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The FBR Plant Engineering Center was established on April 1, 2009 located in a
research building, of which care is taken by the International Nuclear Information
Training Center, Tsuruga Head Office, at Shiraki in Tsuruga. The mission of the center
is to perform R&D (research and development) works both for analysis of operational
experiences at the prototype fast breeder reactor “Monju” and for technology
development concerning design and operation of “Monju”. Moreover it is also required
to apply the results to next generation fast breeder reactors, which is an important role of
Advanced Nuclear System Research and Development Directorate. And in these R&D
activities, it is expected to conduct the works in cooperation with domestic or foreign
research organizations or universities by a joint-study or a collaborative-work manner.

The R&D activities have been carried out specifically on the “demonstration of the
reliability as a power generation plant” and “establishment of sodium handling
technology”, which are originally intended missions of “Monju”. And the other R&Ds
have been promoted both for the plant engineering, such as plant maintenance, to
effectively use an existing reactor in order to apply the R&D results to a future
demonstration reactor, and for the irradiation test study, such as advanced fuel
irradiation, to use “Monju” as an irradiation test bed. In order to perform these R&D
activities, five R&D groups have been set up in the center. They are
operation-and-maintenance engineering, sodium engineering, reactor-core-and-fuel
engineering, plant engineering, and safety engineering groups.

However, the Japanese atomic energy policy is being reviewed after the accident of the
Fukushima Daiichi nuclear power station caused by a tsunami generated by the
Tohoku-district-off-the-Pacific-Ocean Earthquake on March 11, 2011, and all the R&D
activities using "Monju" have been suspended since late 2011. And the researchers of
fast breeder reactors are waiting for a decision on the nuclear energy policy by the
Japanese government.

Three years have passed since the center was established. The research activities of
the center have recently begun to thrive at last, though the surrounding environment is
not so good as mentioned above. Therefore, I decided to compile this annual report for
research activities of early 2011.

This annual report is intended for a report of the activities of individual researcher in
the center rather than that of the progress of the center as a whole. I hope this annual

report will provide support to our researchers in attempting to communicate with people
who are making progress on a similar field.

Keywords : FBR Plant Engineering Center, Annual Report
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1-2 Large Scale ECT to Simulate ISI of
Ferromagnetic SG Tubes of FBR

Ovidiu Mihalache iz - (RE M FHEELD /L—2T)

2E
The paper presents developments and numerical simulations of eddy current testing (ECT)
algorithms used during In-Service Inspection (ISI) of ferromagnetic steam generator (SG) tubes of Fast
Breeder Reactors (FBR) as in Monju FBR. A 3D FEM code was developed and enhanced to use parallel
computing in our laboratory in order to take advantage of JAEA supercomputer and use up to 1024
CPUs. Both OpenMP and MPI libraries were added in pre-solver FEM assembling part and iterative
solver. Finite element method (FEM) simulations are used to simulate different areas of ISI of FBR SG

tubes as support plate and U-bend part with various sodium structures.

1. AREH

The purpose of the research was to develop a numerical 3D tool in order to simulate the ISI of FBR
SG tubes using eddy currents and to validate the results also for the case when sodium structures are
located outside of SG tube.

2. FHE 75 %

In Fast Breeder Reactors (FBRs), one of the techniques used in the In-Service Inspection (ISI) of
magnetic steam generator (SG) tubes is the eddy current technique (ECT). The SG tubes, made of
2.25Cr-1Mo alloy are fixed in a helical structure shape using multiple support plates (SP) which are
also ferromagnetic. The complicated shape of the SP and the multiple connections of several tubes to
the SP can be quantitatively analyzed only in a full 3-dimensional (3D) analysis, in order to evaluate
the influences in the ECT signal due to the close proximity of the SG tubes.

In a SG mock-up, the SG tubes are supported using only a reduced geometry version of the SP.
However, in the reactor, there are multiples SG tubes connected to a big SP and the ECT signal from
the SP can varies according to the position of the SG tube in SP.

The code is based on the FEM in the Galerkin approach, starting from the Maxwell
electromagnetic equations and uses the magnetic vector potential defined as B=VxA.

The 3D FEM model is based on (A-V) field formulation with the gauge of the electric scalar
potential V=0 (in order to reduce the computational burden due to the 3D model). The magnetic
vector potential A is divided in two terms as follows: Ag — the vector potential of the source field in
the free air (calculated with the Biot-Savart law) and 4, — the reduced magnetic vector potential,
due to the presence of the ferromagnetic region. By adopting the reduced magnetic vector potential,
the source and detection ECT coils are not meshed in the FEM model. The electromagnetic field in
the 3D-RFECT code is modeled by the Eq. (1).
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The code was parallelized using MPI, OpenMP and block-caching algorithms at both matrix
assembling stage and solver solution. The iterative solver convergence was accelerated using various
pre-conditioner techniques: ILUO, nodes reordering and by modifying the electromagnetic equations
with an additional null term that change the regularization of FEM matrix.

Numerical methods based on three dimensional FEM using the developed 3D-RFECT code
in our group to model electromagnetic effect of sodium, and estimates the maximum noise arising
from sodium deposition. Modeling focuses on the multiple interactions among sodium, tube, and tube
support plate, because those signals could mask outer SG tube defects. Two models of SP, presented in
Fig. 1 were taken into consideration: a small model of SP with one SG tube (Fig. 1a) and a large SP
model (Fig. 2a) with many SG tubes (nine in the present paper). While the small SP model is used in a
mock-up test, the large SP model with multiple SG tubes resembles more the real situation in a FBR
reactor.

Sodium forms, shown in Fig. 2b, are filling the void between SP and austenitic-stainless
steel ring connecting SP and SG tube. Standard groove defects are located mainly in the vicinity of SP,
resulting from the fretting-wear mechanism between SP and SG tube. Their position (A) and (B) is

indicated in the schematics in Fig. 2a. Both defects are under the main two legs of SP.

20 60 20
SP leg 1 SP leg 2
Connection /
Ring plate 10
~

15.5

8.6 6.6 z.si. — 2.5

I Jis = |

8 Al B
11::__ \_\\Det.‘e.ct o
1] position

19
24

Position of the
defects located
under SP:

A, B

Fig. 2. a) Geometry of large SP with nine SG tubes and defects located under SP; b)
FEM model for a large SP with nine SG tubes



JAEA-Review 2012-039

The model uses up to 3,000,000 2™ order tetrahedral elements requiring use of parallel
computing with up to 1024 CPUs using BX900 JAEA supercomputer. Simulation of 150 scanning
points requires almost12 hours of computation (1024 CPUs).

FEM numerical simulations of the distribution of the magnetic vector potential, using the
3D-RFECT code, is illustrated for the case of the large SP with multiple SG tubes in Fig. 3 The
RF-ECT sensor is located in a central SG tube completely surrounded by other 8 tubes. The excitation
sensor locations in the RF-ECT system correspond to the red zone on the tube while the sensor
location is between them. Simulations of the amplitude of SP signal and field visualizations show that
there is a shielding electromagnetic effect due to surrounding SG tubes, that is decreasing the signal
from SP by up to 20%.

Fig. 3. Simulation of distribution of the magnetic vector potential when RF-ECT sensor
inspect the SG tube located in the middle of SP and surrounded by other eight SG tubes
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Fig. 4. a) FEM model of multiple U-bend tubes with various curvature; c) Model of
sodium drops located outside of SG tube; ¢) Simulation of distribution of the magnetic

vector potential in U-bend SG tubes with sodium drops located on

Development and validation of the 3D RF-ECT code was realized with both experimental and
theoretical solutions for simpler geometries. The main innovative parts in this work was to find a
suitable electromagnetic formulation which could be scale to work with many CPUs and to parallelize
the code and the iterative solver those convergence usually worsen as the simulation problem increase
in size. New parallel algorithms were developed in order to take full advantage of JAEA
supercomputer. Another innovative works was related to validation of 3D electromagnetic models of
ISI using ECT for both cases: SG tubes without sodium and with sodium structures.

Based on 3D simulations and validations ECT probes could be enhanced for better detection
of defects in SG tubes of FBR.

