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Abstract

The Japan Nuclear Cycle Development Institute (JNC) commenced a JNC Postdoctoral
Fellowship Program in 1997 in order to raise capable researchers by providing an
appropriate research environment to young postdoctoral researchers, which means that
fiscal year 2002 was the sixth year of the program.

The purpose of this program is to provide young researchers full of originality with
opportunities to perform research independently on themes related to leading research,
and basic and fundamental research of JNC, selected by the researchers themselves and
approved by JNC, for a period of two or three years and also to promote the efficiency of
JNC's research.

This report includes a summary of the results of the research on sixteen themes
performed by JNC Postdoctoral Fellows in the fiscal year 2002. Of these, research into four
themes ended in 2002.
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GESRR (UREEETOME)]

In 2000, a high temperature mass spectrometer (the equipment for the thermodynamic study of
Na-Fe oxides) had been developed; ionization cross-sections of sodium-containing molecules had
been determined by theoretic calculations so vapor pressures of sodium-containing molecules
could be measured.

In 2001, thermodynamic analysis for the main Na-Fe oxides, NaFeO,, NasFeQs, NasFeQs and
NasFeQ4, had been evaluated both by experimental measurements and theoretic assessment of
existing data in literatures; a thermodynamically consistent user database of Na-Fe-O system had
been created; the basic frame of the Na-Fe-O phase diagrams was built up.

In 2002, data of NajFes0g, NagFe207 and NayFes01; were determined; a set of ternary Na-Fe-0
phase diagrams and their chemical potential diagrams have been constructed up to 1200K; high
temperature stability of those Na-Fe oxides was examined, a gas-inlet system was equipped for the
high temperature mass spectrometer; a complete thermodynamic database of the Na-Fe-O-H-C
system has been created; simulation calculations were also made; effects of H;0+CO, atmosphere
on equilibrium states of these Na-Fe oxides were studied by experiments and theories, relationship
between local environmental conditions and the corrosion type was discussed too.

(PFFEME (URIFEED]

@ High temperature phases in Na-Fe-O system, such as NagFe;0, NaiFesOg and NasFegOyy,
were evaluated. Together with the other phases tested by the high temperature mass
spectrometer, thermochemical stability of the main Na-Fe oxides was understood. It was
found that sodium vapor was released from these compounds at high temperatures. Reaction
routes were observed by the high temperature mass spectrometer as the following,

(1) NasFeOu(s) = NasFeOs(s) + Na(g) + 1/204(g), (T<640)

(2) NasFeOy(s) = 1/2NagFe20+(s) + Na(g) + 1/20:(g), (T>640)

(3) NasFeOs(s) = NasFeOa(s) +Na(g), (550-750K)
(4) NagFe;0+(s) = 2NazFeOs(s) + 2Na(g) + 1/20(g), (673-813K)
(5) NasFeOs(s) = NaFeOqfs) + 2Na(g) + 1/204(g), (823-1023K)
(6) NaFeOy(s) = 1/3Fe;04(s) + Na(g) + 1/30(g). {1200-1350K)}
(7) NasFesOo(s) = 3NaFeO(s) + Fea0s, (T<1030K).
(8) NayFes0q3(s) = NaFeOs(s) + NasFesOqfs), (T<1270K).

From the pressure-temperature relationships, Na-Fe-O phase diagram constructed recently was
examined and the stability of these Na-Fe oxides at high temperatures was quantitatively
determined as functions of temperature, oxygen potential and sodiem vapor pressure.
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Fig. 1: Sodium vapor pressure over Na-Fe oxides
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@ The user database of Na-Fe-0-H-C for Thermo-Calc and MALT?2 has been completed. A set
of ternary Na-Fe-O phase diagrams from room temperature to 1200K and some chemical
potential diagrams have been constructed too. The phase diagrams show very good
consistency with the existing experimental results reported up to now.

A 6 0z 04 08 08 10
Na MOLE_FRACTION FE Fe
Fig.2: Na-Fe-0, 273-535K
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Na MOLE_FRACTION FE Fe

Fig. 3: Na-Fe-0, 535-637 K
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Fig. 4: Na-Fe-0, 637-694K.
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Fig. 5: Na-Fe-0, 694-838K
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Fig. 6: Na-Fe-O, 838-944K
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Fig. 7: Na-Fe-0, 944-1030K

{A:Na;0,B:Na;0;, C:NasFeQ,, D;Na,FeQ;, E:NagFe,0; F:Na;FeQ;, F:NaFeO,, H: Hematite, M:

Magnetite)
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Fig. 8: Na-Fe-0, 1030-1200K

Na-Fe-O at T=600K
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Fig. 9: Na-Fe-O system, T=600K
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Fig. 10: Na-Fe-0 system, T=800K
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SGTE+Huang, P=101326, T=1100K
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25 ~
Na

-30 T T
-10 -5 0 5

Sodium pressure, InP{Pa)
Fig, 11;: Na-Fe-0 system, T=1100K

® In Na-Fe-O-H-C system, oxygen-sodium potential diagrams as functions of water vapor
pressure and carbon dioxide pressure have been constructed. So, the influence of H2O and
CO; on Na-Fe oxides was quantitatively studied. '
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Fig. 12: Na-Fe-O-H system, T=573, P(H.0)=1Pa
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Fig, 13: Na-Fe-O-C system, T=573, P(CO,)=E-6Pa
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Fig. 14: Na-Fe-O-H system, T=800K
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-5 T

log P{O2)Pa

26 ¥

35
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Fig,17:Na-Fe-O-H-C system, T=800K
P(H;0)=1600 Pa, P{CO,)=1E-3 Pa

The calculation in simulating atmosphere condition suggested that NaFeO: should be the most
stable sodium ferrite together with Na;CO; as shown in Fig. 16-17 while other sodium ferrites
such as NasFeQ,, NasFeQs etc...would be no longer stable in equilibrium state.

From the simulation calculations carried out above, the following conclusions could be made.

*  The equilibrium states in Na-Fe-O-H-C is greatly depends on the environmental
conditions, Apart from temperature, oxygen potential and sodium pressure, the water
vapor pressure and carbon dioxide pressure also have strong influence on behaviors of
Na-Fe oxides in the Na-Fe-O-H-C system.

*  Molten salts NaOH or Na;CO; has high possibility to be formed in a wide range of
temperature and gases conditions which play great role in the so-called “Molten Salt
Corrosion Mechanism” of sodium-leak incident of FBRs.

It seems that the influence from CO; surpasses that of H,O to dominate the chemical
potential diagram, i.e., CO, may have stronger influence on equilibrium states in
Na-Fe-0-H-C system than HO does.
@ A gas-inlet system was added into the high temperature mass spectrometer (Fig.18). This
system makes it possible to introduce water vapor and carbon dioxide into the Knudsen cell.
So, the influence of environment on chemical stability of sodium iron oxides could be studied.
The experiments showed that by introducing Hy+CO,, H,0+CO; environment could be
established by the reaction Hy+CO,=H;0+CO. The ration of H,0/CO; could be adjusted by
changing input ratio of H2/CO-.
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Fig. 18: Schematic of the gas-inlet KEMS

Though the calculations suggested that Na;CO3 could be formed even if the pressure of CO; is
very low as shown in Fig. 17, experiments by gas-inlet KEMS showed that the reaction rate of
sodium ferrates with CO, was a time-consuming process. Formation of NaOH is actually the
dominant process instead of formation of Na;CO; in case of sodium ferrates in H>0/CO-
environments. It indicates that reaction kinetics would play a great role in chcmlcal behaviors of
sodium ferrates in H;O/CQ; environments.

All the experimental results listed in Table 1 seem to be against the equilibrium
calculations made in the previous sections. Thus, it is necessary to analysis possible reasons for
this discrepancy. One possible reason could be attributed to the kinetic process because it was
reported that CO, may require much longer time to react with sodium compounds while reaction
rate of water with sodium seems very fast. That could explain why Na,CO; was difficult to be
identified by XRD analysis in these experiments. Secondly, mass transportation of water vapor
may also strongly hamper its reaction with other compounds. The formation of NaOH may require
much more amounts of H,O than that the inlet system could supply as the gas inlet amount is
limited to a molecular flow range to prevent the equilibriums inside the Knudsen cell from
destruction. For instance, the formation of 1 mg NaOH may require at least 7-14 hours in these
| gas-inlet experiments if 5-10% of the inlet H,O reacted with the Na-Fe oxides. For this reason,
introduction of water vapor and COQ; into the KC seems not enough to cause the corresponding
reactions to a considerable extends in the gas-inlet KEMS experiments. If the reaction time is long
enough, the calculated equilibrium states should be established finaily.
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Table 1; Experiment results of Na-Fe oxides at various environmental conditions investigated by
gas-inlet KEMS

Test Gas inlet | Gas pressure Observed Memo
sample | conditions | inside the K-cell | compounds
by XRD
No evidence of Na;CO5 and other
Eﬁ:tc Oz gmo;g'gzgz NasFeQq4, | Na-Fe oxides were found.
NasFeQq4 873-923K PEO:I-:] OPa NagFe;07, | Possible reaction: ,
20hrs PNa0H= 1 0'2~1Pa NaOH 2Na5F604+H20=N33F6207+2N30H
) 2NasFeQ4=NagFe;07+2Na+0,
CO, inlet No evidc::mc of Na;CO3 and other
NasFeOy | 873-923K Peoz=0.5~1Pa NasFeOy, Na-Fe oxides were found. Thermal
20hrs Ppn.=1~10Pa NagFe, 04 decomposition would have occurred.
2Na;Fe04=NagFe;07+2Na+0-
NazFeQs, No evidence of Na;C0O; and other
Ei:tcoz llzuzo;g-gjllz: NaFeO, Na-Fe oxides were found. ‘
NasFeQ; 873-023K P:,Oil-—.l O0Pa NaOH Possible reaction:
20hrs i PN:OH= 0.04-1Pa Fes0a, NazFeO3;+H;0=NaFe(;+2NaOH
0,40, NaOH was found from the initial
inlet EasoF:IO% csltagta. W(lllen I\tThtaFan(l)ount (zif 1\;15:‘384
a ecreased, NasFeO; an aFe0,
NasFeQy4 523-573K | Pyz0=8~10Pa NasFeOs; were found. '
10hrs, Prna<iE-3Pa . .
53hrs NaFeO; Possible reactions would be,
108h1’s NasFeQs+H>0? NasFeOQs+2NaOH
i Na3FeO;+H,0? NaFeOy+2NaOH
CO, inlet Pror=8~10Pa No evidence of Nay;C0O4 and other
NasFeO, | 523-573K, Pcoim-spa NasFeOi | Na-Fe oxides were found.
100hrs [T ® No reactions observed.

® To overcome the shortcomings of the gas-inlet KEMS experiments, a separated experiment

conducted by T. Furukawa may provide another evidence to support the above conclusions, in
which flowing air including water vapor and CO, was sweeping over Fe+Nay0O; at rate of
100ml/min at 823 K. In this condition, the gas amounts were about 120 times than that used in
the gas-inlet KEMS experiments.

The relationship between reaction time and the products was given in Table 2. It showed
that NaOH was formed since the very beginning. Na,CO5 was able to be identified by XRD
after a few hours. It can also be noticed that the longer the reaction time, the more the content
of Na;COs;. NaFeO; was found as the final stable sodium ferrite. At the initial stage, however,
no sodium ferrites were found except for Fe,0s, It indicated that the Na,CO3 was probably
formed via reaction of NaOH+CO,, instead of reaction between sodinm ferrites and CO;
directly. The reason might be that the reaction speed of NaOH+CO; is much more faster.
These results again suggested that reaction rate of CO; with sodivm ferrates would be much
slower than other possible reaction routes.
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Table 2: Fe+Na»>0; in H,0+CO; at 823 K

Time (hour) Observed products
2 Na;0,, NaOH
4.5 Nagoz, NaOH, Fe203
7 NaOH, N32C03, NaFeOz, Na202
20 NaFeO,, Na,C03, NaOH

* Products listed in order of its amount identified by the XPD analysis

® From early studies by Aoto and Furukawa, two corrosion mechanisms were proposed, i.e., the
corrosion by means of formation of Na-Fe complex oxides and the Molten Salts Corrosion.
The corrosion rates in the later case were about several times faster than those in the former
case. So, the later type of corrosion is of more significance for the safety analysis point of
VIEW,

The formation of NaOH was a precondition for the Molten Salts Corrosion. According to
the previous calculation, it is clear that NaOH is thermodynamically stable as long as water
vapor is present in the surrounding environment. The further experiments in various gas-inlet
conditions again confirmed that NaOH can be formed even if the water vapor pressure is very
low. So, the Molten Salts Corrosion would happen in such a condition that the water vapor
supply is adequate, Thus, water vapor transport from the surrounding area to the reaction zone
will play important role in this process. Corrosion mechanisms at different location may be
quite different depending on its local environmental conditions. For example, the reaction
zone can be classified as the following two large types:

* The open interface of Fe and the reactants exposed to the atmosphere, where water
vapor can be supplied from the air. '

In this zone, a quantity of NaOH liquid could be formed. If the environmental
condition meets other requirements for occurrence of the Molten Salt Corrosion
mechanism, a high corrosion rate to the iron-based structure materials could not be
avoided. Since the corrosion speed is a few times higher than those in nearby areas, it
consequently would result in holes in the steel and let sodium penetrate the steel to
cause further serious damages. In theory, possibility of the contact of sodium with
concrete flour could not be denied. However, the probability of explosion out of
reaction of sodium with the water stored in the concrete is almost impossible,
because the stored water in concrete can not meet the demand that an explosion
requires in an instant moment. : )

* The close inner zone isolated by the reactant and products, where only very limited
amount of water and carbon dioxide were enclosed in the reaction system.

In these zones, Na-Fe complex oxides would be the main reaction products. The
chemical states of sodium ferrates will be determined by temperature, oxygen
potential and the amount of sodium. If the local oxygen had been consumed very
quickly, the oxygen potential would decreased to such a low level that even NasFeOs
would be stable. During the development of the whole complex chemical reaction
processes, oxygen potential might also have chances to change by various oxygen
transportation processes, such as diffusion through the liquid, solid or other tunnels
formed during the Molten Salt Corrosion occurred in neighbors. So, formation of
other sodium ferrites like NasFeQ4, NasFeOs; as well as NaFeQ; would be also
reasonable. Considering the thermal decomposition of sodium ferrites at high
temperatures, NaFeO; and NasFeO; would have higher probability to be found in
these areas in case of the sodium-leak incident. -




JNC TN1400 2003-009

(RO K EiRL]

FEETHRTLEY.
FHETEBLNLHERER, 2REEWRRVERSBEANORRICKKINT NS,




JNC TN1400 2003-009 .

(L=, 225 - BRSBENORRHIF]
INC L= b

(1) INC L B— b TN9400 2000-101 : “System Assessment and Calibrations of the Knudsen
Effusion Quadrupole Mass Spectrometer”, 2000 ££ 8 A

(2) INC LoB—~ TN9400 2001-046 : “Quanium Mechanic Study of Electron Impact Ionization
Cross Sections of Sodium—containing Molecules™, 20014 2 A

(3) JNC LB— T INC TN9400 2001-095 : “Determination of Gibbs Energy of Formation of Na,Fe0,
by High Temperature Mass Spectrometer”. 2001 £ 10 A

{4) INC L-7B—F INC TN9400 2002-006, “Assessment of Thermochemical Data of Ternary Na-Fe
Oxides and Calculation of Na-Fe-0 Phase Diagram” , 2002 ¥ 4 H.

(5) INC LiR— b (B&F k), “Physical and Chemical Properties of sodium ferraies and
equilibrium calculations in H,0/C0, environment” , 200341 A,

@) INC LHF—b (BEEFHED). “Thermochemical investigation of sodium combustion” , 2003
£ 2 A8.

BER&ETORE

(7) The 47th International Conference on Analytical Science and Spectroscopy, Aug. 19-22,
9001, Toronto, Canada, “Study of electron impact ionization cress sections of
sodium—containing molecules”

(8) The 17th IUPAC Conference on Chemical Thermodynamics (ICCT), July 27-Aug.4, 2002,
Rostock, Germany. Thermodynamic study of Sodium—iron oxides Part I: Mass spectromic
study of Na-Fe oxides” , Book of Abstract, pl96-197;

(9) The 17th IUPAC Conference on Chemical Thermodynamics (ICCT), July 27-Aug.4, 2002,
Rostock, Germany. “Part II: Ternary phase diagram of the Na-Fe-0 system” , Book of
Abstract, p221.

(10) The 11th International IUPAC Conference of High Temperature Materials Chemistry, U
afgEETAZE, “High temperature behavior of Na-Fe oxides in H,0+CO, atmosphere”,
2003 £ 5 A 18-23.

ERESBETOREX
(11) BFREEHVHL: 5499 BEEHFRANAS (2001), 2001 48 6 A 18—20 A, FHEKE.
"“FRUDLERETD ﬁ?@%?‘?ﬁ%’f F ALETERICH T 2R T HRHME . BIRE
B4 p94—95.

(12) BAEF%2, 2001 E£OX2. 2001 €9 7 1921 H. ﬂtiﬁz‘ﬁii “Development of Yapor
Pressure Measurement System by Using Mass Spectrometer” , FHasEEE=7i p669.

(19) HF%AEES £ 37T HRAENHS. 2001 £ 11 A 20—22 Ei iEEEE Y —, “Eil
Eﬁﬁﬁﬁ*ﬂg;% NaFe0, DERKFERIE". HAMEHBRFHRESHE p60-61. '
(14) HEGESNSS: £ 50 BEES R AaEHRS (2002), 200245 A 15—17 H. I'i"i%‘BIz\-

WA, “Na-Fe-0 RIZBIT 22BN, BEESR p72-73.

(15) AAFIESS 38 EAMENHS. 2002410 A 24—26 B, £RW. "RREAEICK
2 Nafe HABHORBEERICHETIHE .

(16) AEETFHES : 2003 EFOKS, 200343 8 27—29 A, 7)VJ3 X SASEBO, “NaFe HER
{4y NaFe0, OENFEFE" ., OERERTE.

