.712 0.6644 0.4125 0.2455 0.2391
02/25/00 28 0.085 0.444 0.705 0.714 0.6828 0.4288 0.2441 0.2377
04/03/00 38 0.064 0.42 0.698 0.708 0.6977 0.4458 0.2490 0.2419
04/28/00 25 0.042 0.384 0.678 0.688 0.7133 0.4712 0.2632 0.2561
05/09/00 1 0.042 0.384 0.678 0.688 0.7133 0.4712 0.2632 0.2561

2 MM/DD/YY format.

*B: 2F1ZN2/C2/GdB, 2F1ZN2/C3/UB, 2F1ZN3/C2/GdB, 2F1ZN3/C3/UB, 2F1ZN3/C3/UB.
M: 2F1ZN3/C2/GdM, 2F1ZN3/C3/UM, 2F1ZN3/C3/UM.

T1: 2F1ZN3/C2/GdT, 2F1ZN3/C3/UT, 2F1ZN3/A9/UT.

T2: 2F1ZN2/C2/GdT, 2F1ZN2/C3/UT.
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Table 38. Coolant density histories for cycle 15 for different groups of samples [7]

Date Number of Void fraction (%) Density (g/cm?)
days B’ o LKl B M T1
06/17/00 Startup Startup Startup Startup | Startup | Startup | Startup
06/22/00 5 0.152 0479 0.694 0.6354 0.4040 | 0.2519
07/24/00 32 0.135 0.465 0.692 0.6475 0.4139 | 0.2533
08/28/00 35 0.136 0473 0.702 0.6468 0.4083 | 0.2462
09/07/00 10 0.133 0.461 0.683 0.6489 0.4168 | 0.259
10/10/00 33 0.138 0471 0.693 0.6453 0.4097 | 0.2526
11/08/00 29 0.135 0.463 0.683 0.6475 0.4153 | 0.259
12/11/00 33 0.150 0.481 0.695 0.6368 0.4026 | 0.2511
01/16/01 36 0.150 0.481 0.695 0.6368 0.4026 | 0.2511
02/22/01 Startup Startup Startup Startup | Startup- | Startup | Startup
02/26/01 4 0.156 0.481 0.688 0.6326 0.4026 | 0.2561
03/26/01 28 0.161 0.486 0.694 0.6291 0.3991 0.2519
04/27/01 32 0.154 0.481 0.694 0.6340 0.4026 | 0.2519
05/25/01 28 0.132 0.459 0.686 0.6496 0.4182 0.2575
06/22/01 28 0.095 0.418 0.666 0.6758 0.4472 0.2717
07/06/01 14 0.087 0.419 0.676 0.6814 0.4465 | 0.2646
08/06/01 31 0.041 0.351 0.637 0.7140 0.4946 | 0.2922
08/13/01 7 0.041 0 0.637 0.7140 0.7430 | 0.2922
2 MM/DD/YY format.

*B: 2F1ZN3/C2/GdB, 2F1ZN3/C3/UB, 2F1ZN3/C3/UB.
M: 2F1ZN3/C2/GdM, 2F1ZN3/C3/UM, 2F1ZN3/C3/UM.
T1: 2F1ZN3/C2/GdT, 2F1ZN3/C3/UT, 2F1ZN3/A9/UT.
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Table 39. Coolant density histories for cycle 16 for different groups of samples [7]

Date: Number of Void fraction (%) Density (g/cm?)
days B W i B M T
11/11/01 Startup Startup | Startup | Startup | Startup | Startup Startup
11/16/01 5 0 0.161 0.435 0.7430 | 0.6291 0.4352
12/21/01 35 0 0.152 0.439 0.7430 | 0.6354 0.4323
01/18/02 28 0 0.159 0.451 0.7430 | 0.6305 0.4238
02/22/02 35 0 0.165 0.465 0.7430 | 0.6262 0.4139
03/07/02 13 0 0.164 0.449 0.7430 | 0.6269 0.4252
04/05/02 29 0.001 0.172 0.461 0.7423 | 0.6213 0.4168
05/08/02 33 0.001 0.185 0.474 0.7423 | 0.6121 0.4076
06/14/02 37 0.002 0.204 0.484 0.7416 | 0.5986 0.4005
07/19/02 35 0.004 0.222 0.498 0.7402 | 0.5859 0.3906
08/23/02 35 0.006 0.228 0.504 0.7388 | 0.5816 0.3863
09/24/02 32 0.004 0.213 0.497 0.7402 | 0.5923 0.3913
10/21/02 27 0.003 0.21 0.504 0.7409 | 0.5944 0.3863
11/12/02 22 0.003 0.207 0.508 0.7409 | 0.5965 0.3835
12/04/02 22 0.001 0.17 0.491 0.7423 | 0.6227 0.3955
12/26/02 22 0 0.139 0.467 0.7430 | 0.6446 0.4125
01/07/03 12 0 0.139 0.467 0.7430 | 0.6446 0.4125
2 MM/DD/YY format.

*B: 2F1ZN3/C2/GdB, 2F1ZN3/C3/UB, 2F1ZN3/C3/UB.
M: 2F1ZN3/C2/GdM, 2F1ZN3/C3/UM, 2F1ZN3/C3/UM.
T1: 2F1ZN3/C2/GdT, 2F1ZN3/C3/UT, 2F1ZN3/A9/UT.
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4. Uncertainty analysis

Due to the lack of detailed data for assembly design, fuel content and operating condition,
the benchmark includes several assumptions. The uncertainties caused by these
assumptions can be classified as follows:

e assembly geometry: manufacturing tolerances in specified pin dimensions, channel
wall, water box, clad thickness, pin pitch, assembly pitch;

e material composition: manufacturing tolerances in declared enrichments or lack of
detailed initial uranium isotopic composition;

e operating history:
— axial and radial intra-nodal void fraction and pressure distribution;
—  temperature of fuel, coolant, and structural material;
—  fuel and structural material density;
— sample power history and/or burn-up;

— geometry changes due to operating history (i.e. gap closure, clad collapse,
channel/rod bow).

As a representative set, uncertainties are mainly calculated for samples from the 2F1ZN3
assembly. However, to demonstrate that the other samples follow similar uncertainty
trends, results for samples from the 2F1ZN2 assembly are also included in the analysis of
major sources of uncertainties.

4.1. Methods

The effect of operating uncertainties was assessed via direct perturbations. While stochastic
sampling can be used to estimate the effect of manufacturing tolerances, their contribution
to the total uncertainty is expected to be small.

4.2. Code and nuclear data library

Nuclide inventories of the measured samples were predicted using the Polaris 6.3 code
within SCALE 6.2.3 with the 56-group ENDF/B-VII.1 neutron cross-section library.
Gadolinium-loaded fuel pins were modelled with seven equal volume rings. Details of
Polaris models are available in the sample input file provided in the Appendix. Figure 8
illustrates the spatial meshing used in the calculations.

4.3. Parameters and parameter uncertainty values

The uncertainty of each parameter is discussed in detail in the next section.

4.4. Individual parameter uncertainty results

4.4.1. Power history

To accurately model the samples irradiation history, the power or burn-up of each sample
should be known as a function of the irradiation time. Nodal power, which is radially
averaged across the assembly at the sample elevation, is available from the core simulator.
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However, due to heterogeneities in the assembly and the intra-nodal flux gradient, the
power generated by the sample can differ from the node’s average power. Moreover, the
reported nodal power includes uncertainties due to inherent uncertainties in the core
simulations.

The benchmark specifications provided in Chapter 3 assume that the power variations at
sample locations are proportional to power variations in the nodal power during irradiation.
The sample power specified in Chapter 3 was further adjusted herein to ensure that the
predicted Nd'** concentration in the sample matched the corresponding measured
concentration. While this approach for conserving the number of fissions based on Nd'*®
measurements is likely adequate for UO, fuel pins, it is not the same for the Gd fuel pins,
which are expected to have a sample power history much different than the nodal power
history. In this approach, 16 assembly depletion simulations are involved. First, eight
simulations are run that use the node average power scaled with the reported sample burn-
up corresponding to each of the eight samples. The results from these simulations are used
to rescale the sample power based on the ratio of the calculated Nd'*® content and its
corresponding measured value for a total of eight simulations.

A second approach, which is considered more accurate, was used here to derive the sample
power. While this approach is code-dependent, it provides a way to estimate the uncertainty
in predicted isotope concentrations due to uncertainties in sample power data compared to
the powers based on node average data. In this approach, a depletion simulation of the
assembly uses the node average power as assembly power; the results provided by the code
(Polaris) include a detailed pin power history for each pin in the assembly. After scaling to
the reported pin burn-up, this detailed pin power history is then used in eight assembly
calculations to determine the nuclides in each measured sample. Figure 9 through
Figure 11 show the impact of the power history assumption for three selected samples:
2F1ZN2/C2/GdB, 2F1ZN3/A9/UB, 2F1ZN3/C3/UM. The powers shown in these figures
are (1) the sample power obtained by scaling the node average power with the sample burn-
up, and (2) the sample power obtained by scaling the pin power history with the sample
burn-up. Both adjustments use the derived sample burn-up that ensures the predicted Nd'*®
concentration matches the measured value for this nuclide.
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Figure 9. Power histories for the 2F1ZN2/C2/GdB sample
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Figure 10. Power histories for the 2F1ZN3/A9/UB sample
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Figure 11. Power histories for the 2F1/ZN3/C3/UM sample
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The difference caused in C/M ratios shown in Equation (8) results from the use of two
different sample power estimates, as described above and as shown in Figure 12 and
Figure 13 for samples from the 2F1ZN2 and 2F1ZN3 assemblies:

=& _< 8
AC/M_M|p MN’ ()

where P is the adjusted pin power, and N is the adjusted node average power.