3. FHl#ER

Development of the 3D code to simulate ISI of SG tube using eddy currents enable analysis
of large structures of SG tubes with geometry similar with SG tubes of Monju FBR or future FBR.
Innovative approaches were added in both code development in order to be able to scale the code to a
large number of CPUs (up to 1024) and using two parallelization schemes (MPI and OpenMP). It
was shown that the 3D code model provides a higher resolution with complex SP structure conditions,
where the amplitude of defect (OD20%tw) is limited to only a 20-30% reduction but without
changing significantly the defect signal/noise ratio from the case of one SG tube to the case of many
SG tubes connecting to SP. Also, it could be simulated and validate the noise from sodium drops near

support plates or U-bend tubes.

A SRR
[0-1] Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi UEDA, Shinya Miyahara, "3D Remote
Field-Eddy Current Simulations of the Support Plates of the Magnetic Steam Generator Tubes in
FBR", 7th NDE in Relation to Structural Integrity for Nuclear and Pressurized Components,
Yokohama, May 12-14, 2009.

[0-2] Ovidiu Mihalache, Toshihiko Yamaguchi, Masashi Ueda, " Advancement and Performance in
Large Scale Eddy Current Simulations for ISI of FBR Steam Generator Tubes", Joint International
Conference on Supercomputing in Nuclear Applications and Monte Carlo 2010 (SNA + MC2010),
Tokyo, 2010.
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1-3  Multi-Frequencies ECT Algorithms to remove sodium noise in
ISI of Ferromagnetic SG Tubes of FBR

Ovidiu Mihalache (E&;i-REBMBEIRS /L —)

2E

The paper presents developments and application of multi-frequency eddy current to be used
during In-Service Inspection (ISI) of ferromagnetic steam generator (SG) tubes of Fast Breeder d
Reactors (FBR). Signal enhancement by means of multi-frequency ECT techniques are validated
through 3D simulations of both signals and noise due to sodium forms around SG tube or SP. The
purpose of such algorithms is to remove from ECT signal the electromagnetic noise resulting from
sodium accumulated outside of SG tubes after SG vessel draining. Finite element method (FEM)
simulations are used to analyse different sodium build-up scenarios observed experimentally, and to
determine optimal multi-frequency ECT algorithms to suppress the most efficiently sodium noise. Also a
new "window multi-frequency” algorithm is applied and validated using 3-dimensional FEM

simulations of SP and sodium forms.

1. IREM

The purpose of research was to check and validate the feasibility of applying standard and a news
developed multi-frequency algorithms to be applied to the removal of sodium noise from the ECT
signal using numerical 3D FEM simulations when taking into account both large SG tubes SP plates

and multiple tubes.

2. i 5%

In Fast Breeder Reactors (FBR) using liquid sodium as a coolant, In-Service Inspection (ISI)
of Steam Generator (SG) tubes based on Eddy Currents Testing (ECT) has to consider the
electromagnetic interferences from the conductive sodium. Because sodium is highly conductive,
ECT signal during ISI is polluted by sodium signal and a through analysis is required to understand
signal variation especially near large SP structures. In the numerical simulations of ISI of FBR tubes
using ECT, the variability of sodium forms and positions along SG tubes and structures around SG
tube has to be taken into account in the most conservative case, and even if those shapes were actually
not observed in the limited number of experimental measurements. ISI feasibility of FBR SG tubes
using ECT should take into account accurate numerical modeling of all electromagnetic noises due to
coupling of sodium with tube discontinuities, SP, or other structures around SG tubes.

Numerical methods based on three dimensional FEM using the developed 3D-RFECT code
in our group to model electromagnetic effect of sodium, and estimates the maximum noise arising
from sodium deposition. Modeling focuses on the multiple interactions among sodium, tube, and tube
support plate, because those signals could mask outer SG tube defects. While experimental
measurements showed only partially filling of defects or void gap with sodium, in the 3D
computational model it were introduced models of sodium forms that would represent the worst cases

which could be ever observed experimentally. Two models of SP, presented in Fig. 1 were taken into
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consideration: a small model of SP with one SG tube and a large SP model with many SG tubes.
While the small SP model is used in a mock-up test, the large SP model with multiple SG tubes
resembles more the real situation in a FBR reactor.

Sodium forms, are filling the void between SP and austenitic-stainless steel ring connecting
SP and SG tube. Standard groove defects (position A and B) are located mainly in the vicinity of SP,

resulting from the fretting-wear mechanism between SP and SG tube.

Position of the
defects located
under SP:

A B

Fig. 1. ) Geometry of SG tube with small or large SP and defects located under SP

The main innovation of the present research is to check and prove the feasibility of applying
multi-frequency ECT in order to remove the electromagnetic noise due to the unknown sodium
distribution located outside of SG tube. Based on experimental measurements we know sodium
distributions and sodium drops sizes. However, using 3D numerical simulations, is it possible to
validate the multi-frequency algorithms with the worst case scenario, even for the moment this
scenario could not be recorded experimentally during the limited set we could measure in our
mock-up tests.

In the multi-frequency ECT algorithm two detection signals of the RF-ECT sensor at
different frequencies are combined in order to minimize the noise in the signal. If we consider that
signal at frequency v1 is C1 and signal at frequency v2 is C2 , then the multi-frequency algorithm first
map the signal C2 to signal C3 at frequency v1. The multi-frequency signal S is then computed after
reducing the initial signal C1 by the mapped signal C3. Each signal (C1, C2 and C3) have two

components related to the resistive and inductive components respectively.

I ]
b 1 c1 | |
et - [{\ A1 c1c3
5 ;I [ Csl"'l >"
e ') e

— ot |

L ¥
’.
i Y
X a) X b) X C)

Fig. 2. Schematic of the multi-frequency ECT technique: a) initial signals at two different
frequencies; b) mapping of signal from one frequency to the other; ¢) multi-frequency signal
When using a single ECT frequency is difficult to make a difference between a sodium signal and

a defect signal. Also, because we do not know the size of sodium structure and how much can fill gaps
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or defects, the ECT signal can vary large making difficult to have a clear interpretation/analysis of
signals.

In the IST of FBR SG tubes, the signal of noise is considered to be the combined signal from tube
SP and sodium. Because of the non-linear effect of the sodium to the RF-ECT signal, the mapping of
the multi-frequency algorithm is based on a linear algorithm, which is more robust against unknown
non-linear behavior of input signals. However, because there are variations in the SP signal due to
sodium filling the air-gap between SP and SG tube, for each sodium form, a multi-frequency
algorithm can be determined to reduce to a minimum the SP signal. Among all multi-frequency

algorithms, it is chosen the one that minimize the difference (C1-C3) for all sodium forms.
— SP+sodium(up,down,2nd)

—— SP+sodium(up,down,2nd) +defect (A)
. — SP+sodium(up,down,2nd) +defect (A) half filled
\ SP+sodium(up,down,2nd) +defect (A) completely filled
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; 15 15
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= \\\J e s
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Fig.4. ECT signal at 150 from OD 50%tw position "A", "B" under large SP with 9 tubes
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. —— SP+sodium(up,down,2nd)+defect(A) E ——  SP+sodium(up,down,2nd)+defect(A)
. defect filled 50% with sodium ) defect filled 100% with sodium ]
S = p— 2 R
’ [
E o e E °
= =
. 8o/ Ny =3.13] w » Sg/Ng=3.12___
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Fig. 5. Multi-frequency algorithms for 9 tubes-SP with sodium

Fig. 4 shows the simulated signal when defect position is "A" or "B" and the defect is either 50%
or 100% filled with sodium at 150Hz. The large SP plate model has 9 SG tubes. By applying
multi-frequency ECT algorithms, we cam detect defects filled partially 50% or even 100% with
sodium in both position A and B with a signal/noise ratio larger by 3 (see Fig. 5).