FREANDEW

(17) 1. Huang, T. Furukawa, K. Acto and M. Yamawaki, J. Mass Spectrometry Society of Japan, “Study of
electron impact ionization cross-sections of sodium-containing molecules”, Vol.50, No.6, 2003,
p296-300.

(18) J. Huang, T. Furukawa and K. Aoto, Thermochimica Acta, “Thermodynamic study of sodium-iron
oxides Part I: Mass spectrometric study of Na-Fe oxides”,

(19) J. Huang, T. Furukawa and K. Aoto, Thermochimica Acta, “Thermodynamic study of sodium-iron
oxides Part II: Ternary phase diagram of the Na-Fe-O system”, 2003. (in print)

(20) J. Huang, T. Furukawa and K. Aoto, The Journal of Chemical Thermodynamics, 2003. (submitted)

(21) J. Huang, T. Furukawa and K. Aoto, Journal of Physics and Chemistry of Solids, “High temperature
behavior of Na-Fe oxides in H;0+CO; atmosphere”, 2003. (to be published)




JNC TN1400 2003-009

BEHRR (H12) ¥Rl 4EERARERES

MRTF—~ | ASEHENLIEERE T OEREEAEA D EECHT MR

mREERE | K@ wUY FEHX

WRE | WBMRFES— WHBBRAIN-T BRSO
R A | ke % W R | o

WIEEIEGRT | KBRS — GmiRHR SRR

BEWAHM | ¥k 124 48 ~ Y ¥ FE E R 145 48 ~
(F& ¥ 154 S A wo% MM ¥k 164 38
[¢ZEASED)

The complexity history of the Tsukiyoshi fault has been recorded in the Toki Granite at Tono Mine. Adjacent to
the Tsukiyoshi fault damaged zone, the fault may have also affected the properties of the host rock by
development of micro cracks. Such structure can be analyzed in detail under Laser Scanning Microscope
(LSM). -

LSM is a useful tool for visualizing structures in a 3D image with a resolution of 200 nanometers. Using this
method it is possible to acquire detailed image of the pore geometry that will be useful to understand the
connectivity of pore structure and to address the influence of micro cracks on the permeability.

In addition, with LSM it is possible to exclude fractures related to drilling, thus obtaining a more accurate data
about pore structure of the crystalline rock.

(FEAE )]

Samples from Toki granite will be selected from available boreholes that cut the Tsukiyoshi fault, In this case, it
will be possible to select samples outside of the macro-scale damage zone to study the influence of the fault at
the micro-scale in the granitic rock.

For this study, samples will be selected for petrographic, Bulk Porosity, Laser Scanning MlCI‘OSCOpB (LSM)
analysis and Permeability measurements

Detail petrological amalyses will be carried out in order to identify differences in mineralogy, texture and
fracture patterns of granitic rock,

As crystalline rock often has low porosity, a 3D reconstruction of high resolutmn of Tono granitic rock may
reveal interconnected porosity or a preferred orientation of micro cracks, and on small scale, the effect on
permeability could be assessed. Furthermore, with this technique is possible to exclude fractures originated
from drilling and other from no natural processes.

For the pore structure analysis under Laser Scanning Microscope, the research will be conducted at University
of Tokyo.

Due to restrict samples of boreholes, preliminary research will be conducted during the first year in order to
develop and optimize the method.

The use of LSM will improve our understanding about physical properties of the rock mass (e.g. porosity,
connectivity, and permeability) in a micro-scale and their effect in geological environment

(EAEERER]
Tono Geoscience Center (sampling, sampling preparation, petrography, XRD), INOC (bulk porosity),

University of Tokyo (LSM) and Kyoto University {permeability)
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During the fiscal year of 2000, I reviewed the geology of Tono Area primarily around the Tsukiyoshi
Fault and started experiments with different impregnation methods at DH-6 borehole. MIU3 borehole was
selected for of description of detail structural analysis to constrain the effects of the Tsukiyoshi fault in the Toki
Granite. Detail sampling, bulk porosity and pore size distribution was measured.

In the fiscal year of 2001, detailed characterization of the structures including main faults, fractures
and indication of fanit movement was performed in macroscopic and microscopic scales at MIU3 drillcore.
Impregnation method and characterization of pore structure were performed using laser scanning microscope in
collaboration with Ass. Prof. Shimizu at University of Tokye. Additional work consisted of XRD analysis of
clay mineralogy in fault zone and initial permeability measurement at Kyoto University.

In the fiscal year of 2002, the main research achievements were the improvement of dagltal image
analysis and permeability measurement, discussions and writing publications,

(FFsipit (HaeeEne) ]

During the fiscal year of 2002, my research was an extension of earlier pore structure investigations
and their relationship with geological structures and deformation in the Toki granite. The majority of the time
was spent improving the laser scanning microscope and permeability measurement, as well to combine all data
for a final publication for an international journal.

From the study of structures described in the previous report, four main domains (undeformed,
cataclastic seams, damage and fault core) were identified from detail structural analysis of the drill -core of
MIU3 borehole (fig.1). Microscopic analysis of oriented. samples indicates anisotropy in microcrack
development in two orthogonal directions — H and V sections in relation to major subvertical fault and fracture
orientation. The fractures are well developed in the damage zone of the Tsukiyoshi Fault (fig.2). The samples
were used for impregnation method and permeability measurement to understand the influence of fractures on
the transport properties of Toki Granite. Bulk porosity measured with He Pycnometer and Hg injections shows
the increasing porosity toward the fault zone (table 1). Connected porosity from accumulate volume illustrate its
variations with pore diameter (fig. 3). Bimodal pore distribution is observed in the fresh and cataclastic domains
with more heterogeneocus pore distribution in the damage and fault zone.

During the course of my research, improvement on the digital image analysis taken under the laser
scanning microscope - LSM (fig.4 and 5) was applied to the Toki granite. The LSM used in this study is the
Olympus Fluoview Laser Microscope equipped with K-Ar laser source {(488nm, 543nm, 568nm). In this study
we were able to capture digital intensity maps of green light fluorescence excited by blue (488nm) wavelength
laser beams. The fluorescence intensity ranges from 0-4096 grey levels. The resolution of the CLSM depends
upor the microscope lens as well with the depth. The optical resolution using different optical lens is described
by Shimizu and Shimada, 2002, Different kinds of approaches were applied i.e., Helfmuth et al, 1993, Montoto
et al, 1995, Nishiyama and Kusuda, 1994 to the measurement to obtain guantitative information on the pore
structure, However, using digital image analysis to improve image quality by contrast manipulation and
application of spatial filters (Gonzales and Woods, 2001) may cause great variations on the quantitative result of
porosity and connectivity (Onishi and Shimizu, in review). Additionally, for low porosity rocks like Toki
Granite, which ranges from less 1% to 6% and where the pore is restricted to grain boundary, cleavage,
intragranular fractures, it is most likely that the error from digital image is higher than the bulk measurement.
Therefore, the LSM was used as a tool to visnalize the microcracks and correlate the microstructure with
possible flow pathway.

_ Figure 5 illustrates 2D digital images of the four described domains in the x-y and x-z plane. All the
digital images are displayed using objective 10x with pixe! resolution of 1.38microns and size of 1024x1024
pixels. The laser beam is able to detect the fluorescence from the resin through grain and open cracks up to &
depth of 200 microns as observed in the x-z profiles. However, the laser usually attenuates with depth either by
light refraction or reflection by the silicate and crack geometry. In the fresh granite (fig.5A) the images taken
from H and V sections indicate that, indistinctly, the resin fills most of the grain boundaries and intragranular
fractures. The shape of the grain can be distinguished in the x-y profiles. 3-D images of pore structure show the
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distribution of microcracks. Similarly, this is observed in the domain of cataclastic seams (fig.5B). The resin is
concentrated along the wall of cataclastic seams as well along grain boundaries and intragranular fractures. The
anisotropy in microcrack is well characterized in the damage zone as illustrated in fig. 5C. Although alteration
increases toward the fault zone, anisotropy in microcracks observed in unaltered samples is very clear. In
general, resin can be observed concentrated along network microcracks in H sections and along sub-parallet
open cracks in V sections. Such open cracks cut through different minerals. In the sample from the fault zone
(fig.5D), the resin is concentrated in the matrix of surrounding fragments of minerals. It also fills intragranular
fractures in the grains of quariz and feldspars. The high concentration of resin in the matrix seems to be related
to grain size reduction and abundant clay minerals as described previously by XRD analysis.

Permeability measurement was performed to understand the influence of fracture pattern on the
transport properties of the Toki granite. The cylindrical core plug samples are from the same depth as used for
petrographic analysis, porosity measurement and pore structure, Permeability was performed by a high P-T gas
apparatus at room temperature (fig.6). A total of nineteen samples were measured by the pressure-oscillation
method (Fisher, 1992, Kranz et al, 1990) to assess the anisotropy of microcracks in the MIU3 samples.
Improvement of data quality was achieved by installing a digital converter. In the oscillation method, confining
pressure and pore pressure are applied to core sample. Confining pressure is increased gradually up to 200MPa
while the pore pressure is kept constant at 20MPa (for confining pressure lower than 30MPa the pore pressure
used is 1MPa). Confining pressure is then decreased incrementally to the initial value. The pore pressure is then
oscillated to a desired frequency on the upstream side of the sample. The frequency generates a sine curve,
which is phase and amplitude shifted on the downstream side. With these parameters the permeability is
calculated.

Permeability measurements were performed on samples oriented orthogonally, i.e., H and V sections
in relation to the main subvertical structures. The results are listed on table 1. In order to verify the relationship
between permeability and microcracks, permeability results were plotted into two graphics as shown in figure
7a and ‘7b. The permeability is plotted as a function of confining pressure. The fig. 7a illustrates the permeability
of H sections that yield permeability from 107° m? (at 5MPa) to 10™°m’ (at 200MPa). The overall trend
demonstrated that the permeability is quite heterogeneous during loading and unloading of confining pressure. It
also shows a large hysteresis during pressure release suggesting variations on the microcrack distribution.

Conversely, the initial permeability for V sections ranges from 107 at 5MPa to 10"°m*at 200MPa
(table 1, fig.7b). The sample from the fault core is an exception. It has the highest initial permeability (107 m®)
and it decreases abruptly when confining pressure is applied. This is explained by the heterogeneous grain size
due to shearing. Excluding the fault, overall permeability in V sections is one order of magnitude lower then the
same sample measured at H sections. It is also noted that the permeability values plotted during loading and
unloading of confining pressure for samples from cataclastic seams and damage zone are uniform (fig.7b).
Additionally, the permeability at 200MPa is not scattered as observed at H sections.

The results from permeability at H sections strongly suggest those network microcracks are highly
connected, thus resulting in high permeability. Conversely, sub parallel open cracks are less connected and
sensitive to the applied pressure resulting in low permeability (Onishi et al, in prep).

Summary:

Tsukiyoshi fault is a case study for site characterization and performance assessment. Investigation of
deformation and fracture systern in the MIU3 drill core of Toki Granite reveals that the Tsukiyoshi fault affects
the granite by inducing different types of fractures in macroscopic and microscopic scales. The fracture
anisotropy dominantly developed in the damage zone seems to be related to the deformation by the fault zone.
Detailed investigation of fractures and microcracks gives us clues to the evolution of the fault zone and
understanding of fluid transport along heterogeneous microcracks. The anisotropy in microcracks was
characterized by petrographic analysis, resin impregnation and permeability measurement. High permeability is
related to high connectivity of network microcraks while lower permeability is related to open cracks that are
pressure sensitive and has low connectivity. ‘
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The research conducted at INC-TGC improved the understanding of the influence of fracture on the transport
properties in the Tsukiyoshi Fault. A combination of geological data and different techniques were applied to
determine the physical properties of Toki Granite and to infer the anisotropy of microcracks. This result is
important for input in groundwater models and performance assessment.
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Fig.1 Drilcore of MIU3 borehole. Variations on texture and deformation is shown from 300-720m depth.
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Fig.2 Representative samples from Toki Granite. Anisotropy in microcrack is well developed in the damage zone.
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C: condenser lens. CP: confocal pin-hole. D: detector. (¢) Emission spectrum for Kr-Ar lager.
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Fig. 5. 2-D images of resin impregnation in two orthogonal directions is shown for the fresh granite {a} and cataclastic seams (b).
Nole that resin fills mainly along grain boundaries and intragranular fractures. The X-Z profile illustrates the depth of resin
indicating the pore geometry and 3-D block diagram shows the distribution of microcracks.
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Fig. 5 (cont.}. 2-D images of resin impregnation of damage zone (¢”.c) and fault zone (b). Note the anisotrapy of
micracrack clearly developed at damage zorie. Network microck is well developed in the H section and the sub-parallel
open fractures ain the V sections In the fault rock. the resin is concentrated in the matrix due to grain size reduction,
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217H | 660 | weak altered gouge} 115 | GR334| 2095 251 |-16.3831| =nd |-16.579] -17.125 | -18.207] nd -18,37 | -18.6D4| -18.561 | -18.365| ~18.0921 -17.488
217 GR480| 22,0 25 |-16.7266| nd |-17.417] -17.822| -18.297| -18.498| -18.702( -18.821| -18.71 | -18.34 | -17.922{ -17.102
225- | 685 gouge 1.57 nd nd nd
220H | 698 | weal aliered gouge| 2.03 [GR330% 254 | 173
229H GR445| 40.7 ) 249 [-155208] nd [-16.956| -17.281 | -17.733 | -17.951 | -18.128| -13.266 | -18.147 -17.785( -17.433| -16.829
230V GR332| 398 | 253 -15.9 |-16.792{ -17.302| -17.78 | -18.18 | -18.41 | -18.73 | -18.80 | -18.708 -18.27 | -17.847] -17.26
TF2 | 707 | foliated cataclasitc | 6.71 | GR446] 39.7 | 18,1 |-14.2018.16.569(-173233] -17.536 | -18.034} -18.31 | -18.544 ] -18.754 | -18.615 | -12.327] -17.991 -17.351

Table 1 Summary of laboralory-derivate data for porosity and permeability for all the samples in this study
* denotes sample with leakage during measurement.

nd = nol determined




JNC TN1400 2003-009

10E-14

10E-i5

H sections

~@g— GR330 113H
—#— GR528 114H
GR205 188H
GR333 198H
—— Gr3335 2068
—@— GR334 217H
GR4:45 229H

—
d

|

(

10E-16
FOET7
=
2
HOE-18
FOLE-19
FGE-20
f-14
TH-15
{0E-16
z
Z OA0E-17
o=
A
£
.
1OE-18
HHE-19
10E-20

Fig 7. Permeability results of Toki granite as funciion of confinning pressure. Compiete cycle of loading and

3 1K} 150

Confining Pressure (MPa)

V seclions

200y

[

—gp- GR428 113V
—&-— GR331 114V

GR444 138V

GR481 198V
——GR331 206V
—3— GR480 217V
—— GR332 229V
—— GR446 fault

0

30 06 £30

Contining Pressure (MPa)

unloading of confining pressure for the H and V sections.

200




JNC TN1400 2003-009

WEHRR (H12) ¥l 4 EERABESRES

BIA MNEEEEZERLENBROSZKATHEOHETEB L UKEETI OIS
FRICET %

MEERE |8 &

HIBEEFR BEAS - WEREEECY—
WHRHFRESE T ATFLEWIN—T FRE T AT NET

PBAS | GL wm mek g | V=T~
WHEAY KERBERS AT ATSHEYE NE  FEX
BhEug BRIk 1EfT
TRAERIGFT | R HIBEEFR NS B
BREASE | TR 12 £ 4 A ~ L B O£ E FRE 14 F 4 B ~
(F5E) SR 15 4 3 A o H M ¥Rk 15 4 3 H
(FrzEE®]

BNEREREFHLUAISEY (A bV, FEF. GHH - LPG - [EMEE OHIFHZE MR,
w1 L SOV BESE OHIBAL 3 872 &) OREBIZB TR, H%ER - RELHZE EOREE-OU T 226
PROLND, HIT, KEEATEEDORBZY M FEL T, SNERERVICTHINZBENEL, &
ORENICREL TH BMEENAERE (FINE) CHT 3FENERICEEL RS, 4%, 351, gh
BREBEFAL I RNF-HEEROER® PG, ERELZEDLSIT. LDEETEHEOZ
WHOWEE, i, 8L NVEEREYOMBALS R EPRNINTE D, SEDORE DY GRS
EDLIBENE (R) OBERZVAICRA. S5IKEBEEEERHEL. BIICHE3EMWEVH
HRBOBERE BT FRETd LW SROEEAMBEL 2o T, U EDL S BHESRE2BE X
T, BiC, SINBROBMENBELZEZEL LABESEF N EHETEIL2BMET S,

(BFFENE (B3]

UTEHAERNBORMEERANS, G HEEB LI UREBRNE A FE2EL L L TEFBTICBY 5808
B OEBR DI 0L ZSOTHIHNBRMRE/ Y — C EBRT 2 &K, BV A M EZRLATNER O
BRFEBIOKBEEFVEERT S, £k, TREMALLET -5 ORM275. BENAREONE
(= S Y N b

—EX FBLUGHBEOHS

ﬂha@%%%%ﬁtﬁﬁéhtﬁ%ﬁwmﬁﬂﬁﬁémﬁb1%%%%&%Lﬁbh@éhrméﬂA

ETFNOBIEET D, 8T, BIFEICY 7o TIHEHHIES 1 R bAE D Bl et 0N EHE - ShER

LD ETD ERICEMTBE A X2 M EREEREA T OVWT HENERORENE SN & kB

HOZEFETFOMBERES D, BERRHEONEREIEEZL TioRd,

—Eh B OB EES L UK & OREN OGS

O HRAROENHIZ, BHAEL. /AL MELABFEE2EL TWA Z M0 EhEROTIC BN
TiE, RUENBLUOBERNZ A EEEL, BV AL MEGEER L -BITORER I OVWTOR
#E{TD,

@ HHEBESHERE R EORVWNSENAR. BT AL "REHEET AL R D a 7 (BN EREE)
ERGH - KL TERZIENTES, o T, BEEOENEF—R 74— EF—42ANTE
TA L bEEBOBABRBEIUOET A2 by g VR OESLOSAEEKOHIE & KM - Ol E
HORFEITI.,

—BENERICLSENEBROBR B LIUKEGE S BEGEIcT 282

@ THUNGLERWEENERICLSENEOBRCHREED L UVKBSHE S OREM 2 2 42H S
MIT 3, Hio, BVA M a M OSRaBEORIFTEEBORNETS,

— A MNEEEEZEBLEAKEBSTETIOBE

@ VALY alomE (FINEEED SAENZBEEE (EINEOERE) oRE, -,

VAL MEBEER L KBS ET IV OBEETS.,




JNC TN1400 2003-009

(EHEERE]
MO BNS ERAITHER (ENTRY) BLURBRHELE

GEBRIR (SREEE TORE)]

Tk 12 FER. FRINERICBIIEMBPREEZIEETS L2ANE L THERNIRZEYE
BOWr B EOHESENRKRICEINERORMABREENE (XA MY a VHEDER/Y
—RUERBORESZE) KEEL, BAREZT 2. £, ANERBLHTLTENERD
FREIEEPEME /Y — R EEBERERL N THEMI TSz, #iL, Z7Z7UN,. B EzAn
TeBEREERbERLE.

gk 13 FER, B/ A MEIEZET3HNERICBVTARORECYHBHIREICKELE
BEREFTLHASNDIHEREMD a FTEEERBEE DT OKASHL EZ2EETIRDIT, 74—
JWERCBWTHRECHEOBERB TH - ERXARARNOMESTEEN B I ORESER S ORE
ZH U, HEED a VYHEEOERE A I S X LR RKTRMEIROBS L UKERER EORIT2E
L7, :

TR 14 FEE. MIEEETICH 2 ZWEASTEEER., BLTRELDBIAEOWEEZERKL .