While the change in U?** C/M is less than 1% for most samples, the relative difference for
samples in the bottom (2F1Z3/A9/UB) and middle axial location (2F1Z3/A9/UM)
increases to 1-2%. The Pu®® shows the largest change at >4%. However, special attention
should be given to corner rods. The data used in Figure 13 are provided in Table 40.
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Figure 12. Change in C/M with sample power approach (pin power-based vs.
node power-based) for the 2F1ZN2 assembly samples
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Figure 13. Change in C/M with sample power approach (pin power-based
vs. node power-based) for the 2F1ZN3 assembly samples
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Table 40. Change in C/M with sample power history for the 2F1ZN3 assembly samples

Acm (%)

Isotope I o1t A9/UM AUT C2/GdB C2/GdM C2/GdT | C3/UB C3/UM C3UT
Uz 0.67 1.08 0.14 153 -2.01 -1.38 -0.12 -0.12 -0.27
uze 219 1.32 -0.56 -0.74 -1.85 -1.14 -0.30 -1.29 -0.90
uze -0.01 -0.04 -0.07 0.12 0.18 0.14 0.01 -0.06 0.08
e 0.01 0.00 -0.01 0.01 0.01 0.00 0.00 0.02 -0.02
Pus 1.52 1.23 0.97 -4.67 -4.72 -2.79 -0.20 147 0.55
Puze 0.03 0.17 0.08 -0.24 -1.18 -1.00 -0.04 -0.96 -0.10
Py 0.15 0.20 0.13 -0.50 -0.75 -0.22 -0.04 -0.53 0.18
P 1 0,02 0.18 0.08 0.18 -047 0.33 0.02 -0.93 0.16
P2 1 025 -0.20 0.25 0.09 0.80 1.14 0.07 0.01 0.66
Nd'“® | _0.09 -0.07 0.20 0.04 0.19 0.38 0.02 -0.12 0.30
Ng'+3 0.25 0.32 0.10 -0.32 -0.61 -0.06 -0.06 -0.59 0.06
Nd“s | 007 -0.03 0.14 -0.10 0.06 0.26 0.01 -0.05 0.21
Nd“6 | 047 -0.09 0.23 017 -0.01 0.24 0.03 -0.14 0.34
Cs'¥ - -0.29 - - 0.93 - - -0.07 -
Mo® - -0.04 - - 0.11 - - -0.05 -
Tc® - -0.04 - - 0.16 - - -0.01 -
Ru'! - -0.07 - - 0.09 - - -0.08 -
Ag'® - -0.06 - - 0.08 - - -0.42 -
Cs'¥ - -0.04 - - 0.07 - - -0.07 -
Smi¢7 - 0.41 - - -1.40 - - 0.04 -
Sm™ - -2.22 - - 11.66 - - -0.16 -
Sm%0 - -0.18 - - 1.12 - - -0.24 -
Sms! - -0.05 - - 0.1 - - -0.93 -
Sm?e2 - -0.18 - - 0.92 - - 0.28 -
Eu™® - 0.01 - - -0.19 - - -0.63 -
Eu'®s - 0.03 - - -0.01 - - -0.18 -
Gd'™* - -0.07 - - 0.29 - - -0.38 -
Rh103 - -0.07 - - 0.40 - - -0.18 -
Eu'® - -0.09 - - 0.73 - - -0.31 -

4.4.2. Density history
Three factors can change the fuel density:
e chamfering and dishing;
e packing/compression ratio;
e expansion of the fuel pin due to burn-up or thermal expansion.

On the other hand, coolant density is mainly a function of void fraction in BWRs. As
discussed in the paper by Gauld and Mertyurek [25], nodal average void fractions can have
uncertainties of ~ 5%, while the coolant for fuel rods around the periphery and in the
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vicinity of water rods can have up to 25% less void fraction than the node’s average void
fraction.

4.4.2.1. Fuel

Chamfering and dishing information are not provided. The benchmark model assumes 1%
dishing. This 1% reduction in fuel volume can be considered as 1% uncertainty in fuel
density. Figure 14 and Figure 15 display the change in C/M due to 1% change in fuel
density. The largest changes in U?*® (2%) are observed at samples from Gd rods (C2) and
corner rods (A9). The changes in other major actinide nuclides are ~ 1%. The data used in
Figure 1 are provided in Table 41.

Since the expansion of the fuel pin is also a change in geometry, it is further discussed in
Section 4.4.4.

Figure 14. Change in C/M with 1% increase in fuel density for the 2F1ZN2 assembly samples
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Figure 15. Change in C/M with 1% increase in fuel density for the 2F1ZN3 assembly samples
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Table 41. Change in C/M with 1% increase in fuel density for the 2F1ZN3 assembly samples

Acm (%)

Isotope I o1t A9/UM AJUT | C2/GdB C2/GdM C2/GdT | C3UB | C3UM | C3UT
Uz 0.12 0.32 0.09 0.21 0.27 0.07 0.12 0.16 -0.01
uze 2.26 1.75 1.23 235 2.01 1.27 2.10 1.77 1.05
uze 0.01 0.03 0.03 0.08 0.07 0.04 0.06 0.06 0.04
e 0.00 0.00 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.02
Py 0.71 0.63 0.52 0.79 0.83 0.64 0.78 0.77 0.71
Puze 0.39 0.43 0.56 0.63 0.82 1.08 0.63 0.94 1.15
Py 0.21 0.26 0.29 0.36 043 037 0.35 0.44 0.39
Put 0.44 048 0.53 0.71 0.82 0.79 0.71 0.89 0.86
Py -0.20 -0.20 -0.24 -0.19 -0.25 -0.33 -0.13 -0.25 -0.25
Ng'+8 0.00 0.00 0.00 0.00 -0.01 -0.01 0.00 -0.01 -0.01
Ng'+3 048 0.50 0.38 0.64 0.59 0.35 0.63 0.60 0.32
Ng'+s 0.01 0.01 -0.01 0.01 -0.01 -0.05 -0.01 -0.02 -0.07
Nd“6 | .0.01 -0.01 0.00 -0.03 -0.03 -0.01 -0.03 -0.02 0.01
Cs'¥ - 0.00 - - -0.01 - - -0.01 -
Mo® - 0.00 - - -0.03 - - -0.04 -
Tc® - -0.02 - - -0.02 - - -0.03 -
Ru'! - -0.03 - - -0.03 - - -0.03 -
Ag'® - -0.01 - - 0.10 - - 0.16 -
Cs'¥ - -0.01 - - 0.00 - - -0.02 -
Sm - -0.03 - - -0.01 - - -0.06 -
Sm™ - 0.29 - - 0.71 - - 0.73 -
Sm%0 - 0.14 - - 0.12 - - 0.14 -
Sms! - 0.45 - - 0.92 - - 0.89 -
Sm?e2 - -0.25 - - -0.30 - - -0.34 -
Eu™® - 0.31 - - 0.53 - - 0.59 -
Eu'®s - 0.04 - - 0.1 - - 0.06 -
Gd'% - 0.12 - - 0.35 - - 0.26 -
Rh103 - 0.08 - - 0.14 - - 0.14 -
Eu'® - 0.10 - - 0.20 - - 0.21 -
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4.4.2.2. Coolant

Figure 16 and Figure 17 show the change in C/M due to a 5% relative increase and 5%
relative reduction in sample void fraction. Increase in void fraction leads to increases in
predicted actinide concentrations, except for Pu?*2. The opposite behaviour is observed if
the void fraction is decreased by 5%. The largest change is observed in samples from the
corner rod (A9). As U?** is largely overpredicted in samples from the corner rod, the results
indicate that the void fraction history for this rod is likely lower than the node’s average
void fraction. The same type of observation applies to samples from the Gd rods (C2).

The void fraction perturbation results point at increasing change in U** concentrations with
increasing axial elevation. However, the greater change at higher elevations is not due to
increased void fraction sensitivity, but it is due to a larger absolute void fraction
perturbation, as void fraction increases with elevation (see Figure 18). The data used in
Figure 16 are provided in Table 42.