In the papers, is at also developed a new enhanced algorithm, defined by the name “window
multi-frequency” that is able to enhance the defect detection when there is sodium as shown in Fig. 6.
Increased S/N ratios are obtained when window multi-frequency algorithm is determined directly from
3D FEM simulations of large SP with multiple SG tubes.
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Fig. 6. “Window multi-frequency” algorithms for 9 tubes-SP with sodium

By applying the new multi-frequency technology the S/N ratio doubles from 3 to almost 6
independently from sodium noise level showing the effectiveness of the algorithm even when we do not

know sodium forms sizes.

3. FHEFER

We showed the feasibility of applying multi-frequency algorithm to reduce electromagnetic noise
from sodium structures. The papers show how to choose this algorithm among many options, and
enhancing Signal/Noise ratio. Both multi-frequency and window multi-frequency algorithms were
applied to models of small SP with one SG tube or large SP with nine SG tubes and with sodium.

Also it was developed and enhanced "window multi-frequency" algorithm which could provide a
larger signal/moise ratio of defect detection under SP and in presence of sodium than classical
multi-frequency algorithm. The algorithm feasibility was demonstrated using 3D numerical
simulations based on FEM, even when the algorithm parameters were determined from a small SP
model (1 SG tube) and then applied to the large SP model (9 SG tubes). However, the best results in
multi-frequency algorithms were obtained when their parameters are determined directly from the full
large SP model with 9 SG tubes.
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[0-1] O. Mihalache, T. Yamaguchi, M. Ueda, "Computational Challenges in Numerical Simulations of ISI of
Ferritic Steam Generator Tubes in Fast Breeder Reactors using Eddy Currents and Multi-frequency
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Ferromagnetic SG Tubes of FBR using FEM Simulations”, Proceedings of 15th International Symposium on
Applied Electromagnetics and Mechanics, 6-9 September 2011, Napoli, Italy, 2011 (accepted March 30,

2012, after per review for publication in International Journal of Applied Electromagnetics and Mechanics).
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1-5 FEM Comparisons between RF-ECT Signals in Quasi-Static or
Transient and Linear or Nonlinear Regimes for
In-service Inspection of magnetic SG tubes in FBR

Daniel Garcia-Rodriguez (A - fREHANEHTE 7 v —7)

Outline

During In-service-Inspection (ISI) of ferromagnetic steam generator (SG) tubes in fast breeder
reactors (FBR), “remote field eddy current testing” (RF-ECT) is used to check for possible defects. In
recent years our group has developed finite element method (FEM) simulation codes, aimed at speeding
up design of RF-ECT probes while improving detection performance and reducing costs. In this work, we
investigate the impact of two common approximations made in simulations: the quasi-static formulation
of Maxwell equations, and the linear material properties of the tubes. To that aim we first evaluate the
validity range of the simplified model, and then estimate the maximum error that can be expected against

real world measurements.

1 Introduction

In the modelling of the RF-ECT technique [1], when applied to ISI of ferromagnetic SG tubes in FBR,
the traditional approach is based on the quasi-static approximation of Maxwell equations at low
frequency. Displacement currents are therefore neglected and, at low values of the excitation density
current, the electromagnetic properties of the SG tube material are considered to be linear. This approach
has been proven satisfactory at low probe speeds, and widely confirmed by both simulations and
experimental measurements. As the ECT probe speed increases though, especially at higher density
currents and for small defects of characteristic length size comparable to the eddy current wavelength, the
validity of the linear and quasi-static approximations remains to be proven. To that aim we implemented a
full time transient RF-ECT model and took into account the nonlinearity of the B-H virgin curve of the
tubes.

2 FEM simulations fundamentals
2.1 Simulation codes

Two FEM simulation codes, based on different numerical approaches, have been used throughout.
The first one is COMSOL [2], a general purpose FEM toolbox for solving physical problems
formulated in differential equations. The second one has been developed in house purposely for the
analysis of 2D axisymmetric RF-ECT problems [3]. Both codes have been used at every step as a
mean to cross-check validate our results. In practice, the specialized JAEA code was always faster
than the commercial-but-general-purpose one, the difference being as noticeable as 180x for some

simulations.

2.2 Finite Elements domain

,13,
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Fig.1 shows the basic axisymmetric layout for the simulations. In all of them we analyzed the
presence of both inner and outer defects (ID and OD respectively) in a 380mm long, 12.1mm inner
radius, and 3.75mm thick ferromagnetic SG tube. For each case, several defect geometries were
evaluated, with widths of either 0.25mm (slit) or Smm (circumferential defect) and depths of either 20
or 50% of wall thickness. The probe had two receiver coils 58mm far from the exciter and separated
by 3mm; output signal was obtained as its difference. Probe stepping ranged from 0.01mm (38k
calculation steps) to Imm (380 steps), and the mesh size varied from 55k to 450k elements.

A

domain (mm)
=0 z= -300..300
r= 0..300

Probe (mm)
Exciter =2x13

Z
> | Receiver (2) = 2x3

Fig. 1 : Schematic RF-ECT FEM simulations layout; 4 represents the magnetic vector potential magnitude

3 Results
3.1 Influence of non-linear material properties

The steam generator tubes of Monju FBR are made of a ferromagnetic 2.25Cr-1Mo steel, whose
relative magnetic permeability (z) depends on the field intensity. Fig.2a shows the effect of the rising
4 up to 800 A/mm”: on one hand the maximum magnetic flux density norm (B) increases versus the
linear case, but on the other hand the whole field concentrates on the region near the tube inner
surface (Fig.3), and that results in worse detection for both the circumferential slit and Smm defect
(Fig.2b). These results are consistent with theoretical predictions and by comparison with COMSOL
validate the ability of the JAEA code to simulate the non-linear domain. However, it is important to
note that during actual inspection with current techniques typical excitation currents are 1~3 A/mm?,

i.e. well within the linear domain, which extends up to 17 A/mm” at 150 Hz (Fig.2a).

2 1
o —#-—Nonlinear _ 0.25mm - OD
'g —o—Linear : =4—0.25mm - ID
G 075 5mm - OD
v = ==5mm- D
o —_
e o
= B 05
E 3

3

[-+] =
x £ 025 -
£ £
E @

0 ' ‘ ‘ 0 T T T

0 200 400 600 800 0 125 250 375 500
Excitation Coil current density: J [A/mm?] Excitation Coil current density: J [A/mm?]
(@ (b)

Fig.2: Effect of non-linear magnetic permeability on RF-ECT of Monju’s SG tubes: a) Maximum magnetic

flux density norm measured inside the SG tube with increasing excitation coil current density; non-linear
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behavior shows up from ~17A/mm?, and saturation at ~ 400 A/mm®. b) RE-ECT simulations in Monju SG

tubes for 50% w.t. deep defects of 0.25mm and Smm widths.

Fig.3: Magnetic flux density norm distribution during RF-ECT simulations: comparison between linear and

non-liner magnetic permeability for an excitation current density of 200 A/mm’

3.2 Influence of time transient analysis on probe speed effect

Typically during ISI of Monju SG tubes RF-ECT is performed at a probe speed of 200mm/s.
However, because in the actual inspection the probe is pushed by compressed air into the highly
bended tubes, it is believed that in some cases instantancous speed can reach values as high as
800mm/s. Since the quasi-static approximation leads to results independent of probe speed, the
possible impact of those brief accelerations in defect detection was analyzed in time-transient,

including the lock-in amplifier used in our experimental setup.

Fig.4 summarizes our results. Experiments were carried out using a 1m long SG tube calibration
sample, consisting of both inner and outer Smm-wide and 20%w.t.-deep defects separated by 30cm. A
motor-driven platform with precise and stable control of the probe speed up to 500 mm/s. is used

instead of the actual ISI compressed air mechanism. Two effects can be observed on Fig.4a:

1. Defect amplitude measured over Lissajous diagrams decreases at higher speeds.

2. Higher lock-in amplifier time constants lead to greater variations with speed (for 7> 3ms).

2
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(@ (b)
Fig.4: Effect of RF-ECT probe speed on 5mm wide 20% w.t. deep defect signal: a) signal amplitude
variations for different speeds (10mm/s — 500mm/s) and lock-in amplifier time constant T = 1 — 30ms;

b) comparisons between simulation and experiment for a lock in amplifier time constant t = 10 — 30ms.