(e (UFER))
AER 14 F 4 ANSER IS E 3 AETIIT o EMEOAROMERBOBMEEZLTICE LD S,

1. ENEFREYLBRER Y T —IRE

TEEFEREEICE. 70U BT L — ROWHBARIT LS TR T L — ML 7=k H]
PR OEBHEONE<S<BHLTWS, TS5 O NEEBYEZRBESICESHBROS .
ERYEERERBRICOMTA2TAERAEREPICRLSKOBEHRMAE SNS. ZnHMgh B
MITH 5, BINEREAYIL, BEITRGEPHEHOBERE THoBRPITEELTED, Z0
BNERBEWEANTRESGRCHRBEVEBEERARZ L TEHNERERICB I A2 KERVMERS
Bilbo tbFETHEEI SNV a FRBEORMABREECER R Y MU — R UKER
o EfTo . :

TN BREYIIEERICOM T 2 HHEEOR THAERBFITICR SN2 B BN hE#ETHD.
HiRE EBAMNZBERICAIEMERIZIE. ZoX5RFNEREMEE SN, BEBFITICA
5N 3 Z0FNEFRESLHIE. —BRNICREE. KAGZ2L. ExE 1nm dHLZLbON5EK
cm WETSEHOETHRLTHILM, lom L TFTOHONEFEAETHSD, TN B FRESY 2B FRR
FIZAET BT THETAZER<ERRIIE m BL<ERY 1 TEESROZRM» S HEET D
BEahnya7, £ FEANCGEZRODETI/IEORY A TR ENLAS NS,

BH1IIZ. ERORERESBGEAIORIRE &FAIAMEMETHIRE - QMREOHERS
(BAN., ABRREERIOPRBOERFEEZRL .

2. BEERFADHEE

HEEOFNBFRESICIE. LIZLIEABROMNERENERDAENTBD., EE200:00 Xk
HIZABOTLEEEN NS KREEMIREL TS, SNEREYOSHBRSY—— (&
B) Zh3b0h5XKARENER (ABXy bU—2) OBEBH+H5BEHRETES, Zhbld
Sl EHENBREYOREPTHONIMICHRENH 2EEBRKL 2%, HRESPRIIERIC
EHINHBOREETAENERINEZLEZFBL TR EEZ S5N5, Hi2. BE3OQOERIR
@QLiFEW., ABNEAMBRANOES (BE—R I LH#IZAOMNEE (E—F D ZE2LTW3.
ZNIIERLAAOI N A 7 AR HEBERBE LR, EHOEERERZZT, Da/#EER
bhaZ0XSEENHEEN-FEEZ NS, BEE 2 0@, Frift—R 1 EOENE) &
BEBRICTEEINEY—ATHZEAOND. SEOAEN ST, FNEREYEZRANWS L TE
BOBEEHDEBORT, ARXy M BEREREETEENTES,




JNC TN1400 2003-009

3. MIEOBIEE

FNBEROFTARAEELTHIETZOR. EOMANETSHS, BH200. @, ®izil. BAE
BICREZT5HOEFNEEZRLE. B2, BORSNEOF ToAFOEGHEEET I SDNEY
BKRBECYEOBERREL TOEEET D, £ BHOEINEORMBRPHESN R U RIEA
HER LIk T KENRE (MRoOBRT-OME » %) OHENTERBSLH 2, 21T,
BEE20QLDIL, ANBFEBEHOLHD SIBHRICENRADIETH- T EMFAZIZ EHICER 2
DO EIGR, FTEHOTAD S BRIEAEATNEZEMNS LFTHEMOBAELENENEODE
ETHRLHBORETICEPNAEZ LTINS, £/, BLHOEINEOPTHODEGD L
DIHEEBRRENEZBDEALSNANHDOHNBD, ThE0ARRy N — 7 BEDKEBHYEEO
BWaEEZED. FINEFREMT. masmm&rw&m&%%ﬁﬁ BN EBEORRAERIEET S
LECHBITHDRFRTHIEEILNS,

4. ¥z VEEOKENRE]

A MEBERTAENERCBNTE A MATOERERENR D E AN g Y
HTHD, TORTEIHEEY a THBELRATHS, iz, BEREAT RN HEED 3
JEE, BOMSENE c BONSHEREEETI MO HGOBEERELTETFANZ LS
D—DTHB. TEOENEXRBEYOFEEN S B EO LI RBERNEREINSE, BE200L0DT
a RENSSNB XS IKHOMEEARESY TREZSNTEY., ERRBEOSEOETOHOS
HB. Fiz, FHA2OQIZRONBZ X I BTa M, s, BV AL MY 3 VB O= kT
EROPEEBELREORMBRC/KEBEMEREL CRHET A L THEICEERBICRSEER
S5NTNS, ZOXIRTNEFREDZRANED a VEICH T 3 KBBEBE L EORMN S, =T
KRE - DEOBEHBERLILTOF v U RNHRRHZ ZENBITONS. Bz, BREED g Vi8S
HORNZHBEEE2ETA MDAy — wk%ﬁéﬁﬂTﬁﬁwrﬁﬁ&bfwwﬁ%ﬁé&%
Abnha,

5. BREOBEEEHEE

FNBREYL. BERPEFOTO AN X LARUWEBEZR EI2B 5 /KB E S & 2 HEE
THLTERCERRERTHS. THOY a /BERERRET HEHNEREYOBERZENS.
INSORNBFREENL. P EBFENEROF Yy MU #EEE U THREOBERTDN:
CEEHALTSND ERICBRROERENH B I & HRB LTS,

¥ a FTREOKERBE R

TT AL MEBRBITZ Y a FHIT. SETBRARELSAKSS - BBRKEL TOBEEEED,
LipL, BT A2 b DREPEZEICBITIRBEIC K- T, KENTBENREED5TI LD
HAOND. TNRET AL MEBOEFHERICERTS. 7 A2 MEGEIT. Z2ENICHER
R SR —FOERK L BB TR FRERBIC UL VL /MERE (BT A N OEEET
BMRENTNBIETS. COXSARMEHER., /A2 MEEOREREBIC L » THERENOKES
TOEESBITHEME, TOBRELTOBEDRDERISND, LT/ AL M eyal/HBENkas -
BEREELUTHEHICRET DI, TORBREERELVWIREERTIENBRETD
5. k%ﬁﬁﬁm(kﬂﬁ%/%)ﬂ\ﬁ%T%%ﬁD&W@m(&tﬁ}/F)Et#ﬁ%éﬂ%
CERIVERETENETHS.

ZD&>72Ya FREOKBHBENRIT. RENEEEEEICRITDRERD D a VHEDERE
PalfnETRISEFRINSG. FEI K. €7/ A2 MG BT 2 /KEREESNRER U,
HOFORAX, KEMEEHRNFEEINDLIZTHS.




JNC TN1400 2003-009

(BRSO KR #)

FHATHOSNZARRIL. 8LV EREY OMBAMRRICBT 2RB/NY TS %
TOROBER Y N7 — I BEFTCKE - WHEBTAN X LAOHHOHERICKBEN TS,

[LR—b. 22 - EBRB~OREHTE]
ENEE

1) HEEEW - TIRIET (2000) : FNERICRSNB S AL FMER O RN & KBRS O 24,
AAIGAMBEARTR 12 EENRERZDBERE p.153-156

2) EEEH - BRI (2001 : D a FEEIIBITS S AL b OERER S KEEERE,
BAS A E E 2R 13 FEMRRR2BEBUE p.291-294

3) HEEH - FHRIET (2002) : BN EFRBEYICE 3 P 3 TGO S RTINS K E B S AT
HAESAME 22T 14 EEMRERZDRIER E p.173-176

E R

4) EHEH (2001) : BEHEEED ORBNSITET S A EORERR &KE - EBETICET 2%,
BREARTZET S ay 7, #HXE. P141-153




JNC TN1400 2003-009

e #

B ORI E & S L

Ta Y s SN E Y

BEE2 RARENEREYEHOSINERTI a JiE -




JNC TN1400 2003-00%

BH3 ©7 AL MESIC BB KEAEEN R




INC TN1400 2003-009

BEEE (H12) ¥kl 4AEEWAMERESE

HEKIEZS S L T R OISR TR BT 5 ALRERNSE - {ba, HERUEE L CHReE

BET =X | i b BB A = % I (O

DiRERS |Gk EiE

WAGHE | RENREE S — MEREFRY L — iR |
- R4 | R Bl - 5 |

WHREIEERT | MiBHR et 27— BRI

BEPEME | ER 128 48 ~ Mo OE E| TR 144 48 ~
(Fi) T, 15%# 38 BoR M M Y 154 38

A1)

KB E A HRRE I L A RETHNGEOBRAELER, ThbbHERZICEDL D
EEEZREFETHEHLSMITZ I L, BEMEOBER2OALS T LA ANE R SicE>TE
ERRETHS. [ PRETFHTIEDITNE, BRICEI>ERSOTOEIDP AR LA EMFAIZ2E
MICHEATLILNRTHS. BFOBEFHIIEEN 1 FEMOBTERICHES BREHHOERE
LTREENZbDTH 5. MR, T—FYOBELBEMEOEAERY 26, KEDHEEEE
IR LZBE - O 7O A 2B AN DERICH LTS FEEHRTE L L iz, BREHR
WA OMBREZEEZTFUTHIETNERBETAILZANETS. 202D, HEICHETE TR
RFERFEEZAN, BE - HROBMEEIEETRD, FOAMIHEL L EREOBIBRD
EEROMILT, KE - KBEZEOEEEMERLD BbBEVBESHETHRTIRENRS S, X5
2, HBICRONIHBRBERICIEBEL, FISENALERE L EEEEOBYEN S IMBORRE
BREZEHAED, BERCACERECHRBERL 2 HET 2HNNLETH 5.

(FFEAE (BE))

BB X MEA OER S EHEOHTE/T 0, HEF TOBBERICHE - FEETH 35
MNCZT 5. HRERBHICEHT a0 MRERER I EHENOERIC L ST, HEORRICE
Ebtﬂ%&ﬁ@ﬁ%ﬁ%év—#yx%ﬁ%ﬁﬁﬁ%Egmﬂgﬁﬁﬁwmﬁnﬁﬁéﬁﬁ.ﬂE
BREZRET S EICKS T, WE—IEBRY 7 NICEEBELHOY XLEELED. EHRLE
RIEEOERZHEL, MBOBKENR - HIHEEZRD5. 351, BREEB*HRT IS T,
BRABREREODDZ | DOV 7)) (BlE) ObTHEEICH LU TE/RAESTS. oL, o
EDODHBREEBRICEDMOERIEZ bR ELAEREEL TWAONEHLMNI TR0 TH 5.
TNZHONITTBH I EICES T, KEERBRIAY FOEECHE BAD L THEEOE
) BEEERFLD. AL E, HBMEHEHORVWEEEEEYOEBSEINE, BY
DRELTOHROZ[HEME, TALEBECYENBINAZ<Embo TN, Z0kdiz, —#E
WIBEOYHEERRICE > THOBADINZINTVWEDT, ZHEGEEBEIZTA I 0L T,
BEREOYHEREOEBEERETHITS. Ihoo@hicks THLMAC I hAREBEDEEN
5, MWKEERBHIERL iR RREOISETRICET 3355 BT 5.

(i A EHE]
BRI S >y — KR o




JNC TN1400 2003-009

EdRR (MEEE TOME))

AL 12 R, 1) TERAFAERRDOAR—Y 27 0 7iRE 4 A58 150 GLANIFR 2 4,
HIEIFER 2 4) DU & BLERE ORMBREN S &L CERNEO—, 2) FEEMUFODY, M
ZNRZ L O T 77 80 DM, 3) FREELIITICSNT 5O RS L ORI ERR
DERRED—, 1) 3 EOEEHREEML .

SRS 13 EREE, 1) FERAFARRRIOR—Y > 7 37 3 A48 650 QLAIRR) O
B BLAREORRMTB LY, BILE 11T REBOFERNE, 2 TEBMUMELCAHT 55245
GOFABEB LT, BILE 58 AROERET, 3) RUONRE 4L ¥2MRE THERLE.

T 14 R, 1) FRAATARRADOR-Y > 2727 ik 585 N BLE 126 B 0%
REIE, D) FEABUNEDIC AT ABARER LY, AT 64 ABOERIE, 3 BXONE
B 5 ESRNEE L RS LE.

(MR RE (LEEE))

1 RUwk

BEOBBEEE, B0 L WHBHRTOLEREOHTEBIRI ZLICL>THIZ Z &N
TED. 351, WEOFCEVEETERNTMEANS L, BEREOENELETNICHTS
B - HEEROL AR ANEREND. ZOLSHREEABEDET, WIEEHEEELx
BA - ROV A 2V EBHMBIETRD, TOY1 I VB LEBERKO 7Ot AEHRAS 2 &
BRAHTEE.

2. A+ ABEMIROEEHT

T OHILTI, SMBICE L BERIC BT AIERR, TRbb MRS EEEETT S,

ARBEEN OB SNBLEHEDOKNES I, FUKE - SFTEALEERI SBRINZOT
i<, ThENAEARSEME - B TEBLEEYIESLEWDYS “BRERE" TH5. L
HoT, BoNBRE#> TERIEOREMN 2T, WREARDHEMBEEET - HrT 25
Kit, THhOARAUER - SR TEAL T bOMEHAIBIKT ZRERDS. RKICHEOER
IHEREERERD ZIES, BEES (tine averaging : BAaSRBHICAE L TWiAYiiFE —fgiE
TR LIRS TS LIk D, HAEMOBERLE OBENEELINE L) OMEEFELAY
SR, ZoTCORETIE, BERERBICS SRETELE BANREREEL > THS
[ BT ElT, "CERREEBZok.

COWETHERTAR-U L Z a7, SRR 7RSS, BREERRALRERY
THEIL2DDOTHS (51 R). WEORERERERD B0, I7HH565E5NEBLEOREH
REEREERDE. ERNER, HBRASEIF—OXL FOYTHEL, MEEOBFEHER
Stuiver et al. (2000) @ CALIB 4.3 ®FEBZHW, T—F vy b3 ZHEALL. ?;E7J<0) =N
—ZHEIT 400 E & LTz, B Va7 OB ARSI T AR TR MFEEE TOHE
BIrFNENTEREATH S, ERMEEZ, R—U 2727 34 MG, MG2, MG3) TH& 31T AR DF
FREAER 12 EEASTR 14653 ARETIZESNTHS.




JNC TN1400 2003-009

FEIATRTAMNS LA, THME, LR, Wik ERENELT D EAREBLOY Iy D
aERY. Che6OHBEREIIFENZRLED VCERMEN S, FEEROR 6, 000 £/,
HWAROETICHE L TERERIEIANET 38R TERI N LBRINS. HEITEEND
4 OREREEFOR THEOHRHOERZMET 2 &, FREIR D BEL2FF> THESEDL. ZOMHE
W, EFREESORBREEETROAEL, EHANTIEENELAS. HZIEESHEIO MG O
7T, RERORRFER (FH/MERE) 1356, 1004, LHOAREEE (LIF/REE) 1
400 EEQERIBERF> TV B IRK). —KOEREEFICHCRAD S NEREN, BRIZE-
THIRZENMBOES 2EUMIZRT EEZ S L, HBREOBEVWIX> TREDESWLOR M
EWMERZZEEFRT. Tiabb, F& « #5f1 N> FOREY, THMRBEICBWTHEY 6]
ESTHBAMEATRESHNHEFRYEMVAATHERMEZZTBD, LMERETREOL IR
S NEETH S EEIREIND. FEIEOR—) 7T THRS L, M6l M5 NG2 2
TNGS (Il 5D A&, BEMORRBEEBOPICEENSHBROEABITHEN, #6,100
F, #94,900 F, H 1,400 ELNE<70D GEIRK). Ihi3, BEEdHSHEBYIFMET SBET,
BNTEEARTHERE D ENMBERICELHL TWeZ &I2k5. BLEORBRICKD, HEL—F7 2R
FOMAMNBMBEOBENCL > T, BREREOREEE{LICIRERENH D EB¥bho .

IN5R, BREEWD Ty T X TIBWTHEEN 5B S HEYPAET 2818 T, B
EHREROBELENSHBEIBE SN EERTT—FTHSE. ZOLIIC, HEPICHEET
M EREEAND Z LK T HEOREREZRHELOF TREDTHTENTEE LI
. INEHBESEAOFETEFEU DTS ZEICK-> T, KEEHOA>EFZE O %21
saliz.