Figure 16. Change in C/M with 5% increase in void fractions for the 2F1ZN3 assembly samples
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Figure 17. Change in C/M with 5% reduction in void fractions for the 2F1ZN3 assembly samples
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Figure 18. Void fraction history of 2F1ZN3 assembly for top middle and bottom nodes
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Table 42. Change in C/M with 5% change in void fraction for the 2F1ZN3 assembly samples

Acm (%)

Isotope I o1t A9/UM AUT C2/GdB C2/GdM C2/GdT | C3/UB C3/UM C3UT
Uz 0.16 1.29 0.82 0.15 0.56 0.21 0.08 0.35 0.05
uze 262 7.50 9.53 1.50 425 4.05 1.33 3.86 344
uze 0.06 0.25 0.34 0.05 0.16 0.19 0.05 0.17 0.22
e 0.00 0.01 0.03 0.00 0.02 0.05 0.01 0.03 0.06
Pus 0.54 1.90 2.79 042 1,63 215 0.41 1.55 2.35
Py 0.14 0.97 295 0.25 1.58 3.50 0.24 1.56 3.62
Py 0.16 0.74 1,50 0.23 0.99 1.45 0.22 1.01 148
Pu 0.24 133 3.7 0.35 1.67 2.66 0.33 1.72 285
Py 0.05 0.24 0.72 0.06 048 1.26 0.00 0.29 0.82
Ng'+8 0.01 0.03 0.04 0.00 0.02 0.03 0.00 0.02 0.03
Ng'+3 045 1.83 262 0.39 1.25 1.16 0.38 1.26 1.05
Ng'+s 0.04 0.15 0.13 0.01 0.01 0.19 0.01 0.04 0.25
N 0.04 0.14 0.17 0.03 0.07 0.02 0.03 0.06 0.04
Cs'¥ - 0.01 - - 0.02 - - 0.01 -
Mo® - 0.04 - - 0.07 - - 0.08 -
Tc® - 0.08 - - 0.03 - - 0.05 -
Ru'! - 0.04 - - 0.05 - - 0.06 -
Ag'® - 0.20 - - 0.32 - - 047 -
Cs'¥ - 0.10 - - 0.01 - - 0.01 -
Sm - 0.32 - - 0.05 - - 0.02 -
Sm™ - 0.56 - - 1.07 - - 1.06 -
Sm%0 - 047 - - 0.24 - - 0.27 -
Sms! - 0.93 - - 1.37 - - 1.38 -
Sm?e2 - 0.24 - - 0.39 - - 0.41 -
Eu™® - 0.64 - - 0.79 - - 0.92 -
Eu'®s - 0.23 - - 0.15 - - 0.08 -
Gd'% - 0.41 - - 0.54 - - 0.42 -
Rh103 - 0.57 - - 037 - - 0.38 -
Eu'® - 0.35 - - 0.40 - - 0.35 -

4.4.3. Temperature history

Fuel temperature history is not provided for the samples. Constant fuel temperature based
on similar fuel designs is used in the benchmark. However, fuel temperature can vary by
100 K with burn-up. Figure 19 and Figure 20 show the effect of 100 K perturbation to fuel
temperatures. As in the void fraction effect, increased fuel temperatures lead to increased
actinide nuclide concentrations, except for U**®. Reduction in fuel temperature has the
opposite effect. The largest variations in nuclide concentrations due to fuel temperature
changes are observed for the samples from the corner rod (A9) and the Gd rod (C2). It
should also be noted that power, void fraction, and fuel temperatures are correlated so that
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low power samples would have lower void fractions and lower fuel temperatures than the
node average values. Table 42 provides the data used in Figure 19.

Figure 19. Change in C/M with 100 K increase in fuel temperature for the 2F1ZN3 assembly samples
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Figure 20. Change in C/M with 100 K reduction in fuel temperature for the 2F1ZN3 assembly samples
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Table 43. Change in C/M with 100 K change in fuel temperature for the 2F1ZN3 assembly samples

Acm (%)

Isotope I o1t A9/UM AJUT | C2/GdB C2/GdM C2/GdT | C3UB | C3UM | C3UT
Uz -0.65 122 -0.68 -0.89 -0.76 -0.65 -0.66 -0.64 -043
uze -6.06 -4.58 372 -3.98 -3.16 217 -3.58 -2.88 -1.85
uze -0.01 -0.03 0.05 0.13 0.17 0.27 0.17 0.19 0.27
e 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03
Pus -1.24 -1.03 -0.90 -1.04 -1.05 -0.94 1.23 1.22 1.23
Py -0.80 -0.85 -1.27 -1.07 122 -1.50 -1.06 -1.25 -159
Py -0.25 -0.28 -0.39 -0.37 -0.37 -0.34 -0.38 -0.42 -0.38
Pu -1.08 -1.09 -1.38 -1.30 -1.34 -1.41 -1.28 -140 152
Py -0.04 -0.07 -0.02 -0.15 -0.15 -0.18 -0.23 -0.24 -0.34
Ng'+8 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
Ng'+3 1.22 -1.20 -1.04 -1.10 -0.92 -0.58 -1.08 -0.93 -0.52
Ng'+s -0.22 -0.22 -0.18 -0.14 -0.11 -0.04 -0.12 -0.10 -0.02
N 0.19 0.19 0.19 0.18 0.17 0.15 0.17 0.16 0.12
Cs'¥ - 0.00 - - 0.00 - - 0.00 -
Mo® - -0.06 - - 0.01 - - 0.03 -
Tc® - -0.28 - - -0.16 - - -0.16 -
Ru'! - -0.06 - - -0.04 - - -0.05 -
Ag'® - -0.03 - - -0.10 - - -0.22 -
Cs'¥ - -0.22 - - -0.13 - - -0.13 -
Smi¢7 - -0.72 - - -0.50 - - -0.48 -
Sm™ - -0.56 - - -1.03 - - -1.04 -
Sm0 - -0.25 - - -0.09 - - -0.11 -
Sms! - -0.91 - - -1.30 - - -1.32 -
Sm?e2 - -0.03 - - 0.00 - - 0.07 -
Eu™® - -0.62 - - -0.75 - - -0.88 -
Eu'®s - -0.44 - - -0.44 - - -0.40 -
Gd'% - 1.32 - - 098 - - 1.61 -
Rh103 - -1.15 - - -1.04 - - -1.08 -
Eu'® - 117 - - 1.53 - - 1.44 -

4.4.4. Geometry
4.4.4.1. Gap closure

Fuel experience volumetric changes with burn-up due to fission gas detention that occurs
during heating and swelling. Ignoring the changes in cladding caused by thermal expansion
(discussed in Section 4.4.4.2), and axial expansion, the effect of gap closure on predicted
nuclide concentrations are shown in Figure 21. In this calculation, the clad’s inner diameter
is assumed to be the same as the fuel pin diameter, with no gap present, and the fuel density
is adjusted to ensure that the total mass of fuel is conserved (Equation 9).
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2
gap_closure _ _original Tpin 9
fuel ~ Ffuel r 2
gap

where 1 is radius and p is density.

Figure 21. Change in C/M with gap closure for the 2F1ZN3 assembly samples
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Uranium and plutonium concentrations slightly increase with gap closure. The largest
increase is observed in samples from the corner rod (A9).

4.4.4.2. Thermal expansion

Geometry data for fuel rods and structural material are provided at cold conditions.
However, reactors operate at high temperatures, and due to thermal expansion, the
assembly geometry, including pin pitch, changes during normal operation. The effect of
thermal expansion on kesris discussed in detail in the literature [29] for pressurised water
reactor (PWR) assemblies. Assuming that similar expansion ratios are applicable herein,
fuel rod dimensions were modified using those ratios. The effect of the fuel rod’s thermal
expansion (see Table 44) on calculated nuclide content is shown in Figure 22 and Table 44.
The dimensional changes in pin pitch and channel wall are not modelled.

Table 44. Change in fuel modelling parameters with thermal expansion

Parameter Cold Hot
Pellet radius (cm) 0.478 0.4809
Clad inner radius (cm) 0.488 0.489
Clad outer radius (cm) 0.559 0.560
UO; Density (glcm?) 10.520 10.325
UO2-Gd203 Density(g/cm?) 10.393 10.274
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As in previous perturbations, the largest change in U?* is seen for the corner rod
2F1ZN3/A9/UB sample. However, the maximum increase in relative differences for U*
content is below 2%.

Figure 22. Change in C/M with thermal expansion of fuel for the 2F1ZN3 assembly samples
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4.4.4.3. Channel bow/bulge

The fuel channel is susceptive to dimensional changes and corrosion during its lifetime,
especially at high burn-ups. The dimensional changes are driven by differential irradiation
growth and/or differential hydrogen content across opposing channel faces. As a result of
dimensional changes, the channel can bow, bulge or twist. Lattice physics analysis of
different channel distortion types can be a complex task. However, the channel bow (see
Figure 23) can be modelled using existing lattice physics capability by modifying bypass
(channel gap) widths.
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Figure 23. Channel bow [30]
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A 25% change in channel gap would cause the control blade to get stuck, which is the main
concern with the channel bow. Therefore, a 20% shift in channel gap in the northeast
direction (wide-wide corner) is modelled as shown in Figure 24. The channel distortion
rate is expected to increase after two cycles [31]. However, the shift in channel gap is
modelled starting with the first cycle in this analysis for convenience. The change in the
predicted nuclides with channel bow is shown in Figure 25. While no significant changes
are observed in the nuclide contents of the samples from corner rod A9, samples from rods
C2 and C3 exhibit large increases in U and plutonium contents (except for 2*?Pu). As
depicted in Figure 24, the average moderator thickness for the A9 rod does not change.
However, C2 and C3 rods are exposed to the reduced moderator from the west and the
north surfaces.