As seen on Fig.4b both traits are adequately reproduced by simulations when using the standard
lock-in amplifier time constant t = 10ms, for which 70% of the defect signal could be lost at
800mmy/s.

With t© = 30ms there were considerable quantitative differences between modeling and experiment.
We believe these discrepancies arise from the low pass filter in the lock-in amplifier, which had a
great impact on the simulations outcome. Indeed, it was enough to change the cut-off frequency to a
lower value (20Hz — 6Hz) to closely match the experimental data.

It is finally worth noting that results were found to be independent on defect nature in additional

runs for 0.25mm and Smm wide - 50% w.t. deep defects.

4 Conclusions and perspectives

The present work estimates the maximum error in RF-ECT detection of inner/outer FBR SG tube
defects at various probe speeds and simulation regimes.

The nonlinear magnetic permeability of the SG tubes had no influence on defect signals for coil
excitation currents up to 17 A/mm?, which is well above the standard level in actual ISI (1~3 A/mm?).

By adopting a time-transient simulation approach we showed that sudden accelerations of RF-ECT
probe speed up to 800 mm/s could result in as much as 70% of defect-signal drop. Results for the
standard lock-in amplifier time-constant (t = 10 ms) showed a reasonable agreement with

experimental data, but further work will be needed to account for the discrepancies at larger t.
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[0-1] M. Kawaguchi, A. Tagawa, S. Miyahara, S. Honda, H.Kiyokawa, “The experimental study
on wetting behaviour between liquid sodium and various plated stainless steel under low
temperature condition”, proceedings of International Conference on Fast Reactors and
Related Fuel Cycles -Challenges and Opportunities- (2010)

[0-2] M. Kawaguchi, A. Tagawa, S. Miyahara, “Reactive Wetting of Metallic Plated Steels by
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ZERA RS B30 1.6~1.7% (FHXME. 10) TH Y, m#h@CRmﬁmf%riﬁﬁﬁ%?
— X NEETH D, CRAMERIED X 572 DR EDO =D S %A 2ETH H 0K
BWREHTH D,

R AR TITAKT 208, B O -MIER X ORRZEMG O Z 4 XM E 2B 175 CR
MEA R DOFFHAN TR —B T2 2 LICK VR L TV 5,

% 2 CR filfiErRz=a g A

HERRZE FEPPE AT — AR RS
T w B E = £ B, & g1 ¢ f? (& 2 | aw
bE O F Hy & R, BE #E g = R k& | & ¥
# B . 3 INE: S B E® b ki o o Y =
¥ & & & X 8F =8 & 5 | F] E] =
i = (N . = e R = =
CCRI | 030 0.0 0.0l 001 004 001 001 - B 1.26 081 | 015 023 | 1.56
CCR2 - 0.03 0.05 0.03 0.02 - - 1.54 - 0.16 023 | 157
CCR5 - 004  0.10 0.00 . 0.02 0.48 1.56 B, 0.17 024 | 1.66
f;’;i CCR6 - 004 0.1 0.00 - 0.01 - 0.49 1.56 - - 0.17 024 | 1.67
FCRI ; 0.04 008 0.01 . 0.00 ; ; 1.55 . ; 0.16 026 | 1.58
BCRI - 002 0.09 0.02 . 0.00 - 0.24 1.65 . - 0.14  0.11 | 1.68
BCR4 - 0.03 0.12 0.02 . 0.01 - 032 1.63 . - 0.14 0.1 | 1.68
CCRI | 007 013 0.10 009 004 002 002 - B 132 087 | 016 026 | 1.62
CCR2 - 004 013 0.07 - 0.04 . . 1.59 . - 0.16 026 | 1.63
CCR5 - 005 013 0.01 - 0.01 . . 1.59 . - 0.16 024 | 1.62
gglr; CCR6 - 0.05 0.13 0.00 - 0.01 - - 1.59 - - 0.16 024 | 1.63
FCRI ; 004 011 0.02 . 0.03 ; ; 1.59 . ; 0.16 024 | 1.62
BCRI . 004  0.16 0.11 . 0.03 . . 1.59 . ; 0.14 018 | 1.62
BCR4 - 004 0.3 0.07 - 0.04 - . 1.59 - ; 0.14 017 | 1.61

(BEAT: %)
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3. AlERZEDHEEE

RRADOBNL, BT — ¥ ZfNE L T 2RI MAE R 2HETHY ., ZHICLVE
0 CRMED DA ENMEEZ M2 Z N AREL 72D, 22 TIRVER 22T LT
[Al—4F.08 L OO (Core1994Core2010) DO#E4% CR MIZH T 20 ME (H@mo
e — A K HREHE N EREICED HHIE) ZEEMICHHME L7z, FHlfERE &R 31
ZNE I

R DF 0 TH - THRRZETEWITHRVFEE FEBIfRE=1) 2R3, JHIUTRAERn(ER
INZBNT TR — 2355 BEERN-OHAOREERNTH D Z L ICERT S,
W, P CHHA AT IR I VHER 2R LT D, 2T Corel994 O AT E LT T
FEFEMERR 22 ) ° BCR MM E FHEOIF LM 225 (Core1994 A CCR1 12/ % T FCR1-3
HLEMEE LCHER) BZFESLTWD

#* 3 RAZEMHBIRTAMAS R

Core 1994 Core 2010
CCRI CCR2 CCR5 CCR6 FCRI BCRI BCR4 | CCRI CCR2 CCR5 CCR6 FCRI BCRI BCR4
CCRI - 100 095 094 099 095 092 | 097 096 096 096 096 096 096
CCR2 . 095 095 1.00 096 093 | 097 096 096 096 096 096 096
CCR5 - 091 095 092 08 [091 090 090 090 090 090 090
ICQOQIZ CCR6 - 095 092 089 [ 091 090 090 090 090 090 0,90]
FCRI - 097 094 | 096 095 095 095 095 095 095
BCRI - 0.98 [0.89 089 088 088 089 0.89 0.89]
BCR4 - 089 088 088 088 088 088 088
CCRI - 099 099 099 099 099 099
CCR2 - 099 099 099 098  0.99
CCR5 - 098 099 098  0.99
Core 1 cRre - 099 098 099
2010
FCRI - 099  0.99
BCRI - 0.98
BCR4

4. FEMTFEE DT

CR flifEIZfthd> CR & O AT L VBT D=0, AT & PER D CRALE D ZE % fifi
ET 20BN H D, AL TIL, WERFO CRALEE R DIRENTIZ L > THIEMZ R D, Bz
72 CRACE CORM T — Xk T DMITREZ T 56 2 LICk b, ZORELFHEL 72,

CR EDMEHTEIZ, ZNETD [HA L W] HRERBRENT ThE o 7o FIENZE DV TR
L7,

FEATAE & JEME O L (C/E ) 2 X 2 1277, ?ﬁ@%ﬁE@ B (XFo@) 12k, IF
DRSS CR O G ALE ., I S TR EIXIZIE—E (C/EfE (/ IFE) o
HOEINE2%DEPHN) & 720 | o, FEATIE MmﬁkM#KMﬁ%#%aﬁ)®ﬁl(ﬂ
+3% : 1lo) T—EH7T %,

3 JENDL-3.3, 3 KItyhiGHA R RIZx L, ik, A v o, XV —HHEL5E,
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1.20 1.20
© without the bias for the interaction effect © without the bias for the interaction effect
1.15 ® with the bias for the interaction effect 1.15 © with the bias for the interaction effect
1.10 $ ; 1.10
| [}
: o =

1.05 g 1.05 H B

‘ | I ‘ I S & 5 3 S ! i :

| | | ) T - I - ! |
1.00 $ s + . + ® 8 1.00 . . i . : s $
0.95

Core 4th layer 6th layer 7th layer 093 Core
Center < Y Y 4th layer 6th layer 5 7th layer

0.90 Center

= 8 =& = =& 2 g 0 T g o e

O Q &) O Q @] O o o =4 =2 [~ =4 =4

© 8 2 E B 5 ¢ 818 818 BB 8

(a) Core1994 (b) Core2010
v - = ¢
2 CREEIZX % C/E fERFAmiR R
5. F&O

1994 £ & 2010 F0 TH A L w | CRAMERIERBRIZOWT, JIEE & OFRZE 2 FE M EE A
L. fROTIE & g Uz, MRNTISEE I, AP DACRORIBIRO R AL, FEICK & 9I13FE—
E (IXODE N L2%DOFFHN) & 720 OMENTE & JIEMEILTH OFRESFHE (K+3% :
lo) OFMET—HTDHZ 2B LI, [HA L W] RELTIF A TORIIEE OB ERIL
& LT S-SR ERTO C/E fH0.91-1.03)[1IC L TR Th 0 | HEHRE DA P
WIIEHATEDHDEEZTWD,

AREIZEAT 5w
[0] Takano, et al., “Control Rod Worth Evaluation for the Monju Restart Core”, Nucl. Technol.,
179, p. 266 (2012).