3. BEUCESOSEHH:

ZOHIKTIE, RBRICBITHHIERE. ThobblBREEaEsETT 5.

PISIEIC B DM T Ot A R 5N B0, TEREIITETCANT 2ZFROEE T
S2TWA ELR). ZZiZa5N3EHEOHEEYIL. NBHEOREFET, 5K 10cn B0
BYSHENZEBN 5723 (B3R, COXSAWRARIE, BERORIHNET BB ISR
2, BREEARSF (R h—A PRI & BRER E) BIORK R ERIISHAT S & & OB DE
LIk THAENS. T I TRONIHEMNEFRHOBRERIL, EENSRLEEO M HF
B LB EOMKEREDRIEIZE > THEIZL2EBETHD EHEEINTNS (Fujivara et al.,
2000 22 8). THSHBICL > THRES N Ry ONEES L 0ABEEFMCHARB Z &
EoT, RBRIZBIT 2 HERRBREHSMITEIENTES. XoT, FK12, 13EECIE
e, TEELIHHEEREZRENSEIMOOBEERFEL .

I THZEEINBZA R MO ENENOARIL 4 DOy MR I N5, UL RS




JNC TN1400 2003-009

52w hTna, 2= bk Thb, 2= hTne, 2=v FTnd &5 (B3X).

22w b Tna QEERIINARAE T, T OREMIE TR NEERELELOLEbIS
HtBESRICES, FFEES SUUNRBEOREL MRNDETSS. 20 LB s
=v kb ik, FAERPE3< STHATBEDNSE v 7 RESHELER X N 5 ks R
BEAEEOMEREOLS Y FTHB. O LRIy b Tnb /5B 3 EWES X -
LV NERBOMEBN 551y b Tne AEAS, BHPIASNBIoy  Tnd 1k, AKA
BETDIINMNEDSRY, J—I VR EHBNICEETS. Z0& S BERNSENNICE
BeRicEns. -

BB L&D 21 N MERMOREL, EHRICE > THRINEY —EF 1 b, Z h—Al
Eo THRENET P RAT A FERRAY, BT > THRE N ERYICRE 2 EHE TS
BEEISND. COXIREEREDL—7 Y AEFNO—BLEB T o,

C DX D RRAFEHAT 2B HERYIL, AMBCE LA TABIRO 27 ASIEAHIRTHARN. 20
BHOVEDE, SEUAPHEBED LS MENNBOBE, A h—Ak 3 HEERREMIE
o, MEHRITRE NS, TEROROMREI L > TRESNECETH 5.

4, BFICK > TESHDIC EN T KBLAEDER

B OFEHHRIC T, A RIERIC L > TESEDIZ SN B RS A QERE B
EUEOTHET 5.

BELERIC Lo TR NLERE, TbbE YA LARE, BEX AR AOHEM
SHEINTNS (Kondo, 1997 ;55HE, 1999 758). LI HALERIT, BEDI F—AlksEe
D3 EITRBRBERIERDE L, TRICKHIS LSRN e EAE B S EDIc B> THRENS.
HREPICE< EH - KHOBE, £< OMINMENICATICED5NBE, BEOEELS LI LT
WL B8 E L > TEZAMA> THBLES 2550080 (E4E). 0L, BHICRIL
B OIRBUEEOEBRBICE > THEETEH, BUHHCEKRL TEERLE bOIRBESSBOEE
HREWTICEE NG, LEdoT, BBTICE NS BERSERT KGR, AR
EMESIARY MUELEZ EOFRERS. OLSBRESKELEORRERE, BRICELE
B ORELE MY 5 D OERFRE LD AREMND 5.

AN OERIFIE L 2ok 510, EEHER SRR BB R 5105 . FREHERIIL
| BIERESIEBEIIL MG, TIHHIHA, AARFLHA, TIYLTILAA, R
UHA, FAEEINFHA, TIFrHAREOKRALGEEED U< AMKRERTED,
AL 0BEOHBICHRLLMET, JOREME DI TR — VR SRR, — R E
B, BESEY v —TREAEERL, BAEE OIS I TREOBRSEMED R
BESD. EAERAL, EEHESIIT ) — VR S BT D T ORI, | E R
RY N THEENEEEZ LN, KEOR, MAEOREEEL Y XRICED. T ORRHEIIND




JNC TN1400 2003-009

WA Ry NERYTHS. CoREENBLARTIAAIACPINIACITMA, E T/ —%
RIS ENAEA SO RESREOCRAES (BHELLE) bOREEN, BHEINGE
WENTELLOMEELTND. ZOA N> MERNOEERD 549 10cn TALIC, ERSERLS
LWL BBERTIVIYITALHAIDA IRF VBB 603 EIR). o6 OMIdHE
BRIcEB<iB-> TABL, KEEKPICHLTESR TS 27 2B TBBYIARETH 5.
—RREic, BEYIEE RS IIEATARICERIBE L THE2RITLENRWD, BFREAICZL
W, —F, FFEEINFHA L EOHBEMRHFIIBEBROERRELEDNDRETRONS ES
). KEEZBER EICOIEL, BEOT MUY AEEBRTLHHMMAEEOERES, BEE LOMEERL
THETIZNENRS D0, BNAEBHENEZH>THS. TOEHEHNOEICLST, VTPV
AVHA I ENSBERA N MR BEBEN S OBHICRBL TEEFR LI LITHL, F4E
EINFHARBRBICEHL TEOBRBEREZRITD I ENTELEERNENS. Tk, REBERET
HEIYVVITAVLHARER ) Y VSR ICEERRSETAHADT NG ZEMS, TORERR
BT UREEA XS MY COHSTIE, YT R LA BROET & SRR ERE kb
SR EFREING. Tizbb, 1 MOEEIZBRECR ML EREEORBEAZEX S NS,
HAHREDKENRSDABEREICBOTE, 1R MNOZENEBRLV DHREEAZREFIEEREE
THDOTHo R EHBNEINSG.

itbbh, BEOIRFNOUEERAENS ZEVRASNTE>TER.

5. EEEILTS 0T

INLOHIRTIE, SR THRELATFANLDEVRETHER TE AN EREL, TFLO
BEEBIAS O LEFRERRICHREB IR, |

HEED IR RN, TEEATEREIE, TRAKTRILE, KRR TS
RN

AERFIHE T, §— FRESGO TREREEE @ERMALZF—Y 1) 25ATF
B (AAF—T 5 £TO5RBOABEHL TN, 21NEN I~ EOIEE - ¥HEY 1 7N EL&HLE
RS —r L ADNSHREINTNS, T OHSOHERMILER & BE & 10 k5T | MO 7))
BL, TORMEEHED S EERIE &S BRI R KRR TONEHERYTSH 5 LM
Rans., CN5ORET, HUHRONIBABESE, ATARRBRONECE LIRS0
RIS SR EEASN5.

ST AR TIE, LRESRO TRENEIE (LRORKTEAYE 2#ELE. CZiAT
ABIRIC BT BREHO D THB L HEERTE D ERETH o 2 EBbN B Y, LADEEREN
B, HEEBIRD LN TELTF—F MBS NLM o

JCEHEEE T, B ESO TRBR MG @EAMALATF—Y 5 ATERYE) »E




JNC TN1400 2003-009

HLUTHW3, ZoHBOTRBEIZ, ToMBORERR EHBERORKEDN S, REZMSO TERRE
HETHBOTREEREOPENRBETER IN-HDEEZLILSNS,

(AR D KL

COMETIRBEDOHETERE S, WEOR L WHEFHAT S LaREOIET S ZERXE> TR
ML a5, HEOPIRBRWEETEANZMEZANSG I LICk> T, HHREORKE
LETNICHT 2RE - HIHERO VARV AEHSRICLE., oL, BEE, HEDE, &R
ZFEHRATHILICED, HBOER IO A2 EER mumo;amr% & O BISERMH D BARRY 2
BelEORRET I ORI TER.

BEIZECEER - R D2 0BEE, WKETHCEEL ZMERROTPRICERTS. <
OMFETHS P LB TOMBHRA T XL 0FMIT, BEMBOREETFATEZLICE
BL, EEHAWITT oA A EZEICIEATE 5.

[LAR—b. 285 - EBAEANORERE]

BAFER

S BE W m%‘f‘fﬁ’é@?%&%Ekbb‘éﬁf‘ﬁﬁ:ﬁ@{b@—% 2002 FHABUEFESRE
2002 8 A 23 H, BMKZE

Fujiwara, 0., Kamataki, T., and Masuda, F.; Significance of sedimentological time-averaging
for estimation of depositional age by "C dating on molluscan shells. AMS 9, 2002 & 9
A10R, aHERE.

BEIE 36 SERE - EHYEW - A - MAELE - BN T BRMEEYEBHT OHHE —

: AT -EEEOABOR — ; HAHBE%<E 109 F4, 20024973 14 3, FHREX
=3

B 3B SREEE . BB RBENEL— AT VEVET L — MERBOBERT >
v )l bEIERIE S AR A 2003, 2003 4E1 A 16, 17 H, JLHKETEEEEEAE.

E3'e

Kamataki, T. and Fujiwara, 0., &%, Example of time averaging within shell beds from the
Holocene coastal sequence in the Kujukuri strand plain, Boso Peninsula, central Japan.

Fujiwara, 0., Kamataki, T., and Masuda, F., ##i"P, Sedimentological time-averaging and 'C
dating of marine shells., Nrciear Instrumenis and Methods in Physics Research B.

BIE ¥ Sre(s, 2003, MERASERY Time-averaging @ "C ERBIEIC L S HBFEROEEITRITS
HEN -ERLEOMNEEOMAHN S —. HBIRKARE, 42, 27-40. '

R 5 - SERESEE - BA F, 2003, AEBICBI A EIEHEM ORE SR SBEER L OBE - B
B SO R OR. BN, 42, 67-81.

WWOIER - BEEE - R 1 - AGHEE - 85855 - BUE— 5D, BEEHA—-V a7
BT D E O ERMROBEEE. FEidirs.




ag° v

sS4
B

>
-
-
.

JNC TN1400 2003-009

140°
140°

L

iy

<HE -




JNC TN1400 2003-009

R DIACE B

X

E:b

SENS8

MG 3371

4R

o o oo oo
mB mB WB
o 2 o 2 o 2
— — . —
o O e [+
i T | sl .
o L o P o
(=] .- ~— o X Q
0... |||||||||||||||| Olool- El Ol |||||||||||||||||| “ ||||| El 0’ ||||||||||||||||||
[0} WY O [+ QD 0
' = il
L8 S
o * el o b o
O o o’ Q ! o :
O brmmmmmm e o2 e v s J S g SO I - S S, AP S
w0 . - 7@ nDI 6 y . g
[{») n
o= : IS . i
- A.—._m o ) MM [ A
. -] t, afe 4
g S L_____._ . P B ¥ g | _-_ & °F
N <+ ) . 5 N <
r mmnou M
- - . - o (3]
) o P L J o
= S [___z2r4-___ =z S
o~ ol
_M Bl i
]
& #
< o) ™) o) in ©
: °© % T 7 § qE X
h-}
T°
: = 3 = 3



JNC TN1400 2003-009

Loc
b

45 T2.1 ~ T2.

T

Sw

—-

’ NE
~ ~ enlargement
- /area 1
o / Tnd
) /
Tnb

T2.%

E{Landward)
loc.d5T2.2

NB3E

W(Seaward)

NE7TW

A
==

=

[(-.0] rip~up clasts
[ plant debris

paleocurrent -'dip and strike of laminae

255

fE L Hhis TEE = N 5 2K HEEY

BEFM, 2003L Y

o e

fine

Co i
a!"'s e



JNC TN1400 2003-009

HOE  REZHMAODOTRT e ZER
Kondo, 1997, iiBE, 1999&Y




JNC TN1400 2003-009

WYY AL (Callista chinensis)
 REAVMEBES

AAEE®/NFHA (Macoma praetexta)
MEYEE

FH HELROEREE




JNC TN1400 2003-009

BLmiR (H13) Rl 4EEMREHRERGE

Wy —< 12Cr 7 = 51 hiZF W= FBR ABEMICOWTO LBB ICE§ 52058

WRERS | & HiE

RETHES = BEERET
PBT | mksmna misEmis -7 | HEE | -0 -5
Bl % S BA

BAERSEN | RET¥EE Y — FEIR

¥k 14 £ 4 B ~

BEMEHIME K 13 #£ 4 A
3 TEE 15 # 3 A

(FE) T 16 £

TR &

F
M

H s
o

H

[$F42 B Y]

12Cr Ferrite Steel % H 3 /z FBR A EIZ DWW T O LBB i i B3 5%

1. ZU—7#%%T® LBB i
- F—Z2571 FHEERAICEEENZLBBERD 12Cr R 7 .51 Mg
WZBWTORMEERRFEL. BESEEELESX, TORERLES.
2. BUSHEEBELARETINAICBIT 3 /WM O3S
—  BIRD FBR #:40 & 2B 0280 I8 A R L Wik 2 AIREREIC
FORAFET S,

(FFAE ()]

WEE I3 IC BT LBB B ZHWT. FBR AEHEM &S L THIRFE NS 12Cr 7 51 b
HichisR2EFELERLE. TOEEMS., SEERBELBBERZBIIDODNVWTROL I
WEEREZEREL., FECBITL26BLERLIUEEE-N>/; 1) AR HZREELERBIEIC
BUIBBEELRETEN T TOESHBAOEMERRE 2) MROHREICHR> LR EERBEOT
i

BEO LBB Bifild, X UTEKFOMERERUMBIZEEL TH D, SREREHIC
K AEEM R EOEM. IEORAMBRE TS T 3R 2 HEMR UL E S
EEUBBAZIUFMEFONEEL TS, FEOLIKFBR DX LEREED OB
EEELH R HFETFBR @ LBB &£ 5 &Itk > T, BREOEHEERTVIERE
HIRERENZZERDEA A FLEREENOREEIIRITZENRT A—FOREBERN
HEBEZTET B0 ENREENS, '

il

(A EEHER]

NV VEREHET OS5 A FINAS)
HHM B RRRRBRRERRE T 25 —)




JNC TN1400 2003-009

(MR (SREHEETOME) ]

MEETHH K 13 E/IE, KB FBR #4517 5 LBB Jﬁﬁ’d‘f%ﬁl_ L. BEH

LLTEEDE.

TRk 14 Elﬁl‘l ?I‘JJ“HE'”TE%E%IL. A>T LBB fHEiZk 5HHBOBREER - -,

[(FFERE (YFEE)]

(1)

EHENEMOFMEIZ. 77 hOREMELBEETBIRT 2EHORSETME
R\, BHTERLRIMEEE THoH., SEFOFMEET. BAFO LS RERS
BROELTWEEBEMETFMERE Uiz, BEEHE—AICLTWA, Ll
BB, BRBRADIMBNOE X THS &, ROFMEIPEHEED FBR #iE
BRIV RTFROFM 2 5BnRH 5, T0izw, FBR OWESEMZ1EE
L. BRUHBBTEHIC XD EREACEMNOFMERLETHS. FHRTIE, FR
BRIBIT L BTICESINT, BEMRRIEA LRMIFIEHEZT 588 TOERE
AEMCET SMBEE RN L.

RE T2 T 2FIRTOERHEANEL (COD) FE
P, FRERSE L, BLRSTREAIC LS COD S#MEFMERMTICL VK

-, FTOEREZEELLE. EISHIETS COD x5 LT O Tada-Paris DFE

flEES L AVvbng,

5=Zve

(0
E=alW

V(£)=-0.071-0.535 +0.169£% —0.090£* +0.020£* -1.071—;—111(1-5)

E Plane Stress Condition
E'=4 F

- PlaneStrain Condition
-v

TIZC, S a0 WERBIOVER., Th2h, STEOEM. *HEX. BUSA.
OB, MRS, BMBINEAOBRTE THB.
KDL Y, BEHTHT 2 COD BRIEFEELTOL I L,

Vm (g) = 5m E ’ | ) : (2)

4o, -a

BG5S RAOEBOBITERER 1 ITRT, Rl12b, THERISHAEHT
FHFE L Tada-Paris DRXR L W—FERLTWBZ Lbhok,

wiz, BMITIEABEROSRAREMNE RO, HIFIEHATNROERE S LE
ECTOEREAENM BIRVA) OBERZRITCIVRD, 2OEREUTITT 9
BRRTTA4y bLlime 749 F 4 IS BEIT01%UTThHA.

40'-

8, = v, (&) 3)




JNC TN1400 2003-009

9 .
=24 ¢
0<GH,.S().9
Ao A Ao Ay Ay
1.0549 |-10.378| 93.101 [-490.58| 1589.1
As As Az As Ao
-3210.0| 4008.3 | -2954.0| 1143.3 |-168.25

(DR & (33> COD EH T VE)D B 4 [ 2 (274, BUow LT VEIXEFREM
578, HIFICHL TR a/W=04 £ TIIRLIETL, ThIbicRd L HiET s,
ZOBEEPL. RLEATHE, BENHEALTHRITIENOHREPEND &1

D .
35 rrrr JNMNLEL I S AL B o 3.0 LA LA NN BRI BRI
Tada et al. L Mmﬂ!:rane Stress[1] N
o Plane Strain o a5 [ T Bending Stress ]
30 {Cenler of Thickness) - - 1
- o Plane Stress L] 1
(Crack Surface) ] 3

Crack Opening Displacement Function; V(a/W)

0.4
Crack Length / Plate Width; a/W

0.6 0.8 1.0

Crack Qpening Displacement Function, V(a/WV)

11

p bey e b s 1 1 sy

piaa lai

0.2 0.4 0.6 0.8
Crack Length / Plate Width, a/'W

1.0

& 1

BIGHIZHT 5 EHECOEREDES

@2 TSI 3 RO & 25 o)

(2) MBERBTEZTIRETCOEIHBAAEN (COD) Fl
S TO COD HBENCET 3,957 A —F L LTI, FRERUSHAERUVREDT
B TH D Rt BRETH B, BFEOEIEH<—ADOHEMT Tada-Paris FFHE
RO GE/EPRI #4fi#2 % 5, Tada-Paris FHikIT. Rit=10 TO B0 EFET
EL., SZBNEHARE LTRET S Z L0 COD OFFENFAIERIZAR 3.