Figure 24. Modelled channel bow
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Table 45. Change in C/M with thermal expansion of fuel for the 2F1ZN3 assembly samples

) Acm (%)

Nuelde = oB A9/UM AUT C2/GdB C2/GdM C2/GdT | C3/UB C3/UM C3UT
Uz 0.13 0.24 0.09 0.08 0.09 0.01 0.08 0.08 0.00
uze 2.02 1.39 0.86 0.95 0.68 0.36 1.13 0.83 0.40
uze 0.01 0.02 0.01 0.03 0.03 0.03 0.00 0.00 0.00
e 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 -0.01 -0.01
Py 0.39 0.29 0.17 0.34 0.32 0.23 0.32 0.29 0.21
Puze 0.38 0.37 0.40 0.32 0.35 0.33 0.46 0.50 0.48
Py 0.05 0.06 0.04 0.17 0.19 0.16 0.13 0.15 0.1
Pu 0.41 0.40 0.39 0.31 0.30 0.22 0.46 0.48 0.39
Py -0.01 -0.01 0.01 -0.12 -0.14 -0.16 0.00 -0.02 -0.01
Ng'+8 -0.01 -0.01 -0.01 0.00 0.00 0.00 -0.01 -0.01 -0.01
Ng'+3 0.41 0.37 0.25 0.26 0.21 0.10 0.34 0.27 0.12
Ng'+s 0.05 0.04 0.02 0.00 -0.01 -0.02 0.01 0.00 -0.02
Nd“6 | .0.05 -0.04 -0.03 -0.01 0.00 0.01 -0.03 -0.03 -0.01
Cs'¥ - 0.00 - - 0.00 - - 0.00 -
Mo® - 0.01 - - -0.01 - - -0.01 -
Tc® - 0.03 - - -0.01 - - -0.01 -
Ru'! - 0.00 - - -0.01 - - -0.01 -
Ag'® - 0.06 - - 0.02 - - 0.11 -
Cs'¥ - 0.03 - - -0.01 - - 0.00 -
Sm - 0.09 - - -0.02 - - 0.00 -
Sm™ - 0.19 - - 0.28 - - 0.35 -
Sm0 - 0.09 - - 0.04 - - 0.05 -
Sms! - 0.26 - - 0.34 - - 0.40 -
Sm?e2 - -0.06 - - -0.15 - - -0.12 -
Eu™® - 0.18 - - 0.19 - - 0.26 -
Eu'®s - 0.10 - - 0.03 - - 0.07 -
Gd'% - 0.12 - - 0.14 - - 0.13 -
Rh103 - 0.15 - - 0.04 - - 0.10 -
Eu'® - 0.11 - - 0.09 - - 0.10 -
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Figure 25. Change in C/M with channel bow for the 2F1ZN3 assembly samples
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4.4.4.4. Channel corner radius

The channel corner radius of the modelled lattice is not available in publicly available
sources. Since the channel radius changes the coolant amount for corner fuel rods, it can
affect isotopic distribution in these rods. The effect of the corner radius on isotopic
distribution is expected to increase with increasing void fraction and to be limited to corner
fuel rods.

The channel radius of an 8x8 assembly (r = 0.9653 cm) was used in modelling. However,
the newer designs are expected to have smaller channel radii. Starting with corner radius
close to zero (square channel), the effect of increasing the channel radius on predicted
concentrations of isotopes of U and P was tested. Differences in C/M values are shown in
Figure 26 for lattice models with channel radii of 0.1 cm and 0.7 cm. As the results indicate,
an increase of up to 7% in U*> C/M can be seen if the channels are modelled as a square.
The figure also shows that an increase in predicted U?** concentrations should be expected
when the correct channel radius is used in modelling as compared with the square channel
assumption.
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Figure 26. Change in C/M with different channel radii 2F1ZN3 assembly samples
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4.4.4.5. Model geometry uncertainties

Reported fuel geometry parameters such as fuel rod radius have inherent manufacturing
uncertainties. These uncertainties are either proprietary or unavailable. The SFCOMPO
evaluation guide [32] suggests using the tolerances shown in Table 46.

Table 46. Assembly geometry manufacturing tolerances

Geometry parameter Uncertainty
Pin radius +10 um
Clad radius +25 um

Since the manufacturing tolerances are standard deviations of a random distribution, it is
best to employ stochastic sampling to calculate their effect on the calculated isotope
contents. However, considering that the change in fuel pin radius due to thermal expansion
is twice the suggested manufacturing tolerance, the effect is expected to be less than 1%.
Therefore, this calculation-intensive analysis is not performed in the evaluation.

4.4.5. Burn-up

As discussed in Section 2.6, sample burn-up is calculated based on measurements of burn-
up indicators, or it is provided by core simulators by numerical calculations. Burn-up
estimates can vary, even for the same measurements based on data used in calculations.
Burn-up estimates from different codes and measurements are compared in Section 2.6.
More than an 8% relative difference or more than a 5 GWd/MTU absolute difference can
be observed in the reported data. To demonstrate the effect of burn-up uncertainty on the
C/M ratios, the burn-ups calculated with Polaris (to match measured Nd'*® concentrations,
as shown in Table 17) are perturbed by 1%. The effect on the C/M results is shown in
Figure 27 and Figure 28. Bottom nodes show the largest impact. More than 9% reduction
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in U?* concentration due to 1% burn-up increase is observed for corner sample
2F1ZN3/A9/UB. Table 46 provides the data used in Figure 27.

Figure 27. Change in C/M with 1% reduction in burn-up for the 2F1ZN3 assembly samples
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Figure 28. Change in C/M with 1% increase in burn-up for the 2F1ZN3 assembly samples
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Table 47. Change in C/M for 1% change in burn-up in the 2F1ZN3 assembly samples

) Acm (%)

Nuelde = oB A9/UM AUT C2/GdB C2/GdM C2/GdT | C3/UB C3/UM C3UT
Uz 0.72 0.83 0.61 1.14 046 0.83 1.23 0.76 0.89
uze 7.88 5.38 4.08 545 384 2.59 6.44 445 3.01
uze 0.35 0.37 0.23 0.22 0.10 0.21 0.24 0.09 0.27
e 0.07 0.07 0.06 0.06 0.05 0.04 0.07 0.07 0.05
Pus 0.77 0.68 1.16 1.49 1.57 1.63 1.81 1.70 1.94
Puze 0.38 0.42 0.55 0.41 0.81 1.08 0.40 0.92 1.16
Py 0.22 0.27 0.31 0.23 0.46 0.50 0.28 047 0.62
Pu 0.46 0.48 0.54 0.52 0.84 0.82 0.50 0.92 0.90
Py 1.39 1.24 153 1.85 1.74 1.83 215 2.1 2.21
Ng'¢ 1.02 1.01 1.01 1.00 0.99 0.99 1.00 1.00 1.00
Ng'+3 047 0.50 0.39 037 0.61 037 0.68 0.63 0.35
Ng'+s 0.63 0.64 0.69 0.65 0.69 0.75 0.58 0.61 0.72
Ng'46 1.16 1.15 1.14 1.15 1.12 1.10 1.21 1.18 1.14
Cs'¥ - 0.91 - - 0.86 - - 0.88 -
Mo® - 0.72 - - 0.72 - - 0.69 -
Tc® - 1.11 - - 1.08 - - 1.02 -
Ru'! - 0.89 - - 0.91 - - 0.89 -
Ag'® - 1.05 - - 1.78 - - 1.95 -
Cs'¥ - 0.66 - - 0.71 - - 0.67 -
Sm - 0.02 - - 0.07 - - 0.19 -
Sm™ - 0.49 - - 0.70 - - 0.71 -
Sm0 - 0.82 - - 0.96 - - 0.98 -
Sms! - 0.45 - - 0.91 - - 0.88 -
Sm?e2 - 0.67 - - 0.68 - - 0.68 -
Eu™® - 0.31 - - 0.52 - - 0.58 -
Eu'®s - 0.66 - - 0.78 - - 0.85 -
Gd'% - 0.74 - - 0.56 - - 1.08 -
Rh103 - 0.33 - - 0.51 - - 0.39 -
Eu'® - 0.66 - - 0.89 - - 0.96 -
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4.5. Measurement uncertainties

The effect of relative measurement uncertainties (oy/M) reported in Table 11 and Table 12
on the calculated C/M values can be evaluated using Equation (10) assuming normal

distributions:

M \2 2 (10)
() - (5

where O'év;M is the uncertainty (change) in calculated C/M due to measurement
uncertainty.