SE R

(1] H22 4« RERE, “MNIATEBUEN B AR IHFSEE s int  m i r i ge i s 2 o 2 —
JRT R ERF AR HGE BRI HOW T, Sl FERE S A U o 1 R EaR D AT IZ
RAOBESE<E 111 HE>A ZV—7 &6 2 [mlaE, GRS 111A-2-1 5(2007).
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FA] Bl PO - BREHRPEREE G L)

=2
SRR R OWT 1994 & 2010 D [H A Uw | MEEERBRTE A4 74 5 O CREf
(ZEEAM L, RN & bl L7, EORER, RO T —4% 7477 Y JENDL-4.0 % 7=
Yatr. MRMTIEIX 1994 AF.0INT K L CIXSEBRRAZ AN TRIEM & — 9 523, 2010 )7
LMK L CIERRZOHE M 2B 2 TRRKFHMT 2 2 &N groTz,

1. AREW

SRR IIF LCORE EFRICK > TAELUDZADINET 4 — RNy 7 ORE X &
LOTHY | JRTFIFDOL ri%’i&“mﬁr@%ﬁ RO EHERERETH D,

1994 £ & 2010 0 TH A Uw | MERERERIC TIME S L7 HRIR R ERE R (LT
Core1994, Core2010 &FL7) ZREMFEHG L. [H A U | ORIREREOMHTREE % iz
T 5,

2. BITE(E R UMEHTE O FF M 5%
(1) A%

HIE XY o HIDIREEIC TR 7 AR FIZHC K D BB TR DRE 2 ¥ — 2Bk &
. AL LORERE (CCR1) 12XV & TG A B a ) FUIRREIC 32 0715 T
L7z, IREEZKIE 190CH 5 300 COHPFANT, LD 57— A TENE L7,

Casel : £ 200°C 2> 5 190°C ~F4iE
Case2 : £ 190CH 54 300 C~H-ik
Case3 : £ 300°CH 5K 190°C~Kik
Cased : £ 190°CH 54 250°C (Core2010 TiIA) 280°C) ~FHiR
Caseb : £ 250°C (Core2010 TIiZHI 280°C) 7 H 7 200°C~[FiE

PO FEZEAIZIREE 22 HiTt% ORGSR HIERALE D2 k) B3R & | R X 2 SOSEZE b,
AR TR R L 2 BOSEEZAE, RO & R ORI E 20 & DSOS EZE b E 22
YU IE UehefE 2157, RRZEICIE, BIERBZEICI X, JFLIROREHLR S 8 b 58
PR & MR BB LT,

(2) fiRthir

FRMTIZLL T D 3step TIHMi L7z, £T. FMEERORMEM A, 70 #f Tri-Z JEHGHR 2 2
v o, s, TRV X OB IE A LT 3 FEO ¥ — 2 (B L A RIEE 190°C,
B & AR RIREE 300°C, BERRIRFED 2 300°C) 12 OW TR, &IZ, B oLz 3 D FEL)
WRER (RhEE) 2 AV T, 190°CH 5 300°C~DIEZE K5 By 74 8K
B ROGERRER L . ARICIRINT 2 SOGNERE 2RO T, &BIT, 210 ORGEREICHIE
WE DI 2L & foe U CARIE R B Z 3 L7z, RE251E. |2 T WL ikIC K DT R
EDFERNSIGTIRIT FIEOREL | BT — X OFRMENSICERT 2852 ZB L2, BT
— %5475 V12X, JENDL-3.3 & JENDL-4.0 %\ 7=,
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3. FHMEFER

# 1 KO 1 ICFERIBEREBOBEIER R, TR RLKOmE Ol (C/E ) Z7R7,
JENDL-4.0 |2 X % Corel1994 @ C/E fEl% 0.98~1.02 TH ¥ . f&XEOH AN TRV —E %2R
LTWBDIZx L, Core2010 Tl 1.01~1.05 TH V. FAEDOHIPH %288 2 TRIKAITE KEE
i <o 5, ZOJRKSHr & L TREZ(L T OFRER IS EZ L ORERSE F & T iE R 072
sy (C-Eff) ZkgL= (K2),

Corel1994 M4, Case2 &N Cased TIHIEEEZAL23K 50°CLL F o <X (0] iEfET
L THDR, K50CEBLTHLITMIFIC [0) Do AEmABINL TS, —T,
Core2010 TIFIEEZALAIM A& C-EEITHIZIZ 0] OB & /2o TWnD, ZOfH
M. HFIZ Corel994 TD 50 CELESN & L7c &b %, MrloORMBE S L CHT 2 2 & IXRE
ThHY ., HEMANZMENOHERNSHDH EEZ LD,

LB CORNESRMOE N E LTiE, CCR1 A OHIBIEMNEN ST bD, T7hbb,
Corel1994 |ZH & A (565mm 5[#%) . Core2010 IZ451#k (1000mm 5#k) T. Core2010
DJFHBREENR N, HIFEIEEOFRAGEEE & R E [ O BFRIXELRE AT T & TR0 A,
120wttt s L TU T OIRGEAZ LT TV 5,

REHEAS IR, R aS THICRESNZFLEEFRICE Y XF s 720, ADRE
DZALIZ K 0 IF L FR O EMZIRICEBRE L CRYI Yy T RS 5, FEEENE bR
JFLSFRFIC X FF S TR . AMREOZE(LICIBRE L TEMN T 5, —J7, HlERII A
L, R EAS EodERk 7 7 7 (BlEs~7 2 7)) IZ EMAEE SN TEY . JR7E A DR E
(BREL CTEM LW (7T 7 BEIZSEIET—E), £ o T, HEAER A S 23 5 284k
2L DBIFEOIFEDIEZEZ IR L, 2 O S NHEERE ANEEIC L > TEDb D &£ & 2,
SR CRIERE R & AT RO Z R ORI NHATE 5, BRI L RINE ORI BN E 12
BT Imm A OB 2 FIA DI LFE [ 2 G T EECTh 5,

4. F&H
1994 & 2010 D [H A U | FRIEEREEEREE LI OV T, MIEE K O 2 3
FEAM L, SEATAE & bl U7z, MRENTEIE. 1994 4E5BR IZ % L CIXEBRRR 2 OFEPHN CHIEM &
—ET 508, 2010 FRBRICK L QIR Z2O#FE 4 8 2 TRAFHMET 2 2 LB hoiz,
S OFENTREE DR OB & LT, HIERFOHIEER AREICEH L5, FHEME
7 EZOMOERNPEEL THD AL HETEX RN, SH%ORBRIZBW T, HilEkE
FRNTRIE D Fx 7 28 Z 7€ % FEhie U, JIE & AT O 2> H 3SR L TV S TFETH 5,

ARICEY SR X

[0] Mouri, T. et al., “Isothermal Temperature Coefficient Evaluation for the Monju Restart Core”,
Nucl. Technol., 179, p. 286 (2012).
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F 1 FREEREONEM, MHTE & O C/E i
(a) Core1994

Item Unit Casel Case2 Case3 Case4d Case5
) Value Ak/k/°C -3.42E-05 -3.08E-05 -3.12E-05 -3.29E-05 -3.21E-05
Experiment
Uncertainty - +4.1% +1.8% +1.7% +1.9% +1.9%

JENDL-3.3 |Ak/k/°C| -3.40E-05  -3.18E-05  -3.20E-05  -3.27E-05  -3.27E-05
Calculation JENDL-4.0 |Ak/k/°C| -3.35E-05  -3.13E-05  -3.15E-05  -3.23E-05  -3.22E-05

Uncertainty”| - £3.1% +3.1% +3.1% +3.1% +3.1%
OB JENDL-3.3 - 0.99 1.03 1.03 1.00 1.02
JENDL-4.0 | - 0.98 1.02 1.01 0.98 1.00

a) The sum of the calculation method and nuclear data induced uncertainty are +0.5% and £3.1%, respectively.