Tada-Paris OFFEE
Rt=10 .
IA"" = i-‘E‘”IL("“:'RZ )Im (B) (4)
i 2
1,(6)=2671 +(£]2 {3.6 - 13.3[2J + 24(2) }
T 7 T
| | (5)
3 a s .
+ (—Q—J {225 - 75[2] + 205.7[2] _247. 5[ﬁ) + 243_(_9_) H
b2 n T T e

601 gél"- (6)

(4
— )




JNC TN1400 2003-009

(<o <100°)

CZIZT, RIZEMEDOTFIHPEE, 0iTxRLERTHS.
GE/EPRI OFE{GE:

5,=2%ny [35) ®)
E Tt . .

1.5 3

V= 1+A[4_55(9-) +47.0[3J ] )

¥4 i3 .
025

Az[O.IZS(?J—O.ZS} 55?510 (10)
025

A=[0.4(§)~3.0} 105%520

 (0<¢/z<05)

EROEMEZ. &K R=20 = CoOREOPLEICH L, EEAICBIT3 COD @
Tl L 722 T3d, —HFBR @ X5 REBUEHEFoEmi, fsketoian
BRIt 23 20 PLEDBEREL, OB LA EITIEARBES LD, FDkd,
AR TS T TOMTRERIZE ST Rit=160 £ TIoxf L, EE:EmiFnAs
1% COD B Z R, FCBISCE L TR, BREROOEANDL, BEFORH
BEUCABCOERLZTMALEEINB-H, BEORE., PLOBEUASCORE
R,

BEECIHRETIEANC L5 COD DERFTEFRO L HITEDE,

Vin(?_ _-'EJz 5»1 -E

. 11
"\z't) 4o,-c, 7 . an
V,,’,"‘“"[-Q.EJ - OnE (12)
:r r 40-!7! : cmean
V;uf[g,ﬂ_]:._M (]3)
x ! 4o, €
V;**[ﬁ_ﬁ]: 9 E (14)
Tt 4o, -c,, .
Vbﬂm (2,£]= 617 'E (15)
R r t 40'1, “Cour

ZIT . RFEMRO b IR ENENEEA L BETREA T COERTHE D L 2 BT
. 728, in, mean R Mout (X, BEDONE., PLHMECAEE2ZHET 3,
FREZOMTH OROIEBISICH TS COD BERTRO—FIZE 3 ITRT. 27,
BEITIENTH T 5 COD EBREHEO—FER 4 1R, BFIERUD~015) L @itk
Thd, FHEOERE, DL, TR & FBCBEEAICE_RTIRBTIEAODEN NI N
Z LB,




JNC TN1400 2003-009

Nemalized COD, & §/mR/1)

3 .ﬁﬁﬁl;ﬁ‘é‘éﬁﬂ%wgﬂﬁﬁﬂ EHHRA=10)

° vy (FEM)
| o M (FEM) |
T oA v (FEM) T
skl ~°°° Vm(T-P) 6|
e V,, (GE/EPR]) . s |

Normalized COD. V.. V,
e

I\ Wyt
0 F

Viin

] 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 03 0.4

Normmalized crack angle, &/n Normalized crack angle, 6/2

(3) EEH

FREEFTEAWT, ﬁ&aﬁmﬁa&Hmﬁ%mwéﬁﬁwéﬂﬁnzﬂ%ﬂ
ALk, ROBEITEIS X~ OFHBERAEEIZFE L TR Y . RHR TR ish
NR—2OFMANEFHZICRE L, —F., SOBRSIIEEOER~L—2 QMmN
RUEFIIEA LB ZE»E, FBRA | REEROTHETH S Rt=160 T ToX
REANFEHERE L, MR- A0EER AT >WTHREOMEE

TRMLz. EFHCELHL L, BIFISNICL 3 EEROEMIIBIENIC L 2D
Ehanz il FROKREFITIZFIFEADLER-TWBZ L Rbhot, ¥
FOHSRKENI2PZE 0L ) RERBBEEThHo =, FHEORBE)H LBB
BEL Y ER2BRHEROBEHNBTEICRY, HEEEDICR T R FMEED
mEALPBEFEIND,

2. R6HIT & AR EREBIME

(1)

MELEREIC R Sh =MDtz & 5 LBB O RIZESVOC SR+ &R
BOEORRERF L. EORMNT, BEDOTEEMBEEMIC SVWTIL, B4R
B £S5 BEFEOERMEG AW b, BEMFEEE CEETE 5 RE BoR
FE1To7. REEORUMRIZOWTIHT CIIEL OWBEEFERH V., HICFBROX
3 RERBEEY CORSEFMICLBELTWAR2E25N05, M5IC R6 DAL E
BB+ 5,

Emmumﬁmﬂﬁrﬁ%ﬁ@mﬂamﬁﬁow%]ﬁﬁmﬁﬂﬁﬁaﬁﬁ#ﬁ%
#HOLPRD, BEEMEE (FAC) 2RAVWTXEHOERYEZR L, TR EMHERE
RRFEMTE 5. BFOEMREAESASEEESRRIZE ST B Z LT L,
R6 B EE (EPFM) oW T HEMMHOFR R ERETMeTaEs +5 2 Y
v FEET B,

ATz, m41&+Yt—z®$@bJ/f%ﬁEL1%&@0m2kiéfﬁ
EWEFRMO—Fli 5T 3,

#E
Z7=x=74 il (HCM12A, J-R I3 Mod. 9 Cr - 1Mo)

0.5

B4 BEmEihiFRAT 388 0 & B DEH (R=10)




JNC TN1400 2003-009

kR, E=166.0GPa
BRIEH . av=333.0MPa

| mamEac” PERRER
. X
Y72 L A .
," \{ ‘
nf‘ J’
S
g FREBMRE &
K a N
‘l’ l e Pr - ]
’Jl L % — Z
S R T P
L] L 1:0 l.’mn:

® 5 AR ERRFEICAV D R6 D&

MBS, 0r=3865.0MPa

HIEBRERE, 0=3.0

Ramberg-Osgood E#. «=1.03, n=11.8
EHISN. ¢0=333.0MPa

BRI, J;c=671300.0N,/m

(2) WEEHF
M) 1RBYEC—RADFEEB Y v 7 COBHE
LIRSS (RIE) . Pu=3.5MPa, 2 &E#IFIES (BUETR). Que=157.0MPa,
1 REHITIES (S1 #138) . Pogs=2.44MPa, 1 REMITIES (BE) Poew=20.0MPa
RWT, — KA 1.5, 2RIEAIZ 1.1 0OR2EHEE2ML 5.

(3) FREEMBETE
® FAC sk
Opt.2 @ FAC FEEUF O L B9 Th 5,

L <™
B
- Egr Lo, :
K.(L = o 16
?"( r:U'y>3ref) [L,. 0'), 2E£ref 7 ( )
L >Lr™
K. =0 a7

°r
Jl
IIT, g REODTATHS.

REL, D=




JNC TN1400 2003-009

@ FMiEL FAC Hilk
FHRAEIHT D Le & K(=K/K,c) &3 L FAC & Lbik

@ FRERE
FAC ORI ORI R A b AR EFM(E EFTM 2 =i
REESHREBRETRAL, FAC LEMTHLREE, B#EMLEAWEREEILRY, TR
Bl bROEROBREEL > TRASHES LBART,

(4) FMOBREUVER

HCM12A BT AFMOBEREZR6IZFRYT., FE LY v 7E2WELE Y UV—XTO
BREFOKREZZ, 6ICBWTFAC & AN (K50 COTEY) ORI
BLTRY., B4 796 BEHENE, —FH. ZHRENOER LERREZ LA,
MREFEEDFMERNL¥EA 31.0° Thok, MAZ~DL RO ICIZIBFAZHDOE
EOHFRKENWZ b, TOFBELREENTEHI LTS, BEFD Z HE
MEOFMEIT.Z EHETOLDN HCMI2A OF —# T2 —B07 =54 MADOF
—FTHBILL, BOTERUVEHORE I =T — 7 ONEPEZORE R
RENCH D, FEMEHEREE L TRHLEOWEL A TRASREAN 31.0° chb01X
HEVICHLELTEDZLhE, MEHNIHR -7 Z REOERB R . EETES
BB L AFREEMBIIFOERENRRITAZ L 2B HET S, RE EBICHB VT LR
EUERHET — S OBERERINI Z L2380, TREREFREMEEEE T
WARTEAZ LMLV BRBLERFETCHB L EL NS,

FROZE0E R6 BEIRBEEDOEGHTHE 7T/ MO EWIETLM
ZRWT, #EDFMEL Y FENTHOBENLBRERBHEZEINS,

1'3 e cmin s e m s e e e m e | o . ¢ b e e  tm  m m t —m m . — 43 e
14 | A

12 |

1

2 EEMEREFAC
2 08|
_%
* 05 [
RIE

04

021

o . . .

0 0.2 04 06 g8 1 1.2

Lr{=c/ay)

6. MB 1 kFODY - B —RZHIT 25 FREEWETEM

3. M EERRRR

BIEMIC BT 5 ERERZEBR MAM IR B 2T 2 Li1d LBB fFHlic &
SHEREMOBRP b ELEOMNEMITIAR . 20w, THISEE2ALVHI]
FHORBHEEZIT, XKELFEELF—0F MY U LASEREEE 2 RBRE THAM




JNC TN1400 2003-009

(1) RERB®Y

TVFORBRGICEMHBNOREREEZMA, ETHEETOSRERED TR

T5, SHEREHI. E-F—JE2AWTHET 2. BRZEHAHORN2H

EL. EHOKREILOHEMEZRETS. S ERORSICLBBEHO2LT
AT P ARFEMY B,

(2) Bk

BRI SUS304 O TV R THAMITIGANE L WEBICHRENTIC L5 FEE%
ANELOTHB. B7IEREORY fIRTE, #1ICERBRECEMKETT.

B 7. HREOHYD RN

#£1. BREOLR
t (AE) |wlAUy bB) | LIRIERZ) | dORKEES) | HREXK
Sch.40 7.1 0.3 7.1 1.42 2
Sch.10s 3.4 0.3 3.4 0.68 2
(3) HEBRRH

HTE Sch.40 DRBREICEAESEL AL 13.4mm. WEH R=0.1 238E L. ZauHHE
HoFRDENHEZMA, ERERHEBEERLTWS, FREFERICEDIIV
FOHEBVPIECHBEBADMOBREZ I RUK IITRT.

Fi, FEEFEEBECREONTIC 6 ~8kg/em2 DEHEHIT. —FEAX T TOER
DREIIZLZ2HBHAMOBhOLLZHEL TS,

(4) HARFRRR

REGOBTIWERFEEEAS T &k > T, SRERED. BEYOI TS

A7 P ARVERAOHIBREDEENTFHENZ. INSONFTA—FRRFHA
HORBRICEEZRIZTZELAD., SEHAMBRHEBIZB N T DEERRE

mHEE NS,




JNC TN1400 2003-009

| —e—outer 1200
— ! Surface
a -—i —B—Innor 800
= —
< Surface K
g N SR, é 400 e e e
5 . >
@ - i o
B & 5
£ ﬂ @ :
2 = -400
5 ;
£ 3
3 -§00
5

~1200
0 30 60 a0
. Angle (Deg.) Angle (Deg.}

B8. TNRICBFBAFRBAZME7E5E) ®9. TIVRICBI2WARLHSZH(ET?EE)

4. £&¥

FEFED, BEFHTEZZTEHECE TOEHMOLMNZHET S ETLBB
HRHOBELE, R6 KLHFEERRFMOEDEERIL TS LIZK>TLBB #
RWOREEER /. ERBEEEL TH2HHMEERRERY 513, X 0BEKY
BREHMOBRHEFRERTHEINS. FRERVEEEOMARREEGDE. 418
12Cr 7 = 7 MAZ W= FBR ASREEY BT LBB i ZERT 5.

(8O FE (BEELFEOHE)]

YRk 16 E£E. 13 FEE 14 FEOHERRZAV T, RiRMEIEY T LBB 284 Ex
BFRICBIT3RAFREEEBIC. LBBiMOEEERET 5 FETH .

[LAR— b, 225 - BRSENORERIEF]

1. Y.8S. Yoo(2002), LBB Assessment on Ferrite Piping Structure of Large-scale FBR, JNC
TN9400 2001-120.

2. Y.S. Yoo(2002), LBB Assessment on Ferrite Piping Structure of Large-scale LMFR, 2002
ASME-PVP Conference. ,

3. Y.8. Yoo(2003), Crack Opening Displacement of Circumferential Through-Wall Cracked

Cylinders Subjected to Tension and In-plane Bending Loads, JNC TN9400 2002-079.
4. H. Machida and Y.8. Y00(2003), Crack Opening Displacement of Through-Wall Plate

Cracks Subjected to Bending Load, Nuclear Engineering and Design.(On proceeding)

5. H. Machida and Y.S. Yoo(2003), Crack Opening Displacement Of A Crack In A Plate
Subjected To Bending Load, SMiRT-17.(On proceeding)

6. H. Machida and Y.S. Yoo(2003), Crack Opening Displacement of Though-Wall Cracks in
Plate Subjected to Bending Load, ¥all Meeting of the Atomic Energy Society of Japan,
#311.(0On proceeding)

7. Y.S. Yoo(2008), Crack Opening Displacement of Circumferential Through-Wall Cracked
Cylinders Subjected to Tension and In-Plane Bending Loads, Nuclear Engineering and
Design.(On proceeding)




JNC TN1400 2003-009

WBEMRE (H13) Ekl 4 FEMABMEREE

MAT—< | EFANUREATABAFLCOBMSHEEBLVHREEHEICL 5 ATBHOMA

MIEEKA | TOSHINSKY, Vladimir (b3 2 AF— - U3T3—))

KETHELE ¥ — AR 27 A
PABAE | s 27t - B A7 A0~ | TR | )= ) =5
AB R, BA EfF KEF R
WRSEHST | AV TE> 5 — FBR 91 2 )L EIHIEsL > 5 —
EEPAE [Tk 18 £ 408 0~ |0 % F Elge uog 48 ~
(FE) EH 16 £ 3 H o5 A M T 15 £ 3R

AL .

ZOMRDEMII, AOBERIGEZ 4 — RN 7 250 EHEM/NENE A< A BHAEFELOE
DEBETHIETHD, HEEZHNWT, REERICXSAMERINERENEEI R T4 —
RNy RS EERTS,

(BN (2]

At the first stage of this study, the temperature feedback components will be analyzed with a
focus on their effectiveness on reactivity change during flow rate adjustment, and the most
significant ones will be selected.

Using such components as parameters, the scope calculations will be performed with a
purpose to find range of each reactivity component variation, for which the load-following by
flow rate adjustment is successful. For these computations, the possible variation of load (power)
will be assumed the same as for conventional reactors. The above analysis will be performed for
typical long-life small Pb-Bi cooled reactor.

Then, several long-life small reactor core designs will be examined from the viewpoint of
required temperature feedback components. As a result, some of core designs will be selected,
which characteristics are the closest to the required ones, for the further consideration.

Then, the attempt will be done on modification of selected designs to meet required
characteristics by enhancing reactivity feedbacks using several methods: H/D adjustment, use of
Pb-Bi reflector with heat source, adding zirconium hydride to core region, use of gas expansion
module, etc.

Then, for the successfully modified core designs, the load-following capability will be
confirmed using power plant simulator. Additionally, optimization of flow rate control will be
performed. |

(A e R
The computations for this study are performed using:
- WS GP7000 (Unix OS) [SRAC code];
- PCoibrf84 (Linux OS) [ SLAROM, JOINT, CITATION, PERKYM, CITBETA,

PENCIL6.1, TRITAC, SNPERT3D];
- PCofbrf22 (Windows OS) [SPAKS code].
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During H13, the load-following capabilities by flow rate control have been investigated for LSPR design.
It was found that original LSPR design does not possess features to perform load following by flow rate
control without violation the design constraint — the cladding hot spot temperature. For improvement load
following capabilities, the additional feedback was introduced by implementing heat source (HS) in radial
reflector region. This innovation resulted in significant mprovement of results and made load-following
capabilities feasible.

The mentioned research was, however, performed using rather smple computational models. Additionally,
it was done only for BOC conditions, when, as well known, the estimates of feedbacks are not
conservative. In order to make the analysis more comprehensive, accurate enough with reasonable
requirément on computation costs, several computational approximations were implemented during H14
study. Finally, the best suited for this particular probiem has been selected.

(FERLS (MBREEE)]

The Table 1 and 2 recalls the major LSPR specifications. Figure 1 describes the computational model for
neutronics-thermal hydraulic analysis. Table 3 shows compositions of non-fissionable regions, i.e. regions,
which do not contain fuel materials, such as reflectors, shielding, etc. These compositions were taken from
JNC report [TN9400 2002-053], entitled “Design Studies on Small Fast Reacior Cores”, The axial
dimensions of these regions are kept the same as in mentioned report, except the gas plenum. Since the
LSPR has Pb-Bi as bonding material, while design described in report have He bonding, the gas plenum
for LSPR is placed above the core and its length is adjusted according to iniet/outlet temperature
difference. _

As it seen from the Figure 1, the model assumes 7 channels, where channels for control rods and backup
rod are newly introduced as compared to H13 LSPR analysis.

For convenience of computation reactivity feedbacks with different NUETRONIC approximations —
2D/3D, diffusion/transport, different group numbers - the system EXPERT was developed during H14
year, which consists of set of batch files & utility programs antomatically generating INPUTs for such
codes as: SLAROM (cell calculation), CITATION (diffusion, criticality/burnup), TRITAC (transport,
criticality), PERKY (perturbations in diffusion approximation), SNPERT3D (perturbations in transport
approximation) and others, depending on required task. EXPERT also performs coupling of NUETRONIC
and THERMAL-HYDRAULIC analysis, where the last one is executed using steady-state module of
SPAKS code, developed during H13.