The calculated uncertainties are listed in Table 48 for the samples from 2F1ZN3 assembly.
For consistency in notation with previously calculated uncertainties, AcM 1s used to

represent a¢y.
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Table 48. Change in C/M due to measurement uncertainties in 2F1ZN3 assembly samples

' Acm (%)

Nelde [™\oUB | AgUM | AQUT | c2iGB | caGaM | c2iGeT | cauB | caum | caut
Yz 063 1,66 077 1.27 1.55 145 1,08 145 1.23
uss | 043 3.88 0.10 0.12 032 0.1 0.12 0.32 0.11
Yz 207 021 2.03 2.07 021 2.05 2.06 0.21 2.06
yzss 010 0.20 0.10 0.10 0.20 0.10 0.10 0.20 0.10
Pz | 063 055 057 058 059 0.51 055 053 051
P | 032 0.18 031 031 0.19 029 030 0.19 031
e | 034 0.20 0.32 031 0.20 0.28 0.30 0.20 029
Pt | 031 0.18 0.31 031 0.19 0.29 030 0.19 030
e | 034 0.21 0.33 031 0.20 0.30 0.30 0.21 031
Ngts | 010 0.30 0.10 0.10 0.30 0.10 0.10 0.30 0.10
Ngs | O 0.31 0.10 0.11 032 0.10 0.1 0.32 0.10
Ngs | 010 0.30 0.10 0.10 031 0.10 0.10 0.31 0.10
Ngwe | 010 0.29 0.10 0.10 029 0.10 0.10 0.29 0.10
Cs'7 - 3.64 - - 346 - - 3.54
Mo® - 223 - - 2.09 - - 4.29
Tc® - 3.59 - - 349 - - 4.97
Ry - 213 - - 1.97 - - 3.68
Ag'o® - 1.80 - - 2.32 - - 247
Cs'38 - 3.57 - - 3.07 - - 4.90

Sm147 - 1.22 - - 1.80 - - 1.21

Sm4e - 1.79 - - 3.20 - - 1.53

Sm150 . 133 - - 1.80 - - 1.25

Smst . 1.91 - - 2.26 - - 1.46

Sm's2 - 1.20 - - 1.76 - - 1.23
Ey'5t - 0.86 - - 1.32 - - 0.82
Eyts3 - 0.70 - - 2.18 - - 0.52
Gq155 - 136 - - 8.25 - - 1.21
Rh103 - 1.92 - - 2.10 - - 3.79
Eytss - 552 - - 5.85 - - 5.81

SFCOMPO - EVALUATION OF FUKUSHIMA — DAINI- 1 SAMPLES - ASSEMBLIES 2F1ZN2 AND 2F1ZN3 (TYPE 9x9-9)



82 | NEA/WKP(2026)1

4.6. Total uncertainty results

Total uncertainties are calculated assuming that there are no correlations between
individual parameter uncertainties or uncertainties between concentrations of different
nuclides. Therefore, the total uncertainty is calculated using Equation (11).

(11)

total _—

where ' is the uncertainty in C/M due to uncertainty in parameter i.

It is also assumed that 1-sigma burn-up uncertainties are equal to or less than 1%, and void
fraction 1-sigma uncertainties are equal to or less than 5%. For uncertainties calculated by
direct perturbations, the largest value is used for a conservative calculation.

None of these assumptions is strictly true. Power history, fuel, and coolant temperatures
are correlated. Similarly, concentrations of different fission products and actinide nuclides
are also correlated. Relative difference in burn-ups calculated by different codes can be as
large as 8% and the relative standard deviation (standard deviation/mean) can reach 4% at
corner rods (see Table 17). Void fraction uncertainty can be as large as 25% at corner rods
and as large as 10% at gadolinia-loaded rods. While correlations decrease the total
uncertainty, more realistic uncertainties in burn-up and void fraction increase the total
uncertainty.

However, considering the large sensitivities to burn-up and void fractions, the total
uncertainty is expected to be slightly larger than what is calculated. Channel bow and
channel corner radius uncertainties are not included in the total uncertainties. Since the real
values for these parameters are not known, the uncertainties were only calculated to show
the importance of these parameters.

The calculated C/M ratios, associated uncertainties, and the total uncertainty for each
sample in the 2F1ZN3 assembly are listed in Chapter 5.
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5. Results of sample calculations

Computational models are developed using the benchmark specifications provided in
Chapter 3. Calculated results are compared to measurements in this section for each
measured nuclide.

5.1. Codes and nuclear data libraries

Nuclide inventories of the measured samples were predicted using Polaris within
SCALE 6.2.3, with the 56-group ENDF/B-VIL.1 neutron cross-section library.
Gadolinium-loaded fuel pins were modelled with seven equal volume rings. Details of
Polaris models are available in the sample input file provided in Appendix (see Section
7.1). Figure 8 illustrates the special meshing used in the calculations.

5.2. Comparison of sample calculations and measurements

Ratios of Polaris-calculated isotope concentrations and measured isotope concentrations
(C/M) for samples from assemblies 2F1ZN2 and 2F1ZN3 are listed as percentages in
Tables 49 and 50, respectively. The largest C/M ratios for U?*® are observed for samples
from bottom nodes. In general, less than 5% relative difference is observed between the
calculated and the measured isotope content for U*® and Pu*’. Large differences in U**
are observed in samples from the corner rod (A9) of 33.81% and in samples from gadolinia
rods (C2) at 15.53%. Among major actinides, U*** shows the largest deviations from
measurement values overall. Except for U* enrichment, data were not provided in the
literature [1,2] for the initial uranium initial isotopic compositions. While U?** measured
concentrations are known to be sensitive to their initial concentrations, measurement and
prediction for the 2F1ZN3/A9/UB sample show a larger-than-expected difference of ~36%.
The large differences observed in isotopic comparisons for the samples from the A9 rod
are consistent with predictions by SWAT/4 and MVP-BURN codes [1,2]. Figure 29 and
Figure 30 show the C/M-1 (%) values for actinide and Nd nuclides in the measured samples
from fuel assemblies 2F1ZN2 and 2F1ZN3, respectively; Figure 31 shows the C/M-1 (%)
values for the fission products measured in five samples from these fuel assemblies. The
C/M-1 values and various uncertainties evaluated for the nine fuel samples from the
2F1ZN3 fuel assembly are provided in Table 51 through Table 59.
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Table 49. C/M-1 for the 2F1ZN2 assembly samples

C/IM-1 (%)
Nuclide
C2/GdB | C2/GdT | C3/UB C3UT
y24 -17.94 8.72 -5.75 -3.75
yzs 6.26 3.20 2.41 4.44
y238 1.22 2.07 2.07 2.35
yzs -0.07 -0.16 -0.09 -0.20
Pu238 7.37 8.10 6.18 2.64
Pu23 3.88 6.11 2.94 4.02
Pu240 -0.06 0.26 -1.00 -3.45
Pu24 2.09 3.51 1.39 0.69
Pu242 0.48 3.04 0.95 -1.85
Nd148 -0.26 -0.30 0.30 -0.15
Nd'43 2.84 2.01 2.36 2.39
Nd14 0.43 0.49 0.78 0.72
Nd146 -1.64 -1.38 -0.80 -1.27
Cs®¥7 - -6.18 - -8.25
Mo% - -7.59 - -4.39
Tc% - 37.37 - 39.86
Ruo! - -3.13 - -2.12
Ag'o9 - 46.11 - 50.37
Cs'33 - - - 1.38
Sm™# - -0.89 - -1.27
Sm'4e - 5.19 - 14.31
Sm'%0 - 1.43 - 3.97
Sm'5! - 210 - 3.91
Sm'82 - 5.96 - 7.00
Euts! - -30.96 - -7.46
Euts3 - 11.21 - 5.25
Gd1%s - -6.74 - 14.69
Rh103 - 0.34 - 0.88
Eut%s - 15.61 - 6.73
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Table 50. C/M-1 for the 2F1ZN3 assembly samples

_ CIM-1 (%)

uclde A9/UB A9/UM AQUT | C2GdB | C2GdM | C2GdT | C3/UB | C3UM | C3UT
U234 -36.62 18.60 -22.65 26.71 11.03 44.96 8.47 342 | 2335
U2 33.81 -3.08 -2.65 15.53 6.35 8.59 16.59 758 | 1021
U238 3.49 3.46 127 351 2.80 2,68 3.21 3.33 2.94
U2 017 -0.08 017 -0.16 -0.17 -0.17 -0.15 020 | -024
P23 26.93 10.69 13.94 15.33 17.99 262 10.75 6.47 2.20
P23 5.30 -9.00 2.36 3.38 -5.08 -1.90 0.52 -3.73 261
Py240 12.70 0.43 6.24 443 -2.06 -5.15 -0.13 221 | 243
P24t 480 -9.40 168 214 -5.27 -2.63 -1.09 -3.93 162
Pu242 12.10 3.62 11.06 478 1.86 -0.23 -0.65 319 1.71
Nd48 0.00 -0.49 042 -0.40 0.21 0.38 -043 007 | -047
N3 6.10 2.56 2.20 6.93 5.36 478 7.33 513 4.66
Nd4s 2.21 148 0.90 1.80 2.32 168 177 2.06 123
Nd46 -2.31 2.72 -2.51 223 2.1 153 -2.38 187 | -209
Cs' - -8.94 - - -13.38 - - -11.48

Mogs - -3.18 - - 492 - - -4.56

T - 49.43 - - 45.28 - - 42.12

Ru!®" - -3.32 - - -1.39 - - -3.20
Agi®® - 20.25 - - 54.78 - - 44.93
Cs'32 - 1.90 - - -1.09 - - 2.04
Sm? - 145 - - 0.05 - - 0.61
Sm'4e - -14.65 - - -5.84 - - 2.24
Sm'e0 - 2.39 - - 0.27 - - 4.04
Smts" - -9.12 - - -5.96 - - -2.66
Sm'e2 - 9.26 - - 9.73 - - 11.48

Eu'st - -38.66 - - -47.29 - - -36.63
Eu'ss - 0.17 - - 369 - - 456
Gd1ss - 454 - - -2.98 - - 10.27
Rh103 - 1.08 - - 5.23 - - 2.39
Eu'ss - -8.00 - - -243 - - 3.1
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Figure 29. C/M-1 for actinide and Nd nuclides for the 2F1ZN2 assembly samples
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Figure 30. C/M-1 for actinide and Nd nuclides for the 2F1ZN3 assembly samples
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Figure 31. C/M-1 for fission products for the 2F1ZN2 (C2GdT and C3UT) and 2F1ZN3 (A9UM, C2GdM,
and C3UM) samples
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Table 51. C/M-1 and uncertainties for the 2F1ZN3 assembly A9/UB sample