(b) Core2010

Item Unit Casel Case2 Case3 Case4 Case5
) Value Ak/k/°C -3.14E-05 -2.81E-05 -2.85E-05 -2.86E-05 -2.88E-05
Experiment
Uncertainty - +4.3% +1.7% +1.7% +1.7% +1.8%

JENDL-3.3 |Ak/k/°C| -3.20E-05  -2.99E-05  -3.00E-05  -3.02E-05  -3.02E-05
Calculation JENDL-4.0 |Ak/k/°C| -3.16E-05  -2.95E-05 -2.97E-05 -2.99E-05 -2.99E-05

Uncertainty”)| - +£3.3% +£3.3% +3.3% +3.3% +£3.3%
CE JENDL-3.3 - 1.02 1.06 1.06 1.06 1.05
JENDL-4.0 - 1.01 1.05 1.04 1.04 1.04

a) The sum of the calculation method and nuclear data induced uncertainty are +0.5% and £3.2%, respectively.
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WIEZ DO AR — R 72 HIXF RO Z 2HRE O P IS EHE F 72X MEEICBEE L T 5,

[HA L] OREHETIE, ZoR7 T MREEAZER EORHIR (LCO) DL &
#L, WERBENED LN TND, LCO OB ED B AL TV D5 1L — D RM & RE
LIS U 72 3B O IEHRHKGEINRE F 72 13RI D O RS N EHEEIR 2 PLET 5 Z & 12ide 6
RN, Eo T, MEREEIZIE, FOXETRRNSED LN TEY, ZOREMANIE -5 O
AL FFR ST 5,

ZO5E T OB RMNIFLEED ) A7 & EOREEB S5 00, R Z 2
(PSA) OFIEIZHEASWTRHE L, BUROBLBEIZED H5E TRITZ Y TH DL Z L %1
Hink L,

1. AEE®

(B AL 0| IZEBWTEH STV HIREHE CTED L iEls EOH|IRNE N uZade LT
W WEAIZEER SN A HEE OS2 TIEIIC VLT, PSA OBLED SIS 23T 5 729,
ET LSV TWND VAT AZRIT, REBEIZED D 1 RMOEEEREEL L7251 o0
THEM L, ETRHT b bR FHERIMNGR (AOT) OZYHEIZHONTELET S,

2. il A&

AWFFE i3 o EHEE (CDF) 2818 s 45, 16 E LTKE NRC 2k 5 AOT
DEFIEZDHTA RT7A4 2 RGLITIINO R EN D FiELAEA L CGHEid 5, R ET 5%
D 1 R OMREREICIZ L 5 CDF 0¥ k% ACDF ¢35 &, UTFOQRXICTHIHTE 5,

/CDF =R(p, =1)-R, (1)

7T,

R (p=1): 1 R OBERER R ffe e % 1 & L7251+ X CDF
Ry: FEHEL 725 CDF

ZDACDF %3z, BT A AOT (HAL @ Kefd)) & RZxd &, R & i LE SR
#4y (ICCDP) 1%, LLTFD@RUTTRD LD,

ICCDP = /ICDF x AOT /8760 )

R.G.LITTIZREND U AV FFARMEHETIZICCDP<5 X107 & LTHY . ZhEEicH/bhn
TR E DD, SE TR O M2 5l L 7=,
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3. FHl#ER
B 1Tk 5 &4 Dkl Z & IR L7 ACDF 2o,

ZICDF(/RY)
1.0E-05
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4.0E-06
3.0E-06
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TOTAL
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AN HRE W [1 RO REEK Ot OB DR EITIR DR OSREIER ) 1%, TH
BEEABRRARRETE L | OREMRREABEICHASE S, Zhud [HRESGREEEELR ) O
TR TH D THBAEEAE 1 V— 7 UL EOMRHIIRERREVE, THde il = & 72 (33535 T8
BAEIC LD 1 V=7 L Lo ARIEERRECHL, KO TR mERERERICLD 1 —T
VL o BRIEERIREVKIR ) OREENERT 500 Th D,

2FRBICEENRKE W 11 ZHOEFAEERRELIKET] OREBIZRKRT S &, 2%
MEREREEZ2RETE RV, ZHTERRERELE S ORERMIFITETO THEFEHG
MEBFIRESRE] DLETHDHZ LITL 5.

3FEBITHAENRKE W 11 BFHOFTNIET Hm LR ORSRERL | 1%, [JRFIF R iR
Kl RO THAEEABR BARAETER ) OREMRREZAEICMASIE S, Zhix, AT 2k
HRBAEBNIC L D ERRE], HDHW0IE T1RT FY U ad— "7 o —RikA I ERR
VT DOV R— FREOMEE] 2EETINETHD,

ZhHDACDF IC#3%, ICCDP<5X107 #1724 AOT M OELHEITED HA T
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X2 REAEEOTE TR &L FPATE 5 AOT

AP TCTES AOT Ioxt L, REBREICED L5 TRMITW TN b E <, B TR OREIT
RUTHDHEERD, T2, MLITRTEEDO KE WML, FAETE D5 AOT 1A%
MNZELS o TR, REHREOT TS Z oMM E —EH L T\ d, ZHIEEEFEDE T
DR E DERIZ 78 S U7 TR HIBTIZ 38U TE 2 DR I D X aY 72 B 2 i B0 S
BLIERREEZOND,

4. F&H

{RZ2HE T LCO Wi HE O HEE 23 E 6D B AV TV B iR 2 %1512 PSA TEF /MEEN TN S
VAT LD 1R ORERETE L A fifiT L, F D58 TR Z NRC @ R.G 1.177 DU A7 FEKE
e AW CEEMICIHMEZ1T o 72, TORE, REHETEDIRE TRMIIRYTHD LD
L=y

AREICET SR
[0] M. Sotsu and K. Kurisaka, “Evaluation of MONJU Core Damage Risk with Change of AOT Using
Probabilistic Method”, Journal of Power and Energy System, 2010

SE 30k
[1]1 US Nuclear Regulatory Commission, “An Approach for Plant-Specific, Risk-Informed Decision
making : Technical Specifications”, RG1.177, 2002
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1 & L7 — 7 2 E AT E) S CRIGIEE 21T 5, Fig. 2 OBEEKTRT L 512,
it = A AR A2 v T &, ERENICIREIR A TiAL D, Z OIMFEFIC LV 4 U 28654 M
PEihiEniys L NN, T OMBER SRR S BRI 72 D HEIR A U B — b 7 ¢ —/L Rl & FE
T CTnb,

BITIRN D WETR D & OWES E N T 5720 B ITEFE L7z e, IR S BLAVIR R I e
LD, ZOWGOEIUT LY REOER ELELZFRET L2008 T— b7 ¢ —/L REEEE
Thbd,

Bklz &\ o 2 ARJEER B TIRENM T2 D &) O RF-ECT DR TH H 5, RWEREK
BHWD LEBEOR E THEMNMEIET D 2 N TE, FNUT X > TEDORMICH D KRS S
WZHHRMEBRIBEICHRTTHZENTE D, £z, BHEEZR E Mz OJE R 2 VTG
BITROEETY 7 v A7 (L 7o—7 L o) NRIBEIC/A2 525, RF-ECT TR ERK
BHRAEMNNTWDL ZETY 7 M T RRBREEFICHG 2 2EE LD 0ol Ay b
Hb,
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(2) MA BABEDAHAE A
FBR 75 v NI 22— WfExsr B Bt