Since the detailed description of EXPERT is not main purpose of this report, herein I will just briefly
mentlon that the system operates as followings:

- for pre-selected required neutronics approximation and given initial guess of temperatures it
performs iterative burnup & thermal computations, updating microscopic cross-sections until
convergence of temperatures and  k-effective at MOC;

- using obtained micro cross-section set, performs burnup calculation from BOC to EQC, evaluating
burnup reactivity swings and providing number densities for MOC and EQC;

- using calculated number densities, the system generates micro-cross sections sets for
BOC/MOC/EOC, generate delayed neutrons datafreactivity maps/ temperatures for
BOC/MOC/EQOC, etc.

Table 4, Tables 5a&5b, and Tabie 6 shows the calculations of temperatures, reactivity coefficients, and
delayed mneutron data using EXPERT system for LSPR design. For that computation,
“3D/Transport/18GR” approximations were pre-selected for neutronics analysis. :

Utilizing EXPERT system is rather convenient for selecting approximations for conservative and precise
enough estimate of feedbacks for LSPR design with reasonable computation costs. Such analysis will be
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done using Table 7, 8 (page 11).

Table 7 (Case A) shows the integrated feedbacks coefficients for BOC/MOC/EOC using
“2D/Diffusion/18GR” approximation. The results reveal that coefficients are reduced form BOC to EQC
confirming the weil-known fact, that safety analysis at EQC is conservative.

Table 7 (Case B) demonstrate the coefficients as a function of energy groups in 2D diffusion
approximation for the most severe case — EOC (at it was proven above). In general, the conservativeness
of analysis is destroyed with reduction of energy groups considered, and the most sensitive
characteristics is coolant density coefficient and void reactivity. They change in order of magnitude at
shifting from 70 GR analysis to 7 GR. The other characteristics show very small sensitivity. From
computational cost viewpoint, the 18 GR analysis is (probably) acceptable.

Since LSPR is small reactor — the precise treatment of neutron leakage is important for safety analysis.’
To check the sensitivity of feedbacks, diffusion and transport neutronics approximations for their
computations were applied and results are shown on Table 7 (Case C). It is seen that 2D diffusion gives
rather non-conservative estimate of Doppler, coolant density coefficients, and void reactivity, The 3D
diffusion estimates coefficients and void with reasonable accuracy. The exception is coolant density
coefficient, which is calculated non-conservatively as compared with more precise — transport
calculation.

Table 1. Major LSPR specifications. -

Parameters Value
Thermal output [MW] 150
Core lifetime, years 15
Primary condition [°C] |

(inlet /outlet) 360/510
Core diameter, cm 195
Core height, cm 130
Fuel type (PUN
Coolant type Pb-Bi
Cladding type _ 0DS
Bonding material Pb-Bi
Total number of S/A" 169

* See Tuble 2 for detailed SIA specifications.

Sometimes an the following approximation is made for simplification: using core average temperature
distribution rather than fuel/structure/coolant temperature distribution for corresponding nuclides, when
generating micro cross-section sets. As it seen from Table 8, such an approach results in rather
non-conservative estimate of Doppler (fuel) feedback. The other parameters are almost insensitive to
such the approximation. :

To summarize the above research on feedbacks, the following conditions will be applied for I.SPR
feedbacks evaluations, when investigating LSPR load-following capabilities:

a) EQC;

b) 3D, 18GR, Diffusion approximation for all coefficients, excluding coolant density feedback:

c¢) 3D. 18 GR, Transport approximation for coolant density feedbacks.
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Number of $/As:

Core

Control rods

Reflector

Shielding

Total

S/As specifications:
Number of fuel pins
Blanket/(LEZ&HEZ)

Pin diameter [mm]
Cladding® thickness [mm]
Smear density [TD]

Pu enrichment (LEZ/HEZ)™
Duct thickness [mm]
Duct gap [mm)]

Bundle pitch [mm]

57

30
78
169

217/169
14.97
0.80
0.80*0.95
12.97/13.49
2
2
237.713

*Fe/Cr/NifMo/Mn = 0.855/0.118/0.006/0.615/0.005
"Pu39/40/41/42/38 = 0.6151/0.25 63/0.0264/0.0212/0.022

Table 2. S/A specifications.

CH3 CH4 CHS CHé6 CH7

CH1 )
Top W X
S | CRDV | SHD_T | CRDV SHD_T | SHD_T |REF | SHD R
L'}
o | CRDV | GSPL | CRDV. [ GSPL ‘| GSPL REF | SHD R
g | CRDV | SPRG | CRDV SPRG | SPRG .| REF | SHD_R
& | CRDV | IBL CRDV HEZ | HEZ REF | SHD_R
& | CRDV | IBL CRDV LEZ HEZ REF | SHDR |
& | crov | BL CRDV LEZ HEZ REF | SHD_R
& | CRDV | IBL CR LEZ HEZ REF | SHD R
% | CRDV | IBL CR LEZ | HEZ REF | SHD_R
a | crov | BL CR  |HEZ |HEZ REF | SHD R
3 |crov | sED B | CR SHD B | SHD_B | REF | SHD R
Boitom
124817 | 20.5418 6.4471 30.0246 27.9901 21.5827 402879
Fig 1. Calculation model.

CRDY: Drives of control rods [Channel -CH3] and backup rod CH1 (See Table3).
SHD_B: Bottom shield (See Table3).
CR: Control rod (See Table3).

SPRG: Spring (See Table3). .

GSPL: Gas plenum (See Table3).
SHD_T: Top shielding (See Table3).
REF: Radial reflector (See Table3). .
SHD_R: Radial shield (See Table3).

IBL: Inner blanket (See Table2).
LEZ: Low enrichment zane (See Table2).

HEZ: High enrichment zone (See Table2).
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CRDV (SﬁUCWM:COOLAM=0.04:0.9§1-

FE 2.90380E-03 CR " 4.00800E-04
NI .1.,29122E-05 MO 7.89885E-06
BI 1.57608E-02 W 1.03050E-04
B-11 0.C0000E+00

SHD B (B4C:STRUCTURE:COOLANT=0.40:0.20:0.40),

B-10

B-NAT, 90%TD

1.28952E-02
2.06920E-05
0.00000E+0D

1.22690E-02 CR 1.69340E-03 PB 5.47400E-03
NI 5.45540E-05 MO 3.33730E-05 MN 8.74190E-05
BI 6.67100E-03 W 8.70760E-05 B-10 8.13400E-03
B-11 3.27520E-02
CR (B4C: STRUCTURE: COOLANT =0.20:0.23:0.57). 310-30%, 80%TD
FE 1.45190E-02 2.00400E-03 PB 7.43000E-03
NI 6.45610E-05 MO 3.94940E-05 MN 1.03460E-04
BI 9.05000E-03 W 1.03050E-04 B-10 5.27600E-03
B-11 1.23110E-02
SPRG
FE 1.22690E-02 CR 1.69340E-03 PB 5.47400E-03
NI 5.45540E-05 MO 3.33730E-05 MN 8.74190E-05
BI 6.67100E-03 W 8.70760E-05 B-10 0.00000E+00
B-11 0.00000E+00
GSPL ‘
FE 1.33580E-02 CR 1.84370E-03 PB 5.58800E-03
NI 5.93960E-05 MO 3.63350E-05 MN 9.51790E-05
BI 6.82900E-03 W 9.48040E-05 B-10 0.00000E+00
B-11 0.00000E+00
SHD T (STRUCTURE:COOLANT=0.60:0.40
FE 4.23960E-02 CR 5.85170E-03 PB 5.58800E-03
NI 1.88520E-04 MO 1.15320E-04  MN 3.02090E-04
BI 6.82900E-03 W 3.00900E-04 B-10 0.00000E+00
B-11 0.00000E+00
REF . (STRUCTURE:COOLANT=0.04:0.96) _
FE 2.90380E-03 CR 4.00800E-04 PB 1.28952E-02
NI 1.29122E-05 MO 7.89885E-06 MN 2.06920E-05
BI 1.57608E-02 W 1.03050E-04 B-10 0.00000E+00
B-11 0.00000E+00 '
SHD R - .
FE 1.45190E-02 CR 2.00400E-03 PB 2.68660E-03
NI 6.45610E~05 MO 3.94940E-05  MN 1.03460E-04
BI 3.28360E-03 W '1.03050E-04 B-10 9.15820E-03
B-11 3.68760E-02

Table 3. Compositions of non-fissionable regions.
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CASE: EQOC

Fatxtankrrxasransdvsareyr COOLANT TEMPERATURE MAP *diissadddddadhaddihd
*rAhdahdh R AW ARA NS Aacs (PROM CORE BOTTOM TO CORE TOP) #hadddavatshdadindvants

633.150 633.150 633,150 633.150 633.150 633,150
633.150 635.310 633.150 642.845 642.332 633.150
633.150 641,515 633.150 667.199 665.069 633.150
633.150 649,280 633.150 686.167 682.550 633.150
633,150 661.449 633.150 708.320 702.227 633.150
633.150 678.500 633.150 732.577 722.852 633.150
633.150 712.945 633.150 778.193 759.843 633.150
633.150 735.222 633.150 806.441 782.288 633.150
633.150  735.222 633.150 806.441 782.288 633.150
633.150 735.222 633.150 806.441 782.288 633.150
- CH1 CH2 CH3 CH4 CHS CHé

633.150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
: v

wkdrhkdAvirddnsreradar SPRUCTURE TEMPERATURE MAP wnadeaaaavwwddwaddddray
HaERARBARR SRS RAR R AR ad 4y (PROM CORE BOTTOM TO CORE TOP) ##tdasddddaiiadsdddnsass

633.150 €33.150 633.150 633.150 633.150 633.150
633.150 636.267 633.150 660.387 658.360 633.150
633.150 644.199 633.150 700.664 695.619 633.150
633.150 653.625 633,150 726,231 718.155 633.150
- 633,150 667.969 633.150 753.569 740.563 633.150
633,150 686.483 633.150 779.526 761.129 633.150 .
633.150 718.970 633.150 814.804  788.069 633.150
633.150 735.222 633.150 806.44)1 782.288 633.150
633.150 735.222 633.150 806.441 782.288 633.150
633.150 735.222 633.150 806.441 782.288 633.150
CH1 CH2 CH3 CH4 CHS CHé

633,150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
633.150
CH7

Ahwhdarddphdahdsasrraddrrr FUEL TEMPERATURE MAP »ravidaddavddrshsdiay
FuBAAaREsaahraadhkrdds (PROM CORE BOTTOM TQ CORE TOP) #¥aaasdavaadddavdhdsdy

0.000 = 0.000 0.000 0.000 0.000 ¢.000
0.000  642.853 0.000 747.333 737.694 0.000
0.000 662,618 0.000 861.466 842.349 0.000
0.000 683.316 0.000 915.698 886.919 0.000
0.000 712.271 . 0.000 964,321 920.362 0.000
0.000 740.254 0.000 995.710 939.469 0.000
0.000 760.821 0.000 983.353 920,342 0.000
0.000 0.000 ¢.000 0.000 0.000 - 0.000
0.000 0.000 0.000 ¢.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
CH1 CE2 CH3 CHs - CH5 CEé6

ARABREARRBIREABEDERIXI RN TADBFNREFINERBF AR E X R ERBERRRISRDITERTIIBAIB S ARAI A XS ART

sanssasazzazsnsinnsaasssrs QTHER PARAMETERS sresnssrssnrssanernins

TR RS ERES RIS LE SRR IS LS LRSS ERES LR LS LA RS EER VL LL LR LRSS LELLE S thld

Thermal Power = 150.00024 [MW]
Flow rate = 6830.00000 [ke/s]
Maximum coolant velocity = 0.74401 [m/s]
T_core_inlet = 360.00000 [C]
T_core_outlet {aver) = 509.34443 [C]
Temperature rise = 14934443 [C]

22AXAEAXRENRRENREER AN AR F AR XA R RV S AT ARAT SRR FAAS I CAX RSN TR SRR ALAN ARV ARES

Neminal hottest T_coolant 551.51010 [C]
Nominal hottest T_cladding 577.12996 [C]
Nominal hottest T_fuel . 802.25570 [C]

Core average T _coolant 414.02632 [C]
Core average  T_cladding - 438.21609 [C}
Core average T _fuel = 55558036 [C]

SELRXE BB EIRIRERRIE AL R A RIS AR IN SR RS I N EA ISR AR IR R NI LR AAS AR ER RN RAR

Pressure drop friction:  (CORE + SPRING + GSPL) 0.02680 [MPa]
Pressure drop acceleration:{CORE + SPRING + GSPL) 0.00009 [MPaj
Pressure drop total: (CORE + SPRING + GSPL) 0,02689 [MPa]

Table 4. Calculation result of SPAKS code.

uu

ooy

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
CHT
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CASE: EOC, 18GR, XYZ-Transport

LA A ISR LT AL AT AL AT E AL AR RS LR Lt LA RS R ALt LR E b L PR L L el Lt

waawsrseze: REACTIVITY MAP: DOPPLER (FUEL) dK/KK'**t*i*ﬂ&na*ﬂ_ﬁ**ﬂ
Fhdkarahtdad A4S RA A EASS (FROM CORE BOTTOM TO CORE TOP) hdddiddddidhddhhirdidandids

0.000E+00
0,000E+00
0,000E+00
0,000E+00
0.000E+00
0.000E+0Q0
0.000E+QO
0.000E+00
0.000E+00
0.000E+00
CHI

TOTAL

0.000E+00
-1.368E-05

" =1.679E-05

~2.836E-05
-4.383E-05
-5.228E-05
~1.208E-04
0.000E+00
0.000E+00
0.000E+00Q
CH2

dK/KK'PC

COEFFICIENT TdK/dT

. 0.000E+00 0.000E+00
0.000E+00 -9.247E-05
0.000E+00 -B.084E-05
0.000E+00 -1.047E-04
0.000E+00 ~-1.250E-04
0.000E+00 -1.312E-04
0.000E+00 -~-2.811E-04
0.000E+00 0.000E+GO
¢.00CE+00 0.000E+00
0.00CE+Q00 0.000E+00

CH3 CH4
: -3.558E-06
: -4.026E-03

¢.000E+00
~-1.045E-04
-8.780E-05
-1.071E~04
-1.166E-04
-1.144E~04
-2,349E-04
¢.000E+Q0Q
0.000E+C0D
0.000E+00D
CHS

0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

0.000E+00

0.000E+00

0.000E+00

CH6

0.000E+00
0.000E+0Q0
0.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00

0.000E+0Q

0.C00E+00

0.000E+00

CH?

AR AT AN A A A A A A AN AN T A A A A A A A AN A AN AR AT NS AR SRR A A Ak by bk A h b h b dh A h b A

#wresnars REACTIVITY MAP: DOPPLER (COOL+STRUCTURE) dE/EKK'##aszsssss

WEERRRARATARANERRAA20S% (FROM CORE BOTTOM TO CORE TOP) stddddisdddkiiddiddsdisidds

-3.878E-11
-3.128E-08
-5.482E-08
-9,974E-08
-1.322E-07
~1.441E-07
-3,448E-07
-2,.662E~07
~5.412E-08
-2.976E-12
CH1

TOTAL

-4.469E-10
-5.037E~-07
~6.615E-07
-1.176E-06
-1.846E-06
-2.259E-06
-4.850E-06
-2.874E-06
-6.430E-07
-1,298E-10
CH2

dKIKK'f’C

COEFFICIENT TdK/dT

 -4,478E-10 -7.609E-09
-1.882E-07 -6.607E-06
-2.2B82E-07 -6.783E-086
-4,.961E-07 -9.368E-06
~6.065B-07 -1.143E-05
-9,772E-07 -1,205E-05
-2.103E-06 -2.198E-05
-8.502B-07 -§.334E-06
-1.352E-07 -1.584E-06
-1.040E-11 -3,221E-10

CH3 CH4

-2.900E-07

: -2 799E-04

-1.075E-08
-7.095E-06
-7.025E-06
-8.972E-06
-1.001E-05
-9.877E-06
-1.711E-05
-6.147E-06
-1.057E-06
-1.717E-10
CHS

-4.675E-10
~3.379E-07
-3.904E-07
~4.991E-07
~5.621E-07
-5.460E-07
-1.141E-06
-4.912E-07
-7.340E-08
-2.331E-12
CH6

6.5L0E-10-
1.270E-08
1.073E-08
1.337E-08
1.618E-08
1.466E-08
2.723E-08
5.987E-09
7.277E-10
3.002E-14
cry

o L2 L r. L LT L Ty B e E P A L o )

kaxiakassds REACTIVITY MAP: VOID

hdkkkdkhdkdadhdhyradesd (PROM CORE BOTTOM

-1.007E-05
-1,883E-04
-8,795E-05

-1.477E-05

6.728E-05

1.114E-04

8,.879E-05

-1.111E-04

~-9.183E-05

-2.589E-07
CH1

TOTAL

~7.595E-06
-1.571E-04

=1.324E-05 "

1.001E-04

2.948E-04

3.902E-04
4.465E-04
-6.47%E-04
-2.745E-04
~4.451E-07
CH2

~1.041E-05
-2.044E-04
~1.356E-05

-4.850E-05 -

2.752E-04
6.307E-04
-1.371E-03
-1.187E-03
-2,700E-04
-7.673E-07
CH3

TOTAL(CORE+UPPER STRUCTURES)

Table 5a. Maps of reactivity coefficients.