CIM-1 (%) Uncertainties in (C/M-1) (%)

Nuclde A9/UB Burn-up Void F. | Fuel temp. elgzgr:izln ;Z\t'(\;?; d';::ilty Measurement Total
uz4 -36.62 0.72 0.16 0.65 0.13 0.67 0.12 0.63 1.36
y2s 33.81 7.88 2.62 6.06 2.02 219 2.26 0.13 10.94
yz6 3.49 0.35 0.06 0.01 0.01 0.01 0.01 207 2.10
yzs -0.17 0.07 0.00 0.01 0.00 0.01 0.00 0.10 0.12
Pu2% 26.93 0.77 0.54 1.24 0.39 1.52 0.71 0.63 241
Pu23 5.30 0.38 0.14 0.80 0.38 0.03 0.39 0.32 1.10
Pu240 12.70 0.22 0.16 0.25 0.05 0.15 0.21 0.34 0.57
Puz4 4.80 0.46 0.24 1.08 0.41 0.02 0.44 0.31 1.37
Pu242 12.10 1.39 0.05 0.04 0.01 0.25 0.20 0.34 1.46
Nd48 0.00 1.02 0.01 0.02 0.01 0.09 0.00 0.10 1.02
Nd43 6.10 047 0.45 1.22 0.41 0.25 0.48 0.11 1.54
Nd'45 221 0.63 0.04 0.22 0.05 0.07 0.01 0.10 0.68
Nd 46 -2.31 1.16 0.04 0.19 0.05 0.17 0.01 0.10 1.20
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Table 52. C/M-1 and uncertainties for the 2F1ZN3 assembly A9/UM sample

C/IM-1 (%) Uncertainties in (C/M-1) (%)
Nuclde A9/UM Burn-up Void F. tgﬁ)l. elzg::foln Eg‘gﬁ; defrl::ilty Measurement Total
yz4 18.6 0.83 1.29 1.22 0.24 1.08 0.32 1.66 2.82
yzs -3.08 5.38 7.50 458 1.39 1.32 1.75 3.88 11.31
U6 3.46 0.37 0.25 0.03 0.02 0.04 0.03 0.21 0.50
y2ss -0.08 0.07 0.01 0.01 0.00 0.00 0.00 0.20 0.21
Puzes 10.69 0.68 1.90 1.03 0.29 1.23 0.63 0.55 272
Pu239 -9.00 0.42 0.97 0.85 0.37 0.17 0.43 0.18 1.50
Pu240 0.43 0.27 0.74 0.28 0.06 0.20 0.26 0.20 0.93
Pu24t -9.40 0.48 1.33 1.09 0.40 0.18 0.48 0.18 1.91
Pu42 3.62 1.24 0.24 0.07 0.01 0.20 0.20 0.21 1.32
Nd148 -0.49 1.01 0.03 0.02 0.01 0.07 0.00 0.30 1.05
Nd43 2.56 0.50 1.83 1.20 0.37 0.32 0.50 0.31 237
Nd14 1.48 0.64 0.15 0.22 0.04 0.03 0.01 0.30 0.76
Nd146 -2.72 1.15 0.14 0.19 0.04 0.09 0.01 0.29 1.21
Cs®¥7 -8.94 0.91 0.01 0.00 0.00 0.29 0.00 3.64 3.77
Mo% -3.18 0.72 0.04 0.06 0.01 0.04 0.00 2.23 2.34
Tc% 49.43 1.11 0.08 0.28 0.03 0.04 0.02 3.59 3.76
Rut0t -3.32 0.89 0.04 0.06 0.00 0.07 0.03 213 2.31
Ag'o9 20.25 1.05 0.20 0.03 0.06 0.06 0.01 1.80 210
Cs'33 1.90 0.66 0.10 0.22 0.03 0.04 0.01 3.57 3.64
Sm™# 1.45 0.02 0.32 0.72 0.09 0.41 0.03 1.22 1.51
Sm™9 -14.65 0.49 0.56 0.56 0.19 222 0.29 1.79 3.03
Sm1%0 2.39 0.82 0.47 0.25 0.09 0.18 0.14 1.33 1.67
Sm'%! -9.12 0.45 0.93 0.91 0.26 0.05 0.45 1.91 241
Sm152 9.26 0.67 0.24 0.03 0.06 0.18 0.25 1.20 1.43
Euts! -38.66 0.31 0.64 0.62 0.18 0.01 0.31 0.86 1.33
Euts3 0.17 0.66 0.23 0.44 0.10 0.03 0.04 0.70 1.09
Gd1%s 454 0.74 0.41 1.32 0.12 0.07 0.12 1.36 2.08
Rh103 1.08 0.33 0.57 1.15 0.15 0.07 0.08 1.92 2.34
Eut® -8.00 0.66 0.35 1.17 0.11 0.09 0.10 5.52 5.70
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Table 53. C/M-1 and uncertainties for the 2F1ZN3 assembly A9/UT sample

C/IM-1 (%) Uncertainties in (C/M-1) (%)

Ruclde A9UT Burn-up Void F. Fuel temp. elggan;iaoln ;2\{2?; dlefrlwfilty Measurement Total
yz4 -22.65 0.61 0.82 0.68 0.09 0.14 0.09 0.77 1.46
yzs -2.65 4.08 9.53 3.72 0.86 0.56 1.23 0.10 11.13
y238 1.27 0.23 0.34 0.05 0.01 0.07 0.03 2.03 207
yzs -0.17 0.06 0.03 0.01 0.00 0.01 0.01 0.10 0.12
Pu238 13.94 1.16 279 0.90 0.17 0.97 0.52 0.57 3.39
Pu239 2.36 0.55 2.95 1.27 0.40 0.08 0.56 0.31 3.35
Pu240 6.24 0.31 1.50 0.39 0.04 0.13 0.29 0.32 1.64
Pu24 1.68 0.54 317 1.38 0.39 0.08 0.53 0.31 3.57
Pu242 11.06 1.53 0.72 0.02 0.01 0.25 0.24 0.33 1.76
Nd148 -0.42 1.01 0.04 0.02 0.01 0.20 0.00 0.10 1.04
Nd'43 22 0.39 2.62 1.04 0.25 0.10 0.38 0.10 2.88
Nd'4 0.9 0.69 0.13 0.18 0.02 0.14 0.01 0.10 0.75
Nd146 -2.51 1.14 0.17 0.19 0.03 0.23 0.00 0.10 1.19

Table 54. C/M-1 and uncertainties for the 2F1ZN3 assembly C2/GdB sample

CIM-1 (%) Uncertainties in (C/M-1) (%)

M| czom | mump | vasr | B | Tema | Power | e | wesswerent | Tow
yzs 26.71 1.14 0.15 0.89 0.08 1.53 0.21 1.27 247
yzs 15.53 545 1.50 3.98 0.95 0.74 2.35 0.12 7.40
yzss 3.51 0.22 0.05 0.13 0.03 0.12 0.08 2.07 2.09
yze -0.16 0.06 0.00 0.01 0.00 0.01 0.01 0.10 0.12
Pu2e8 15.33 1.49 042 1.04 0.34 4.67 0.79 0.58 513
Puz® 3.38 0.41 0.25 1.07 0.32 0.24 0.63 0.31 1.42
Py 443 0.23 0.23 0.37 017 0.50 0.36 0.31 0.87
Pu2#! 2.14 052 0.35 1.30 0.31 0.18 0.71 0.31 1.67
pux2 478 1.85 0.06 0.15 0.12 0.09 0.19 0.31 1.90
Nd8 -0.4 1.00 0.00 0.02 0.00 0.04 0.00 0.10 1.00
Nd143 6.93 0.37 0.39 1.10 0.26 0.32 0.64 0.11 1.44
Nd' 1.8 0.65 0.01 0.14 0.00 0.10 0.01 0.10 0.68
Nd -2.23 1.15 0.03 0.18 0.01 0.17 0.03 0.10 118
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Table 55. C/M-1 and uncertainties for the 2F1ZN3 assembly C2/GdM sample

CIM-1 (%) Uncertainties in (C/M-1) (%)