JFFIFNTY 7 R (L LTP0) BB (BOZERE) 5 &, RFFICERSN TN
Wz 5y (BU0) RPETEMEL T, S h=v s (FPu) BEREND, TORER.
AR ICIE, PV b= AREREND, 2L, FEC P00 (n,2n) K& (hHET
Z 1R LT 2 R 5 BOG) R0, Aipk &7z PPu o P TR O IR LEIC L |
Hpu, Mpu EoE WAL Pu 23 TR, X7V =74 FINp), T AV VUL ((YAm, *PAm),
F=Uwva (*Cm, *Cm) % ﬁ%ﬁ(%ft%%ﬁ?ﬁ L CAR - SN TTL,

IINH DRI, E DR - B (BRAIE L FH 3 208 Tk, Pu & O 1/10 FREE)
ThHLEND, T7F= ?Ayﬁﬂjl:?% (TI7F=R|FETEBEFEDT 7 F =L Ac b ihf
F5 HOEKETE, FAETREDOUR M EDPUNMENT APy —]) ONTH, FF
W2 I~AF—] 77F=FerIns (RFEFESIENp 2293 %, Am L 95 %, CmlE 96 %),

b~ AF— T 7F=F (MA: Minor Actinide) 1. FRITOFMIEE T TIX, EHRAR
%) (FP: Fission Products) & [RIERIZHIEBEREY & L CHbivd, 72720, FEHOEWL 0%
< (P'Np:2.14 B, MAm ;432 4, 2PAm 1 737 T, 2MCm : 18.1 4R) | HURPEEEMED ok
R %D (RN FP K #%ﬁ@#ﬁﬂ;ﬁ T 7Sr: 288 4E, Cs 1 30.04F), koT. ZhEEEE
DPICEERT LT B30T K0 mpaiisgsE (FP) | J&“Z?ﬁ?é%iﬁ%i%hfwéo nE—
ZIE TMA BRBE] & MEON, R MEBEEEY) 2 R E & L ClRIY - AT 29I b4
5

FE, D MABEMIZ, Wb B (RT&S & EEEME L FEOMATIZR-T
WHERE) TIERL, WL IEESAMERTH 5, Lnn-> T, EBEOFN TIE 2P0 4 & [
BRIZ, —5IEmE P EIC K0 B S ET A0, RALZET IR iIc K 0 o ddrgfEic
¥ ’%Uﬁ&éim ZDETEAZICEY FP A ISND, dFMlA L FIZHRT 2, H8RH7-72 MA
DEREH & D03, FIHIEER BN ST VTS TITERT 5, 2y IMABRBEOMHA ) TH D,

FHEBETRTOER Bsa reiczm)

2Np : BSNp[ZEBEINZ ST RN BPulTHE
HMAM 22 AMTERSN LD FH22Cm (383Pu) £=1F242PulZRE

WAM 24 AmICEBRSN BRI 4CmITHE 22Cm Z2Cm 24Cm 25Cm
24Cm  25CmITEBRESNh B S H 1630 b ooy 1say
242mA m o
238py 9Py FEHRENZ A Aé:l | (0.16)
22Cm  23Cm|TEBRIN B, 241Am S22 Ama2Am-24Am
ZDEFBPulZEHE

E)CmiE, EHAA63E THY, G 12 LOBRADSE,

SRR CPPuls BT 2R O —FNER) L REE S, 14.9y }(?h4 4.96h

238py *2?9Pu ->240Pll ->241Pll >2492Py »243Pu

2.12d

237 238 ) FFIEIEEMARKE
“'Np +>"Np . ‘ (ufmamﬁﬂ&amf

F)BEFIRSRIEZIE

(RS EEERS HEFEROMLLE)
B)EF-E . BHBUAD
EHRRE
TEMAREOZER (R TOER

Hi) A—LRTREFANIETVIIELV
I FAORIGEN2 TE BT 1751 (JENDL3.3)

_53_



JAEA-Review 2012-039

| 777 ~uNE |

EVST (Ex-Vessel fuel Strage Tank. {F/MRERTREAE) : HT0E & OVl A 3RO Hr kT A1 7O T
A WANT T T BHET Y 770 E DR RRESIVD AR, S /00PN CHITE O FRBE I I 218 7= 05 F %
PREFE IR DB ED BRI, B FIRE DR AT DR ERN 0K T 55 F T, —EHIF TN
U A CHT CE AN R 35,

FP (Fission Products, B #HAERY) R 1 /13 EITBITDREI DD T 728 DR L->TTE
ToRERE, FTNTZ DI 72BEHE (B3 BT ) D> DG D BRI Lo CCETREREZ ), B2 U fED
AR O EERLOLLTIE, B3V ACs— 137, A F T ASr—90 728 W5, B2
X, BRI O FRALER TRR T, @ L~V PR BE SR O H B & B BB F8 A 0D 72 JR A &
IRDWVE DRFFTIHD,

ISI(In-Service Inspection, #tABIMHFRE) i IR EH72E R DliaklL, ZeME2ERTD
7o W OTEEAIA L I IERE R A A T L BRI BRSNS LA EOMREOERETT-
T ZOIIRIBEEZISIELATND, BIZIT, AP AR E S BRI OB A DT | 1E
FRRAEAS AT RE7: B Bl & IR B e L e W e D F &),

JENDL (Japanese Evaluated Nuclear Data Library) : H AR IBAIsHERE T — ¥ 2EANE
7 —>7 (IR BARBEFDER - BT —2 v 2—) DNARENOET — % B%E O
2T, RAFEEHRER ETREL R DL OBROET — % OHESEHELZ £ Lo, HHRILED
T4 =~y 8 TCT7AMELTEb D, 7 A Y D ENDF, BRM D JEFF %5 & & HITREN 2T
— X T4 77 ElRoTND,

MA (Minor Actinide, ¥4 —727F=R): AMHERICEWTURFES 89 DT /F =0 L)1 103
DOR—L VI AIED 15 DILRERIL TT VT /ARTHRENN, ZOIBLT 7T =0 KEEROZE
D&ETIF=RILFEEN), EEHEE A FREI O EE Ry Thd U, Pu IZHAFEEO DN
Np. Am, KO Cm EHEDOEDMDOT /F =Ko~ AT+ —77F =K (MA) L),

RF-ECT (Remote-Field Eddy Current Testing) : S8R D KB A I Z I B O R S BE D
R — %R & T 245 O 78 O R EECT) O S R 72 S 7= 2o | MEERG%
FIHLT, & LF w2 E DEOR L RA T 5 (B HiED—>Tho,

SG (Steam Generator, ZZR AR X —E L ZERENT57-DICR KA E R AESE DO DA Hads,
BAKIFD PWR Tl JRF0F 1 IRBEIRT &K,/ ZE KU CRR S TUAH DN, NI D A H
FEIFCIR, BEHES TR0 2 IRIGEIEF T RID L& KRR TR STV,

Super-COPD : 77  MERpIEMENT = — R (Bas - Bl F OMET X84 1 IROLTH 4 7 Wbl &
AR A TR
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TIF =R R R 89 DT VF =7 Lt 103 DR—L YT AZELT I7F IARDHE | i 1-5&K 5 89
DT 7F =7 MAc)E R, JRFF 5 90 7°5 103 £T?D 14 s Th, Pa, U, Np, Pu, Am. Cm,
Bk, Cf, Es, Fm, Md. No, Lr O##HTHd, 77F =V LIFEBL TODEEVIERTIOININCE
Db,

R IR Z 27 (PSA : Probabilistic Safety Assessment) : e Eim 2 2rFilix, BAETD
AREMEDBH LI EFS FRFRITH LT, TOREOHEREEZEL CLEMEFHME T2 ThHD, T
FORE . R IS CHRAELGLHHLPHFH A TG LU T, Z OIS LI AR OB E
BAHHL . 2O THH VA7 (FEREE) |1 3E NSOV TR EVEDE S WERBT 5, 725, PS
ALK S DR E TR Z 2RI T, HAFHIIELEZDLDOEL T, ZDORFDO T T U MBI R T
DB ERIMEL ., T35 EEAELL T THIUL, ZTOHERIH L TLEMENHEHRSINTND
CHIWrT 5, PSAIL, Mgk - 52 IEDHLE B BIC AN L2 i LT, MEdhTid, JR#IcFI S
WD,