GE/REK"  sddddadaddddddddd b dhdbdatd
TO CORE TOP) #adddidddahbddadadsdbiadhats
-9.604E-05 -9.246E-05 -4.888E-04 -9.217E-06
~6.666E~-04 -2.475E-03 -~8.678E-03 -1.464E-04
2.178E-03 -3.96%9E-04 -5.993E-03 ~1.l150E-04
3.649E-03 ~-1.814E-04 ~7.279E-03 " -1.420E-04
4.861E-03 -1.650E-04 -7.852E-03 -~1.543E-04
5.039E-03" -1.673E-04 -7.639E-03 -1.502E-04
3.814E-03 -2.888E-03 -1.400E-02 -2.778E-04
~-3.956E-03 -3.794E-03 -3.831E-03 -7.567E-05
-7.748E-04 -7.493E-04 -9.790E-04 -1.705E-05
-1.053E-06 -7.619E-07 -1.230E-06 -1.187E-08
CH4 CcH5 CHé CHT
dK/KK' @ -5.701E-02
dK/IKK' : 3.459E-03

— 58 —
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CASE: EOC, 18GR, XYZ-Transport

H A A A A A A AR A AR A N AR N A AR AR AN A AR R A A AT AR A RN R A AN N A A AR N A A A

sawwwusens RREACTIVITY MAP: FUEL DENSITY (dR/KK')/(dRO/RO) s#rwasss

ARG ARIARARAE A e AL hdkads (PROM CORE BOTTOM TO CORE TOP) #4d22ddaasdsisddbdddbibhndsy

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+00 -2.921E-04 0.000E+00 1.934E-02 2.049E-02 0.000E+00
0.000E+00 -2.583E-04 0.000E+00 1.583E-02 1.713E-02 0.000E+00
0.000E+00 -3.766E-04 0.000E+00 2.107E-02 2.210E-02 0.000E+Q0
0.000E+00 -4.056E-04 0.000E+00 2.4B4E~02 2.522E-02 0.000E+0Q0
0.000E+00 -4.295E-04 0.000E+00 2.578E-02 2.537E~02 0.000E+00 .
0.000E+00 =-1.635E~03 0.000E+00 5.330E-02 4.799E-02 0.00CE+00
0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
0.000E+0Q0 0.000E+00 0.000E+00 0.000E+00 . 0,.000E+00 0.000E+00
0.000E+00 0.000E+Q0 0.000E+0Q0 0.000E+00 0.000E+00 0.000E+00
CH] CH2 CH3 CH4 CHS CHS
TOTAL (dK/KK)/(dRO/RO):  3.151E-01
W/O RADIAL (REFL&SHILD) (dK/KK')/(dRO/RO): 3.151E-01

A A N R e A A R A A AR A T T A R AT A A AN AN AR AR AR AN RN A A SN A Ao

#4s2esvss+ RREACTIVITY MAP: STRUCTURE DENSITY (&K/EK')/(dRO/RO) =

HEkREASAE A XL AR N RN AAAAN (PROM CORE BOTTOM TO CORE TOP) aaddxiiasaddsdsdhidsdhdddis

1.228E-08 1.497E-07 2,472E-07 1.475E-05 2.395E-05 5.800E-05
~2,330E-06 -2.992E-05 -7.931E-05 -1.096E-03 -8.204E-04 3.223E-03
-8.431E-06 -1.044E-04 -2.856E-04 -2.000E-03 -1.578E-03 2.522E-03
~2.668E-05 -2.356E-04 -5.729E-04 ~3,.040E-03 -2.248E-03 3.303E-03
-5.640E-05 -~4.154E-04 -~7.456E-04 -3.926E-03 ~2.614E-03 3.868E-03
-8.539E-05 -5.251E-04 -1.183E-03 -4.218E-03 -2.644E-03 4.044E~-03
-2.237E-04 -1,037E-03 -2,157E-03 -6.440E-03 -3.623E-03 8.015E-03
-1.103E-04 -~1.386E-04 ~4.681E-04 -3.426E-04 1.418E-03 1.492E-03
~-2.681E-05 ~2.544E-05 -1.090E-04 ~&.569E-05 3.812E-05 1.304E~-04
-3.046E-10 2.255E-09 2.048E-09 1.681E-08 3.803E-08 8.889E-09
CH1 CH2 CH3 CH4 CHS CH6
TOTAL (dK/KK'}/(dRO/RO):  -1.334E-02

W/O RADIAL . (REFL&SHILD) (dK/KK)/(dRO/RO): -4.113E-02

L T T B g L A R P S P R S S e O e ey

sarereess RREACTIVITY MAP: COOLANT DENSITY (dK/KK')/(dRO/RO} w2e

Rtk bdhhttddhrAss4sd (PROM CORE BOTTOM TO CORE TOP) #oanidddiidrdddtodddverdrdds

5.547E-07 1.856E~06 2.795E-06 7.360E-05 1.331E-04 1.398E-03
4.103E-05 1.020E-04- 2.752E-04 3.634E-04 8.987E-04 6.917E-02
3.158E-05 3.865E-05 1.629E-04 -1.390E-D03 -7.687E-04 5.834E-02
~3.481E-05 -1.001E-05 4.818E-04 -2.405E-03 -1.328E-03 7.768E-02
-1.827E-04 -1.164E~04 4.585B-04 -3.436B-03 -1.598E-03 = 9.127E-02
-3.214E-04 -1.923E-04 2.649E-03 -3.831E-03 -1.633E-03 ' 9.468E-02
-7.249E-04 ~-3.421E-04 '1.929E-04 -4.626E-03 -8.686E-04 1.850E-01
-6.485E-05 1.294E-04 2.099E-03 3.355E-03 5.943E-03 3.865E-02
7.229E-05 5.536E-05 3.556E-04 4.175E-04 6.85BE-04 4.714E-03
3.764E-08 1.203E~-08 2.245E-07 7.101E-08 8.458E-08 .2.677E-07
CEl CH2 CH3 CH4 CHS CH6
TOTAL (dK/KK)/(dRO/RO):  6.122E-01

W/O RADIAL (REFL&SHILD) (dK/KK)/(dRO/RO): -9.693E-03

Table 5b. Maps of reactivity coefficients.

0.000E+00
0.000E+00
¢.000E+00
0.000E+00
0.000E+00
0.000E+00
0.000E+00-
0.000E+00
0.000E+00
¢.000E+00
- CE?

2.680E-06
6.493E-05
1.145E-04
2.217E-04
8.212E-05
1.615E-04
4.530E-04
3.205E-05
3.369E-06
1.234E-10.
cH?

2.395E-06
5.873E-05
1.042E-04
2.018E-04
7.452E-05
1.461E-04
4.073E-04
2.795E-05
2.823E-06
1.008E-10
CHY

p— 59 -
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[HFEER (HEEE)]
a) __ CASE: BOC

Group Effective delayed Decay constant
neutron fraction [1/sec.]
1 7.51368E-05 1.30195E-02
2 7.70946E-04 3.13830E-02
3 6.69080E-04 1.34204E-01
4 1.36286E-03 3.45474E-01
5 6.22313E-04 1.37147E+00
6 2.29316E-04 3.74597E+00
B o 3.65349E-03
Prompt neutron lifetime | 2.47859E-07 [sec] |

b) CASE: MOC
Group Effective delayed ‘Decay constant
' neutron fraction [1/sec.]

1 7.42956E-05 1.30200E-02
2 7.61341E-04 3.13776E-02
3 6.56920E-04 1.34324E-01
4 1,33052E-03 3.45358E-01
5 6.04290E-04 1.36878E+00
6 2.24250E-04 3.73658E+00

fij o 3.56209E-03

Prompt neutron lifetime |  2.54102E-07 ([sec] |

¢) CASE: EOC
Group Effective delayed Decay constant
neutron fraction  [1/sec.]
1 7.35419E-05 1.30202E-02
2 7.53704E-04 3.13703E-02
3 6.47133E-04 1.34389E-01
4 - 1.30499E-03 3.45253E-01
5 5.90062E-04 1.36689E+00
6 2.19926E-04 3.72887E+00
By 3.48943E-03
Prompt neutron lifetime | 2.61887E-07 [sec] |

Table 6. Neutron parameters for BOC/MOC/EOC.
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[AF5ERR (SREER) )

a) CASE: (R7, DIFFUSION, 18 GR)

Integrated reactivity coefficients’ BOC MOC EQC
Fuel density, (Ak/kk')/(Ap/ p) 3.256E-01 3.171e-01 | 3.101E-01
Structure density, (Ak/kk')/(Ap/ p) -3.315E-02 | -3.606E-02 | -3.940E-02
Coolant density, (Ak/kk')/(Ap/ p) 2.871E-02 1.750E-02 | 5.100E-03
Dopp]er [fue] component], (Ak/kk')/"c -4.194E-06 -3.834E-06 | -3.558E-06
Doppler [coolant & structure components], | -2.890E-07 | -2.828E-07 | -2.804E-07
(4k [kk' )/ °C
Void reactivity, $ -1.328E+00 | -1.070E+00 | -7.529E-01
* See Tables 5a and 5b for details. :
b) _CASE: (RZ. DIFFUSION, EQQC)
Integrated reactivity coefficients’ 7GR 18GR 70GR
Fuel density (Ak/kk')/(Ap/ p) 3.103E-01 | 3.101e-01 | 3.077E-01
Structure density (Ak/kk'){(Ap/ p) -3.698E-02 | -3.940E-02 | -3.780E-02
Coolant density (Ak/kk')/(Ap/ p) 1.418E-02 | 5.100E-03 | 2.540E-03
Doppler [fuel component] (Ak/kk')/°C | -3.638E-06 | -3.558E-06 | -3.556E-06
Doppler [coolant & structure components] | -3.022E-07 | -2.804E-07 | -2.756E-07
(4k /K" )/ °C
Void reactivity, $ -2.972E+00 | -7.529E-01 | -1.330E-01
* See Tables 5a and 5b for details.
¢) CASE: (18GR. FOC)
Integrated reactivity coefficients’ RZ-DIFFUS | 3D-DIFFUS | 3D-TRANS
Fuel density (Ak/kk')/(Ap/ p) 3.101E-01 | 3.009e-01 3.151E-01
Structure density (Ak/kk')/(Ap/ p) -3.940E-02 | -3.851E-02 | -4.113E-02
Coolant density (4k/kk')/(Ap/ p) 5.100E-03 | 3.815E-03 | -9.693E-03
Dopp]er [fuel component] (Ak/kk')/oc -4.194E-06 | -3.834E-06 | -3.558E-06
Doppler [coolant & structure components] | -2.804E-07 | -2.828E-07 | -2.900E-07
(AR /KK )/ °C
Void reactivity, $ -7.529E-01 1.749E+00 | 9.913E-01

* See Tubles 5a and 5b for details.

Table 7. Integrated reactivity coefficients as function of computational approximations.
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[FAFERt R (RAEEEE) )

a) CASE: (RZ, DIFFUSION, 18 GR: Fuel, structure, coolant temperature

distributions are used)

Integrated reactivity coefficients BOC MOC EOC

Fuel density, (Ak/kk')/(4p/ p) 3.256E-01 | 3.171e-01 | 3.101E-01
Structure density, (4k/kk')/(Ap/ p) -3.315E-02 | -3.606E-02 | -3.940E-02
Coolant density, (Ak/kk')/(Ap/ p) 2.871E-02 | 1.750E-02 [ 5.100E-03
Doppler [fuel component], (Ak/kk')/"C |-4.194E-06 |-3.834E-06 |-3.558E-06
Doppler [coolant & structure] components, | -2.890E-07 | -2.828E-07 | -2.804E-07

(Ak kK’ )/°C
Void reactivity, $ -1.328E+00 | -1.070E+00 | -7.529E-01

b) CASE: (R7, DIFFUSION, 18 GR; Core average temperature distribution is used)

Integrated reactivity coefficients BOC MOC EOC

Fuel density, (Ak/kk')/(Ap/ p) 3.254E-01 3.172e-01 | 3.102E-01
Structure density, (4k/kk’)/(4p/ p) -3.297E-02 | -3.594E-02 | -3.935E-02
Coolant density, (4k/kk')/(4p/ p) 2.907E-02 1.766E-02 | 5.090E-03
Doppler [fuel component], (4k/kk')/°C |-4.876E-06 |-4.428E-06 | -4.088E-06
Doppler [coolant & structure] components, | -2.816E-07 | -2.750E-07 | -2.724E-07

( Ak [kk' )/ °C
Void reactivity, $ -1.368E+00 | -1.089E+00 | -7.574E-01

Table 8. Integrated reactivity coefficients as function of approximations for temperature

treatment.
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(G®ROTE (EFELEOEE)] 3 RFoRuki)

The study, performed during H14, reveals the method for conservative, precise enough and acceptable
from computation costs viewpoint estimate of feedbacks of LSPR reactor. The results of that study will be
directly applied for the further investigating of load-following capabilities for LSPR by flow rate
adjustment.

As study during H13 demonstrated, the significant enhancement of feedback can be provided by using heat
source in radial reflector region. Since analysis should be done at EOC, it is necessary to perform burnup
calculation not only in core region, but also in HS region. Taking into account the placement of HS, it may
be expected that burnup calculation with diffusion approximation may not provide precise result, Thus, the
next step of the study will be mastering and application of more precise computation tools for burnup
calculations, such as NSHEXBURN (HexZ transport approximation) and MVP_BURN (Monte Carlo).

Developed tool — EXPERT, can be (after small modifications) applied for evalvation of reactivity
feedbacks of designs with different coolant types (Na, Pb-Bi), different fuel types (PuUN, PuU-Zr) as well
as different bondings (Na, Pb-Bi, He). The comparison of safety characteristics of different designs is also
matter of future interest.

[Li—b, 226 - ERSBENORRANE]

[1] V. Toshinsky and H. Hayashi “Enhancement of Reactivity Feedback at ULOF for Small Size
Long-Life Pb-Bi Cooled Reactor by Implementing Heat Source in Radial Reflector”, Trans. Int.
Youth Nuclear Congress (IYNC2002), p.158, April 16-20, 2002, Taejon, Korea.

‘| {2] V. Toshinsky and H. Hayashi “Feasibility Study on Small Long-Life PB-BI Cooled Reactor
with Capability of Load Following by Flow Rate Adjustment”, Int. Conf. On the New Frontiers of
Nuclear Tech.: React. Phys., Safety and High Performance Computing (PHYSOR2002), October
7-10, 2002, Seoul, Korea. '

[3] V. Toshinsky and H. Hayashi, "Investigation of Load Following Capabilities by Flow Rate
Control for Small Long-Life Pb-Bi Cooled Reactor,” H&RFFH%&2002 EHD KL ]
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The main equipments used for the research are the following:

- personal PC - 2CPU’s Pentium IV 2.2 GHz, 3 GB memory, 260 GB hard-disk;

- scientific journals available in the JNC library: Research in Nondestructive Evaluation,
Materials Evaluation, IEEE Transaction on Magnetics, NDT&E International, The
Journal of the British Institute of Non-Destructive Testing;

- supercomputer in Qarai center, 32. CPU, 2 GB memory per CPU;

- magnetic flux device equipment which consists of the following items:

a) digital oscilloscope — 16 channels;

b) Hall sensors — active surface 0.7 x 1.5 mm?, operation range = 0.1 Gauss — 2
Tesla, transversal field detection, linearity 1%; _

¢) X-Y-Z stage — remote controller, scanning area: 54x60 mm?, speed control, step
size movement;

d) Hall sensor source : high precision DC current source ranging from 1 — 250 mA,;

¢) Amplifier : range : 1-10000 amplification;

f) Filter: high pass filter;

, g) Magnetizer yoke based on NEOMAX magnets.

- samples for measuring signals from defects located near welds and heat affected zone;

- remote field equipment (excitation coil system, detection coils, lock-in amplifier system,
digital oscilloscope, X displacement stage with remote controller);

- samples of ferromagnetic tubes with outer defects and welds.

(EHRRE (LUREEZTOHRE]
- The research theme is divided in four topics.

. First topic consists in the development of numerical electromagnetic code (time transient and
non-linear analysis) based on the finite element method (FEM): '

- 2 dimensional model (axisymmetric and planar X-Y configuration) are faster and can be
used to model the field on the boundaries (used for inputs in the 3D code). Also they are
suitable for generations of database signals when geometry of sources and materials can
be described in two dimensions.

- 3 dimensional model (X-Y-Z) are more appropriate to deal with the real situations but

- are very complex and time expensive.

Second topic covers the evaluation of the actual and older remote field sensors used in the
in-service inspection of Monju steam generator tubes (evaporator and supeherheater).

In the third topic is studied the feasibility of applying enhanced magnetic method in order to
detect outer defects located in the weld, bond or HAZ in reactor’s vessel of Monju reactor. Both
experimental and numerical simulation will be conducted to improve the magnetic field detection.
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The forth topic is related to the development of mew eddy current sensors with better
capabilities in detecting defects in Monju reactor steam generator tubes. It is also proposed a
reconstruction of the defects parameters (length, width) and their classification using an artificial |
neural network. :

The present situation of the research (after 2 vears of research) is the following:

Concerning 1* Topic the 2 dimensional codes (axisymmetric and planar X-Y geometry) were
developed and completed. Also a new 3 dimensional remote field eddy current code was
developed. The code has been benchmarked with an eddy current problem and experimental
remote field measurements of defects signal in steam generator. '

Regarding 2™ Topic it was finished the analysis of three remote field devices: ZETEC 1,
ZETEC 2 and Mitsubishi probe used previously in the in-sexrvice inspection.

...Regarding the 3™ Topic an experiment was set-up and the signals from defects located in the
weld vicinity were measured using magnetic field method. Due to the lack of time, the research on
this topic will be canceled for the time being.

Concerning the 4™ Topic new advanced remote field devices were studied in order to improve
the defect detection. Defect signal was investigated for several geometry and remote field (RF)
device configurations. Was analyzed the effect of the RF device speed, support plate and weld.
The effect of the probe speed in the RF equipment was measured experimentally and simulations
of the phenomena were carried out. The remote field sensor was optimized in order to increase the
signal to noise ratio and to minimize the effect of Na on the defect signal.

(R7ERR (UHER)

The main results obtained only during the 2™ research year are summarized briefly hereafter:
Topic 1: _
A new 3D remote field code for materials with linear magnetic characteristic was developed in
order to simulate the remote ficld eddy current effect. The code is based on the reduced magnetic
vector potential and electric scalar potential. In this way it is avoided modeling of the source field.
The development of a 3D code is necessary in order to include the 3-dimensional effects of the
evaporator tubes geometry in Monju reactor like for example: a) the effect of the partial
circumferential defects; b) the displacement of excitation coil in x and y direction; ¢) tube
bending; d) speed effect of the excitation coil; €) other non-axisymmetric effects.