Nuclde C2/GdM Burn-up Void F. tz:ﬁ. eIEZLTi?)ln Eg‘gﬁ; d;’silty Measurement Total
yz4 11.03 0.46 0.56 0.76 0.09 2.01 0.27 1.55 2.76
yzs 6.35 3.84 4.25 3.16 0.68 1.85 2.01 0.32 713
U6 28 0.10 0.16 0.17 0.03 0.18 0.07 0.21 0.38
y2ss -0.17 0.05 0.02 0.02 0.00 0.01 0.01 0.20 0.21
Pu238 17.99 1.57 1.63 1.05 0.32 4.72 0.83 0.59 5.45
Pu239 -5.08 0.81 1.58 1.22 0.35 1.18 0.82 0.19 2.62
Pu240 -2.06 0.46 0.99 0.37 0.19 0.75 0.43 0.20 1.47
Pu24t -5.27 0.84 1.67 1.34 0.30 0.47 0.82 0.19 2.51
Pu42 1.86 1.74 0.48 0.15 0.14 0.80 0.25 0.20 2.01
Nd148 0.21 0.99 0.02 0.02 0.00 0.19 0.01 0.30 1.05
Nd43 5.36 0.61 1.25 0.92 0.21 0.61 0.59 0.32 1.90
Nd14 2.32 0.69 0.01 0.11 0.01 0.06 0.01 0.31 0.76
Nd146 -2.11 1.12 0.07 0.17 0.00 0.01 0.03 0.29 1.18
Cs®¥7 -13.38 0.86 0.02 0.00 0.00 0.93 0.01 3.46 3.69
Mo% -4.92 0.72 0.07 0.01 0.01 0.11 0.03 2.09 222
Tc% 45.28 1.08 0.03 0.16 0.01 0.16 0.02 3.49 3.66
Rut0t -1.39 0.91 0.05 0.04 0.01 0.09 0.03 1.97 218
Ag'o9 54.78 1.78 0.32 0.10 0.02 0.08 0.10 232 2.95
Cs'33 -1.09 0.71 0.01 0.13 0.01 0.07 0.00 3.07 3.15
Sm™# 0.05 0.07 0.05 0.50 0.02 1.40 0.01 1.80 233
Sm™9 -5.84 0.70 1.07 1.03 0.28 11.66 0.71 3.20 12.23
Sm1%0 0.27 0.96 0.24 0.09 0.04 1.12 0.12 1.80 2.35
Sm'%! -5.96 0.91 1.37 1.30 0.34 0.11 0.92 2.26 3.23
Sm152 9.73 0.68 0.39 0.00 0.15 0.92 0.30 1.76 2.16
Euts! -47.29 0.52 0.79 0.75 0.19 0.19 0.53 1.32 1.88
Euts3 3.69 0.78 0.15 0.44 0.03 0.01 0.11 218 2.36
Gd% -2.98 0.56 0.54 0.98 0.14 0.29 0.35 8.25 8.35
Rh103 5.23 0.51 0.37 1.04 0.04 0.40 0.14 210 247
Eut® -2.43 0.89 0.40 1.53 0.09 0.73 0.20 5.85 6.18
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Table 56. C/M-1 and uncertainties for the 2F1ZN3 assembly C2/GdT sample

CIM-1 (%) Uncertainties in (C/M-1) (%)

Nuclde C2/GdT Burn-up | Void F. tgﬁ)l. elzg::foln Eg‘gﬁ; defrl::ilty Measurement Total
yze4 44.96 0.83 0.21 0.65 0.01 1.38 0.07 1.45 2.27
u2z% 8.59 2.59 4.05 217 0.36 1.14 1.27 0.11 5.55
y26 2.68 0.21 0.19 0.27 0.03 0.14 0.04 2.05 210
yzs -0.17 0.04 0.05 0.02 0.00 0.00 0.01 0.10 0.12
Pu2% 2.62 1.63 2.15 0.94 0.23 279 0.64 0.51 4.08
Pu2e -1.9 1.08 3.50 1.50 0.33 1.00 1.08 0.29 4.25
Pu240 -5.15 0.50 1.45 0.34 0.16 0.22 0.37 0.28 1.66
Pu24 -2.63 0.82 2.66 1.41 0.22 0.33 0.79 0.29 3.26
Pu2 -0.23 1.83 1.26 0.18 0.16 1.14 0.33 0.30 2.55
Nd48 0.38 0.99 0.03 0.02 0.00 0.38 0.01 0.10 1.07
Nd43 478 0.37 1.16 0.58 0.10 0.06 0.35 0.10 1.4
Nd™5 1.68 0.75 0.19 0.04 0.02 0.26 0.05 0.10 0.83
Nd'46 -1.53 1.10 0.02 0.15 0.01 0.24 0.01 0.10 1.14
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Table 57. C/M-1 and uncertainties for the 2F1ZN3 assembly C3/UB sample

C/IM-1 (%) Uncertainties in (C/M-1) (%)

Nuclide C3/UB Burn-up Void F. Fuel temp. eIE:LTiZIn ;zm?; dlef;jseilty Measurement Total
uz4 8.47 1.23 0.08 0.66 0.08 0.12 0.12 1.08 1.78
y2s 16.59 6.44 1.33 3.58 1.13 0.30 210 0.12 7.87
U6 3.21 0.24 0.05 0.17 0.00 0.01 0.06 2.06 2.09
yzs -0.15 0.07 0.01 0.02 0.01 0.00 0.01 0.10 0.12
Pu23s 10.75 1.81 0.41 1.23 0.32 0.20 0.78 0.55 245
Pu23 0.52 0.40 0.24 1.06 0.46 0.04 0.63 0.30 143
Pu240 -0.13 0.28 0.22 0.38 0.13 0.04 0.35 0.30 0.71
Puz4 -1.09 0.50 0.33 1.28 0.46 0.02 0.71 0.30 1.68
Pu2 -0.65 2.15 0.00 0.23 0.00 0.07 0.13 0.30 219
Nd148 -0.43 1.00 0.00 0.01 0.01 0.02 0.00 0.10 1.01
Nd™3 7.33 0.68 0.38 1.08 0.34 0.06 0.63 0.11 1.52
Nd'45 1.77 0.58 0.01 0.12 0.01 0.01 0.01 0.10 0.60
Nd 46 -2.38 1.21 0.03 0.17 0.03 0.03 0.03 0.10 1.22

Table 58. C/M-1 and uncertainties for the 2F1ZN3 assembly C3/UM sample

C/IM-1 (%) Uncertainties in (C/M-1) (%)
uclde C3/uM Burn-up | VoidF. | Fueltemp. elggan;iaoln ;Zn’)?; dgxsilty Measurement Total
yz4 342 0.76 0.35 0.64 0.08 0.12 0.16 1.45 1.80
yzs 7.58 4.45 3.86 2.88 0.83 1.29 1.77 0.32 6.97
y238 3.33 0.09 0.17 0.19 0.00 0.06 0.06 0.21 0.35
yzs 0.2 0.07 0.03 0.02 0.01 0.02 0.01 0.20 0.22
Pu238 6.47 1.70 1.55 1.22 0.29 1.17 0.77 0.53 3.01
Pu2s9 -3.73 0.92 1.56 1.25 0.50 0.96 0.94 0.19 2.64
Pu240 -2.27 0.47 1.01 0.42 0.15 0.53 0.44 0.20 1.40
Pu24 -3.93 0.92 1.72 1.40 0.48 0.93 0.89 0.19 2.77
Pu242 3.19 21 0.29 0.24 0.02 0.01 0.25 0.21 2.16
Nd148 0.07 1.00 0.02 0.02 0.01 0.12 0.01 0.30 1.05
Nd'43 5.13 0.63 1.26 0.93 0.27 0.59 0.60 0.32 1.93
Nd14 2.06 0.61 0.04 0.10 0.00 0.05 0.02 0.31 0.69
Nd146 -1.87 1.18 0.06 0.16 0.03 0.14 0.02 0.29 1.24
Cs™7 -11.48 0.88 0.01 0.00 0.00 0.07 0.01 3.54 3.65
Mo% -4.56 0.69 0.08 0.03 0.01 0.05 0.04 4.29 4.35
Tc% 4212 1.02 0.05 0.16 0.01 0.01 0.03 4.97 5.08
Ruo! -3.2 0.89 0.06 0.05 0.01 0.08 0.03 3.68 3.79
Ag'o9 44.93 1.95 047 0.22 0.11 0.42 0.16 217 3.00
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Table 58. C/M-1 and uncertainties for the 2F1ZN3 assembly C3/UM sample (continued)

C/IM-1 (%) Uncertainties in (C/M-1) (%)
Nuclde C3/UMm Burn-up | VoidF. | Fuel temp. elzg::foln ;Z\tAé?; defrl::ilty Measurement Total
Cs'33 2.04 0.67 0.01 0.13 0.00 0.07 0.02 4.90 4.95
Sm™ 0.61 0.19 0.02 0.48 0.00 0.04 0.06 1.21 1.32
Sm'49 224 0.71 1.06 1.04 0.35 0.16 0.73 1.53 2.39
Sm'%0 4.04 0.98 0.27 0.11 0.05 0.24 0.14 1.25 1.64
Sm’5! -2.66 0.88 1.38 1.32 0.40 0.93 0.89 1.46 2.89
Sm'82 11.48 0.68 0.41 0.07 0.12 0.28 0.34 1.23 1.53
Eu'st -36.63 0.58 0.92 0.88 0.26 0.63 0.59 0.82 1.86
Euts 4.56 0.85 0.08 0.40 0.07 0.18 0.06 0.52 1.10
Gd1%s 10.27 1.08 0.42 1.61 0.13 0.38 0.26 1.21 2.37
Rh103 2.39 0.39 0.38 1.08 0.10 0.18 0.14 3.79 3.99
Eut%s -3.11 0.96 0.35 1.44 0.10 0.31 0.21 5.81 6.09

Table 59. C/M-1 and uncertainties for the 2F1ZN3 assembly C3/UT sample

C/M-1 (%) Uncertainties in (C/M-1) (%)