RIS — T A RGNS TR ZE KU i TS T 228 BA< B YT, kim Lic el 3 25k %
W), Bl FRID AGEEIO G TR, R IR T RN A0NEMEZR O TR FIF A #R O LSBT A TE
PRIROT N T A TS B, Fio, WFSEIE TIEIANVT LBMEDI TN D, 72720, I N— T A%
RIEWRE (F AT A) ThHLENIRL R FIF U TIIERTARHN DN EL 5D, JR 74T
X, EEPSFETERILL CEREN R TED 14C BN TEHLDOT, DN—HAZEFE DT
= MG

a—/VRFFv 7 (cold trap) : —#%IZIZ, B2ER 7% AWV AT ATBWCEZER L Vo hi#ET 5 H
BT, KRR EDOKIRERE B EIL TR EIIZE RO CThETDEBE L), R 1158 Tl
EHIE OB HEM T NID AR O R ZIRET OB REEO L THWOIL, CT EHIEIEND,
Ay CE @I X TN D ) O FE MR T/NS A MEEZFHL T, TR AP ORESR, /K
. RFIREDORMPBEARIE T CTEE B Y (RIS ERY) OFE THr S, 47 - BT 5, —
WHRDOA—NVRIT 71T B RS E SN A Wi s SO E R E L TIT S, £
% B [ 5,

NIF D A (tritium) KB FNLE T, JR AT 1 EERMET 2 D208, HAGECIE =%
KB EREIEAL, 8H F72iE T LRFLEND, ] 12.3 FOHRTERNLA T, 18.6keV D B #r% ik
H9 5, FEHIRMCEIDEE G TER T 228, RERITITTEICULOFELRW,, N THNCIER 71F
PREFNTAERR L, A3 BREO TR BRI i S VD, BERVE IR OREL D — D Th 03, RIRITIE
BONRNOT, BIWEDOITF UL 6 k1S L TRIET 5, 7272, KBDFRNARTHLDTK
FEFRRMEEZALTEBY, T2MICITEE T OFEE FALIAD DR EES) 04 B E O K FE b
WSS,

7'Zvrvh (blanket) : B 53 SMEWE (ZHRH32 BH 9 CL R LN LIEXZ O JE B AL E SN B E
2N, TR LEFIT D m G Tl B E ThoU T 23857 Ty MEEL  RERE
YO LR EICELE (T 07 7y DT 08560 IR L OANEIC T Z 0y M TE T CTHREAIR
(Tl MEGIR EE-> TRUE T 7 7 7y DT DG HBINZ N, 7T MEGIRE IR
DR, BREHE GIR LA AT E 20 Lk it | IEREIF LEV),

RABEEVRE 1P Tl 0 25 U C I =)V — 2R AE T DL LI, B SE R D A R S
D, ZOREGTEA TS TE B THY | BRI KO U A T L 3 EVE R A2, 20
TeO S AR IR LT, I I 2B O BRI LD | Fife L TR AE T 5, TAva 2L
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LV, ZOFRAERIL, R LB T, ERE ORI T%I IS T 5, D% 0K e
DHAEEI > THAEEBAD 3 BT 5, LT=2N- TR 4R TS L 5 Z DA A (R 254
DLENRHY . ZO B HIDT D DI HIR A A EER 255 CRER ER) EES,

HAEE AR RETE S (PLOHS. Protected Loss of Heat Sink) : IS BEI A D SR A S LT IRRE
T, BRI HZE D RO LR KT 528,
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N ST FEAHAL P ST AL
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szl e o K W, E R E|x ey T amrlA— kv | kgim®
W B &E 2 mol W R % E|FesTAmTHA— L | kg/m?
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B S o B S|TURTEA— R A/m
B E®, @ ElEAmLA— kL mol/m®
BB ErersIamugi—b [ kgm®
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Ji W x O FED) 1 1
% R e Y GrrEo) 1 1
(a) #L2EE (amount concentration) (ZRRIRAL D535 Tl B E
(substance concentration) & % XiEi 5,
(b) THBRIEATED S VIR L 2 HoRTHEM, €D
F T BN B Ch HHTO 1 ILBEIIEE LAV,
& 3. EADLFRE RS TR I D ST BT
ST AH7 AL
RV S — | MUOSTHATIC L % | SHEABATIC L 5
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7 SEan=[¥ N m kg s*
E A, [ S-S Pa N/m? m’kgs?
TR X— L BRAECa— J N m m’kg s?
sk, TR, MR RTY R W Jis m?kgs?
& o, W K Hr-mv @ sA
WA (EE) , & E AL \ W/A m’kg s?A™
(3 = % ®777 K F (¢/AY mZkgs' A’
E e K A — 2 Q VIA m?kg s? A*?
CHI Y S SIS DES 53 S AV m?kg!s® A?
T g = — Wb Vs m?kg s2A"
T P = 1 b T Wh/m? kg sZAT
A4 v F B v RArU— H Wb/A m?kg s2A?
v ¥ v 2 R EerewrEe)| € K
5% wr—xo Im cd s cd
i v s = Ix Im/m? m?ed
o e (D s (@ Bq §l
”ff”ff’fﬂl’ Lol ) PV Gy Jikg m?s?
R
% # I e & — kat s mol

(a) STHEFHRE I E A D4 & Fe 5 & FF M HINL L Ml B DY T HHATE 5,
aIb—L ¥ hTERY,

BT T ERT T VT ATEFO 1K S B ORRIRAFT, BICOWTOHME S SDIEbh D,
EBRIT, AT 2RSS Tad R UstA VB E 20, B E L CHMEM E L TORB THHHFTO 1135
RERRY,

@QHHAFETIEAT T T v EVWI AL LTt BLOXK L DOHIC, TOEEHEHEL TS,

@~V ZEABBICONTOZ, X7 LV REOFEHERIC O W ToRER sh D,

@ BNV T REZTNE L DRRIRLATIT, AV AREEZRTOIERSND, AV TRELILELD
HALOKE SIER—ThH o, Lo T, REECRENFZZTHMITEL QMM TRLTHLRLTH S,
OHIHEEREOHRE (activity referred to a radionuclide) 1%, UiE LIEad - 7= 36 T radioactivity” & it S5,
(WAL —~UL | (PV,2002,70,205) (=5 TIXCIPM#E)2 (CI-2002) %2,

Uin UBEBRE & A4 L 72 BULIE b 13%0

# 4. BN ORI EA OLTR & G5 A S Te STHNT HAT 4]

ST A BEA

AN ik S e SI %74;31[/1;? £5
ki ISZ T VRS Pas m'kgs’
# Za— bk RA— kL Nm m’kg s?
# Za— brEA— L N/m kg s?
4 YT VR rad/s mm’sl=s?
£ 6|7 T AR rad/s® mm’s?=s?
# E|Uy MEEHA— PV (Wim? kgs?
# a— Mg e JIK m’kg s? K’
H#E Ya—nrfirusamrres (Jikg K |m?s?K?
H. Va—ngExus s |Jkg m*s?
# vy A= iy |[WmK)  [mkgs®K?
& Vo= VN A — v [Jm® m’kg s?
it AV MMEA— RV V/m mkgs®A’
& [| 7 —w AN A— RV |Cim?® m”® sA
# 7 —n 4 A— kv [C/m? m” sA
& 7| 7 —w P A — RV |Clm? m”*sA
7 2|7 7 RiEA— bV F/m m?kg’s'A®
% AU —fEA— RV H/m m kg s¥A*
E P a— EEL J/mol m”kg s mol ™
EATY haE—, ELAAER Y 2 —VEEAESAE Y [J/(mol K) |m? kg s?K ' mol!
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