Nuclde C3UT Burn-up Void F. tgﬁ)l. elzg::foln ;Z\tAé?; Fuel density | Measurement Total
yze4 23.35 0.89 0.05 0.43 0.00 0.27 0.01 1.23 1.60
u2z% 10.21 3.01 3.44 1.85 0.40 0.90 1.05 0.11 5.14
yz6 2.94 0.27 0.22 0.27 0.00 0.08 0.04 2.06 2.11
yzs -0.24 0.05 0.06 0.03 0.01 0.02 0.02 0.10 0.13
Pu2% 22 1.94 2.35 1.23 0.21 0.55 0.71 0.51 345
Pu29 2.61 1.16 3.62 1.59 0.48 0.10 1.15 0.31 4.32
Pu240 243 0.62 1.48 0.38 0.11 0.18 0.39 0.29 1.73
Pu24 1.62 0.90 2.85 1.52 0.39 0.16 0.86 0.30 3.50
Pu242 1.71 221 0.82 0.34 0.01 0.66 0.25 0.31 2.50
Nd48 -0.47 1.00 0.03 0.02 0.01 0.30 0.01 0.10 1.05
Nd™3 4.66 0.35 1.05 0.52 0.12 0.06 0.32 0.10 1.27
Nd™5 1.23 0.72 0.25 0.02 0.02 0.21 0.07 0.10 0.80
Nd46 -2.09 1.14 0.04 0.12 0.01 0.34 0.01 0.10 1.20
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Appendix A

A.1. Polaris model for 2F1ZN3/C3/UB

=polaris
title "Atrium-9 model 2F1ZN3/C3/UB "

lib "xn56v7.1"
sys BWR

geom FuelNode : ASSM 9 1.45

channel COOL

hgap 0.67 : MOD.1

$box icdist=0.175 rad=1.143 thick=0.25 xlen=0.0 xrad=0.0
box 0.25 0.9652 6.7

shield ALL=N FUEL=P GAD=P

deplete FUEL=YES GAD=YES

opt CRITSPEC Method="P1"

mat FUEL.1 : uo2 f100 temp=900 dens=10.52
comp uo2_ f100 : UOX 4.9

mat FUEL.2 : uo2 f102 temp=900 dens=10.52
comp uo2_ f£102 :U0X 4.2

mat FUEL.21 : uo2 f102 temp=900 dens=10.52
mat FUEL.22 : uo2 f102 temp=900 dens=10.52

mat FUEL.3 : uo2 f103 temp=900 dens=10.52
comp uo2 f103 : UOX 3.6

mat FUEL.31 : uo2 f103 temp=900 dens=10.52

mat FUEL.4 : uo2 f104 temp=900 dens=10.52
comp uo2 f104 : UOX 3.0

mat FUEL.41 : uo2 f104 temp=900 dens=10.52

mat FUEL.5 :uo2 f105 temp=900 dens=10.52
comp uo2 f105 : UOX 2.1

mat GAD.1l : uo2gd £f50 temp=900 dens=10.32
comp uox34 : UOX 3.0
comp uo2gd f50 : WT GD203=5.0 uox34=-100

mat COOL.1 : H20 temp=559 :void=14

mat MOD.1 : H20 temp=559 :void=0

mat FUEL.100 : uo2 f100 temp=900 dens=10.52
mat GAD.100 : uo2gd f50 temp=900 dens=10.32
mat FUEL.500 :uo2 f105 temp=900 dens=10.52

pin C2 : 0.47800 0.48790 0.55900
GAD.100 gap.l clad.1l

pin C3 : 0.47800 0.48790 0.55900
FUEL.100 gap.l clad.1l

pin A9 : 0.47800 0.48790 0.55900
FUEL.500 gap.l clad.l

pin 1 : 0.47800 0.48790 0.55900
FUEL.1 gap.l clad.l

pin 2 : 0.47800 0.48790 0.55900
FUEL.2 gap.l clad.l

pin 3 : 0.47800 0.48790 0.55900
FUEL.3 gap.l clad.l

pin 4 : 0.47800 0.48790 0.55900
FUEL.4 gap.l clad.l

pin 5 : 0.47800 0.48790 0.55900
FUEL.5 gap.l clad.l

pin 9 : 0.47800 0.48790 0.55900
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GAD.1 gap.l clad.l
pin 21 : 0.47800 0.48790 0.55900
FUEL.21 gap.l clad.l
pin 22 : 0.47800 0.48790 0.55900
FUEL.22 gap.l clad.l
pin 41 : 0.47800 0.48790 0.55900
FUEL.41 gap.l clad.l
pin 31 : 0.47800 0.48790 0.55900
FUEL.31 gap.l clad.1l
pin W 3.0 : 1.85 1.925 : MOD.1 CAN.1 : SQR SOR

pinmap 5
4 3
3 C2 C3
222W
29 2WW
222WWW
3912221
43929293

A9 4 3222345

mesh MOD : nf=3 nd=4 nx=6 ny=6 ns=8 nr=4
mesh FUEL : nr=3 ns=8

mesh GAD : nr=5 ns=8

mesh TUBE : ns=8

state ALL : temp=559
FUEL : temp=800

GAD : temp=800

MOD : void=0

COOL : void=14

% Irradiation Report of Fuel Samples of BWR 9x9-9 Fuel
% Japan Nuclear Energy Safety Organization Toru YAMAMOTO (JNES 2014)

basis ALL=no FUEL.100=yes

read history

$power is reduced by 0.98 void is reduced by 1.0

Scycle 12 ZN3C3UB

STATE COOL : void = 13.9 12.5 12.5 12.5 13.4 13.4 13.4 14.2 14.2 14.2 14.2 15.3 15.3 15.3 17.0
17.0 17.0 19.9 19.9 19.9 22.5 22.5 22.5 22.5 22.5

power 34.8 36.172 36.172 36.172 35.799 35.799 35.799 35.966 35.966 35.966 35.966 37.583 37.583
37.583 38.367 38.367 38.367 39.964 39.964 39.964 42.473 42.473 42.473 42.473 42.473

dt 4.0 10.67 10.67 10.67 11.67 11.67 11.67 10.5 10.5 10.5 10.5 10.67 10.67 10.67 10.33 10.33 10.33
11.67 11.67 11.67 11.67 11.67 11.67 6.0 6.0

power 0.0

dt 6.0

STATE COOL : void = 24.6 24.5 24.5 24.5 22.7 22.7 22.7 19.1 19.1 19.1 16.6 16.6 16.6

power 38.063 43.845 43.845 43.845 43.404 43.404 43.404 41.493 41.493 41.493 36.172 36.172 36.172
dt 7.0 10.33 10.33 10.33 10.67 10.67 10.67 11.0 11.0 11.0 18.5 18.5 18.0

power 0.0

dt 40.0

gcycle 13 —-———==————————————

STATE COOL : void = 25.7 25.7

power 32.066 32.064

dt 8.0 26.0

power 0.0

dt 71.0

STATE COOL : void = 24.5 23.6 23.6 23.6 23.6 23.6 23.6 24.0 24.0 25.5 25.5 26.7 26.7 26.5 26.5
25.0 25.0 22.8 22.8

power 104.909 44.531 44.531 44.227 44.227 43.953 43.953 43.982 43.982 44.766 44.766 46.138 46.138
46.53 46.53 45.57 45.57 43.571 43.571

dt 5.0 12.0 12.0 16.0 16.0 15.5 15.5 16.0 16.0 19.0 19.0 16.0 16.0 15.5 15.5 14.0 14.0 24.0 28.0
power 0.0

dt 86.0

scycle 14 ————————————--————— -

STATE COOL : void = 19.3 18.0 17.9 17.5 17.1 16.9 16.9 17.2 16.6 14.9 11.1 8.5 6.4 4.2 4.2

power 14.984 40.209 38.779 38.494 38.877 38.475 38.465 38.935 38.651 37.24 33.986 31.321 27.754
26.048 26.048
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dt 6.0 31.0 32.0 17.0 32.0 31.0 32.0 35.0 31.0 42.0 32.0 28.0 38.0 25.0 11.0
power 0.0
dt 39.0

%cycle 15 ————==—————————————— - ————

STATE COOL : void = 15.2 13.5 13.6 13.3 13.8 13.5 15.0 15.0
power 23.814 33.467 32.663 32.556 33.055 33.193 34.153 34.153
dt 5.0 32.0 35.0 10.0 33.0 29.0 33.0 36.0

power 0.0

dt 37.0

STATE COOL : void = 15.6 16.1 15.4 13.2 9.5 8.7 4.1 4.1
power 25.637 35.466 34.937 32.85 30.89 29.047 26.519 26.519
dt 4.0 28.0 32.0 28.0 28.0 14.0 31.0 7.0

power 0.0

dt 90.0

gcycle 16 ————=—=——————————————— - —————

STATE COOL : void = 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.4 0.6 0.4 0.3 0.3 0.1 0.0 0.0

power 9.565 18.444 18.091 18.042 18.218 18.787 19.032 19.698 20.825 21.58 21.648 20.864 19.884
19.335 17.591 17.591

dt 5.0 35.0 28.0 35.0 13.0 29.0 33.0 37.0 35.0 35.0 32.0 27.0 22.0 22.0 22.0 12.0

power 0.0

dt 962.0

power 0.0

dt 39.0

end history
end
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