Presently the code has been benchmarked (see Appendix I) with an eddy current test problem
(in case of a non-magnetic tube and for a ferromagnetic material with the similar properties of
Monju steam generator tubes). Good agreement of the 3D simulation with the result form the 2D
code was obtained. The 3D code can interpolate the magnetic field in the domain using both linear
and quadratic finite elements. In the latest benchmark test, the 3D remote field eddy current code
was compared with experimental measurements of the remote field signal from outer defects in
the evaporator steam generator tube. A very good agreement could be obtained only when a very
fine mesh was used in both excitation and detection area and the second order finite elements were
used to interpolate the field. More details about 3D code development and testing is presented in
Appendix 1.
Topic 4:

It was studied the influence of the speed effect on the remote field device. In Appendlx is
presented experimental measurements of the effect of the probe speed on the remote field

equipment. Experimental measurements showed that there is a strong influence of the probe speed
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even for low values of speed as 0.4 m/s. Simulations of the experiment showed that there is a
feedback also from the amplifier system which is responsible for this effect. This effect is very
important since the speed of remote field device during in-service inspection can vary up to 1 m/s.

In Appendix I is evaluated the influence of the electro-magnetic properties of steam
generator tubes on the defect signal using remote field technique. The experimental data and
simulations result fits very well (including phase and amplitude) in a large range of excitation
frequencies: 100, 150, 200, 250, 300 and 350 Hz. The analysis showed that the fitting can be
achieved for a several combination of the electro-magnetic properties of tube but with different
signal amplitudes.

Another part of the research was focused on the evaluation of sodium influence on the
remote field signal in Monju steam generator tubes. The following situations can arise: when the
defect is filled with Na, or there is a Na drop or there is a thin Na layer. The Na signal can be
considered a noise in the defect signal. More details about parameter survey and evaluation of
sodium signals are presented in Appendix IV. :

The remote field eddy current device has been optimized for two specifics situations: one is
more appropriate ir case of sodium layer and when sodium fills the defect (amplitude of signal
can increase up to 800%, signal/noise ratio increases 30%); the second optimized configuration is
more suitable when dealing with Na drop (amplitude signal increases 120% and signal/noise ratio
increases up to 30%). More details about optimizations results can be seen in the Appendix IV,

Conclusions

The main results obtained during the 2™ year of the research are the followings:

- Wwas developed a 3 dimensional remote field eddy current code; the code has been
benchmarked with an eddy current problem (for both non-magnetic and ferromagnetic
material) and the remote field signal from an experimental measurement;

- Wwas experimentally measured the effect of the probe speed in the remote field equipment,
The effect was successfully simulated and explained; '

- was evaluated the defect signal and influence of the material electromagnetic properties
of the Monju steam. generator tubes, ‘

- were simulated the influence of the Na layer, Na drop and defects filled with Na on the
RF signai.

- Was optimized the remote field device in order to increase the defect signal, the
signal/noise ratio and to minimize the effect of Na layer on the defect signal

The results of the 2™ year research were evaluated in internal JNC reports and technical
meetings and will be presented at international conferences and published in international journais
{see Reports [15-21] )

(FROFE (BEENEORD)] By b S S e
The research activity for 3" research year  will be focused mainly on the following items:

a) optimizations of the remote field eddy current device to increase the signal/noise.

b) Development of algorithms for separation of the remote field signal from the signal of support
plates and Na drop

¢) optimizations and improvements of the of the 3D code remote field code (parallelization,

i addihg the speed effect of the excitation and detection coil in the electromagnetic equations);
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d) simulations of the RF effect in 3D geometry

The RF effect will be evaluated in cases that are impossible to be described using the 2D
axisymmetric code as: i) non-circumferential and axial defects; if) curvature of the tube in bend
parts and in helical coil; ii{) wobbling evaluation due to lift-off and inclination of the excitation;
vibrations of the excitation source;
e) creating a database for RF signals from Monju Evaporator tubes using 2D code.
f) reconstructions of defects shape from remote field simulated signals (axisymmetric geometry)
using artificial neural network; classification of defects using neural networks
g) recognition of support plate signals and filtering of defects signal under support plate {(in 2D
axisymmetric geometry) using neural networks. ‘

(LH— . i BRSBENORERIF]
{1]. Ovidiu Mihalache, Zhenmao Chen, Kenzo Miya, “Recent Progresses in Studies on the
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10 International Symposium on applied Electromagnetics and Mechanics, May, 13-16, 2001,
Tokyo, Japan, JSAEM Studies in Applied Electromagnetics and Mechanics, Vol. 9, p-643.
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Appendix I. Benchmark for the 3D Remote Field eddy current code

A 3D remote field eddy current FEM code was developed in order to be able to evaluate
the remote field effect in ferromagnetic tubes. The 3D code is based on the reduced magnetic vector
potential and scalar potential and is able to calculate the eddy current distribution inside of
ferromagnetic materials with linear magnetic characteristic. The code has the capability to work
with both linear and quadratic elements. The advantage of the second order elements is a better
approximation of the field in the element. In case of ferromagnetic materials, the field at the
interface air-material is better approximated. The main drawback of the second order elements is
that the matrix size of the problem increases up to 10 times comparing with the same problem
solved with linear elements.

The 3D code was first evaluated with a simple benchmark presented in Figure 1. A source
coil (current density is equal to 10° A/m?, excitation frequency is equal to 100 Hz) is surrounded by
a ferromagnetic material (relative magnetic permeability is equal to 4, electrical conductivity is
equal to 7x10° S/m). The magnetic flux density (B,) is evaluated along Line 1 (as is indicated in the
picture). The geometry of the problem is axisymmetric and the solution can be also computed using

the 2D axisymmetric code.
Z
ferromagnetic
material
A [
i
< — >
r
~coll—"| line 1
¥ (solution B; )
- 0.04
0.08
, 0.1 -
0.2 >

Figure 1. Definition of the benchmark problem

In Figure 2 is presented the comparison between the results of the 2D axisymmetric code
and the 3D remote field code. When linear elements (500,000) were used in the 3D code, the
agreement between 2D solution and 3D is relatively good except on the interface air-material. When
quadratic elements (80,000)' were used in the 3D code it can be scen that the agreement with the 2D
solution is much better especially at the interface air-material,
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Figure 2. Comparisen between solution of 2D axisymmetric code and 3D code

with linear and second order elements

In the 2™ benchmark was simulated the variation of magnetic field in the material for
higher values of the magnetic permeability (Wretarive=100) and electrical conductivity (6=3.5x10°
S/m). The excitation frequency was chosen to be 50 Hz. The number of finite elements was
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In the 3™ benchmark was simulated the remote field signal from an outer defect in a
steam generator tube (sample from Monju evaporator tube) . The experiment was carried out by
Japan Society of Electromagnetics Japan (JSAEM). A schematic of the experiment is pictured in
Figure 5a, where ferromagnetic tube and defects are both axisymmetric. A remote field device
(consisting in an excitation coil and two detection coils) is passing in the axial direction the defect
zone. The differential signal of the two detection coils represents the defect signal.

The remote field signal was computed for 500,000 second order finite elements. In Figure
5b is presented the comparison between simulated remote field signal and experimental

measurement. It can be seen that the defect signal can be accurately computed in a 3-dimensional
geometry.

Tube

OI) 50%%

— — — experiment

— simulation

10

I [2V]
(=4

Excitation -10

coil

=10 =1g 0 1o 0

v
P
P

a) | ' b)

Figure 5. a) Description of the experiment geometry b) Comparison between numerical simulation (3D remote
field code) and experimental measurements of OD 50%t signal in ferromagnetic tube (11,=100, 6=3.5x10° S/m,
freq.=500 Hz)

The code is still in the development process in order to be optimized for running with up to
2,000,000 second order elements or 20,000,000 linear elements. Also, in order to speed-up the
solution, is in development a parallel version of the 3D remote field code to use up to 16 CPU’s
(optimized for use with the FUJITSU PRIME POWER 2-000 computer in Oarai center).
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Appendix [I. Experimental measurements of the effect of the probe speed in RF
equipment. Simulations of the effect and explanations.

In the RF method, usually the excitation coil is moving inside of a ferromagnetic tube. The
detection coils system pick-up the defect signal which is first pre-amplified and then amplified.
Finally the signal is recorded or visualized using a digital oscilloscope. This is illustrated in the

Figure 6.

RF detection
system

Coil1 Coil2

! So® $1(0 S, (1)
0 1 2

. 2 pre-amplifier Amplifier Digital
@ system > system — oscilloscope

Figure 6. Schematic of the RF detection equipment

The speed effect is present in the signal Se(t) due to the modifications of the eddy currents in
the tube. The amplified signal S,(t) should have the same behavior like signal Sy(t) if the
amplification is a constant. In reality the amplifier has a constant time and what he have is
something like the following relation:

/2
Sz(t)=const2*l [8,¢t+1yar
T

-T/2

where T is the amplifier time constant (in our case =10 ms)
The influence of the amplifier time constant was measured experimentally for the OD20%,

width 0.3 mm at the 50mmy/s speed (see Figure 7). It can be seen that when the time constant of the
amplifier increases the signal is smoothing and the noise from the signal disappear. The time

constant of the amplifter acts like a filter device.
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Figure 7. Effect of the amplifier time constant {OD 20%, width 0.3 mm, speed 50 mm/s):

a) 1= 10 ms; b) 1= 30 ms; ¢} T= 100 ms
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In order to simulate this effect first was computed numerically the defect signal (see the
Figure 8). Then, in order to have a close signal like in experimental measurements, a random noise
30% from the signal amplitude was added to the defect signal resulting the signal S1. The result is
shown in Figure 9.

~100 - 250 0 50 100 150
X [mm]

Figure 8. Numerical simulation of the signal 51 {OD20%, width 0.3 mm)

Add noise 30%

0.75

0.5

5 025
=0
8 925 |
—0.5

075 =

-100 -50 0 50 100 150
X [mm]

Figure 9. Numerical simulations of the signal §1 (OD20%, width 0.3, noise=30%)

If the real signal S1 is amplified then due to the time constant of the amplifier the output signal
S2 is modified as was presented in Figure 7. It can be observed as the time constant of the amplifier
increased the output signal S2 is smoothing in the same way like the experimental measurements
(see Figure 10, Figure 11, Figure 12). The black line represents the real measured signal. The red
line represents the defect signal after passing the amplifier system.
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Figure 10. Numerical simulation for 7 =10 ms of signal S2 (0D20%, width 0.3 mm)
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Figure 12, Numerical simufation for 7 = 100 ms of signal 52 (OD20%, width 6.3 mimn)

The effect of the probe speed for the same time constant of the amplifier was measured
experimentally and it is shown in Figure 13, Using the same defect signal like in Figure 9, the
amplified signal S2 was computed in several cases when the speed of probe changes: 100, 200 and
400 mm/s. The time amplifier constant was T =10 ms like in the experimental measurements.

The results are presented in Figure 14, Figure 15 and Figure.16. It can be seen that there is a
great effect on the real signal S2 as the speed of the probe increase to 400 mm/s. The black line
represents the real measured signal. The red line represents the defect signal after passing the
amplifier system This effect is much bigger than the speed effect on the eddy current distribution in
the tube _

In the simulations of the RF signal in a RF device it is necessarily to take into account also
the feedback from the amplifier (and pre-amplifier) system since this introduces additional
constraints and the final signal could have different properties than the initial output signal from the
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Appendix I, Comparison of experimental measurements of the remote field
eddy current signal with 2D code simulations results. Influence of the steam
generator tube electro-magnetic properties

The double exciter remote field eddy current device was used to measure the outer defect
(OD 20%t, circumferential, width 5 mm) signal in the evaporator steam generator. The remote field
signal was recorded at several frequencies: 100, 150, 200,250, 300 and 350 Hz. The objective of this
experiment was to verify the simulations results against remote field measurements data from steam
generator tubes in Monju evaporator. Also, was evaluated the influence of the electrical conductivity
and magnetic permeability of the steam generator tubes.

In Figure 17 a) is presented the simulated RF signal. In Figure 17 b) is

q
L e 100 Bz
=" ! 150 Hz
= 0s - o
= 0: a S e 200 Ha st
F,. 0 e o "‘ 5—;
g Fly e 250 He -1
,%!J ~03 ) 300 B 2
z
-1 e
/ e 350 Hz
—-1.5
-15-1-03¢ 05 1 1.5 2

Real [ V] —i.5 -Il -05 0 053 1 15 2
' Real [V]
a) simulated RF signal b) comparison of simulated RF signal with experimental data

Figure 17 .Tube electro-magnetic properties: 0 =3.5x106°S/m, £ ,=110

It was found that several tube parameters can match the phase of the defect signal but with
different signal amplitude. The range of these parameters is illustrated in the Table 1.

Table 1
Tube electric Tube relative Amplification
conductivity magnetic
permeability
2.00 x 10° S/m 200 2.74 x 10°
2.25 x 10° S/m 180 - 2.58 x 10°
2.50 x 10° S/m 160 233x 10°
275 x 10° S/m 140 2.01 x 10°
3.00 x 10° S/m 130 1.96 x 10°
3.25 x 10° S/m 120 1.88 x 10°
3.50 x 10° S/m 10 1.76 x 10°
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3.75 x 10° S/m 100 1.61 x 10°
4.00 x 10° S/m 90 1.44 x 10°
4.25 x 10° S/m 85 1.41 x 10°
4.50 x 10° S/m 80 1.38 x 10°
4.75 x 10° S/m 75 1.34x 10°
5.00 x 10° S/m 70 1.27 x 10°
5.25x 10° S/m 65 1.20 x 10°
5.50 x 10° S/m 60 1.11 x 10°
5.75 x 10° S/m 57.5 1.08 x 10°
6.00x 10° S/m 55 1.04x% 10°

However, during the experiment the remote field signal is amplified using the same
constant amplification 1.76x10° and in this case the tube conductivity is 3.5x10° S/m and the tube
relative magnetic permeability is 110, which was also confirmed using another method for
measuring these parameters.

Appendix IV. Influence of the sodium (Na) on the RF signals. Optimization of
the remote field device to minimize the effect of sodium

Several parameters of the Remote Field device are investigated in order to find out what are
the main parameters of an optimized Remote Field device. The source of the noise in the signal is
considered to be Na (Na layer, Na fills the defect and Na drop). ,

Sometimes is difficult to define the noise because in some situations the noise is present
only when the defect exists. For example, when Na fills the defect, if the “filling” is considered a
noise than this noise exists only if the defect is present. There is no pure “filling™ noise in the
absence of the defect. The situation is different in case of Na drop where the Na drop signal can be
computed in the absence of the defect. The third situation appears in case of Na layer. It is possible
to calculate only the Na layer signal but the amplitude of this signal is almost zero since is will be
only a point in the (real, imaginary) signal representation.

An optimized Remote Field configuration is the one which can measure:

- (I) the highest signal amplitude from the defect .
- (ID) the highest Signal/Noise level.
The following defects are investigated:
> OD 20%, width 0.5 mm
» OD 20%, width 5 mm
- The following effects are investigated _
» Influence of tube thinning (see Figure 18)
» Influence of Na layer (see Figure 19)
» Influence of Na filled (Na fills the defect —see Figure 20)
}

Influence of Na drop (see Figure 21)
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In addition were investigated:
» the combination of the any two above effects (6 cases)
» the combinations of any three above effects (4 cases)
% all four above effects (1 case)
To optimize the remote field device the following parameters were changed during simulations:
a) constant current and constant voltage excitation source;
b) excitation and detection number of wires;
¢) distance between detection coils (edge to edge)=1, 3, 5, 7, 9 mm;
d) detection coil length =1, 3, 5,7,9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29 mm,;
- ¢) excitation frequency= 100, 250, 500 Hz;
f) distance between detection and excitation (center to cehter)z 60, 80, 100, 120, 140 mm
The conclusions of these analyses are the following: '
- the defect is detectable when there is a tube thinning and Na layer. The defect signal
slightly decreases. '
- the defect is detectable when is filled with Na. The amplitude of the remote field signal
slightly decreases.
- the Na drop (circumferential) signal is stronger than defect signal. In this case a separate
analysis (based on a multi-frequency technique} is required to remove the Na drop

signal.

of
0
5
e —0.5
= fﬁ’ e
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Figure 18. Noise = tube thinning; distance excitation-detection = a) 60 mm; b) 1206 mm
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Figure 20. Noise = Na filled; distance excitation-detection = a) 60 mm; b) 120 mm
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Figure 21. Noise = Na drop; distance excitation-detection = a) 60 mm; b) 120 mm

The next step was to evaluate what is the influence of the distance between detection coils and
detection length on the remote field signal. There is a correlation between these two parameters as is
presented in Figure 22.

The main conclusion of these analyses is the following:

- the amplitude of the signai increases when the distance between detection coils |

increases.

7 3.5
3!
> 6 2
Ay )
= S22 8
o S detection £ detection
= =
- - 1
%4 length :':: - lengih
= 1 1m0 — e 1 mn
5 - 3 215 -+ 3 mm
) o 5 mm & 5 mm
- 7 1am - 7 1m
5 —- & nm 1 - 8 mu

5 10 153 2w 25 39

A0 15 20 25 30 _ ,
Distance between detections [nmn ]

Distance between defections [nun ]

a) b)

Figure 22. OD 20%, width 0.5 mm; distance excitation-detection = a) 60 mm; b) 120 rom
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In the next evaluation the signal/ noise ratio was computed using the formula:
Signal,

efect

S/IN=
Signal

The source of the noise can be:
< Nalayer;
< tube inner thinning
< Na fills the defect
< Nadrop

The NOISE SIGNAL is evaluated in the following way:

S oise = Signal,

efect+noise

- Signaldeﬁa

noise

The conclusions of these analysis the following:
If the distance between detection coils increases then
> S8/N decreases in case of tube thinning
» S/N increases for Na layer
»  S/N decreases when the defect is filled with Na
» S/N decreases for Na drop
The most optimized Remote Field configurations can be identified, based on the parameter
survey. The range of the parameters is described in Table 2 for every specific configuration: tube
thinning, Na layer, Na fills the defect and Na drop.
As it can be seen in the Table 2, the optimum operating point depends on which criteria is
used to characterize best the Remote Field device: S/N or Amplitude.

Legend
DE- distance between detection and excitation coils( center to center)
DD- distance between detection coils (edge to edge)
L — detection length

1[1,.,11] — means “1” is the most optimal values but the parameter can range between
[1,...11]

Table 2. Optimum parameters for Remote Field device in several configurations

Signal/Noise Amplitude
Tube thinning DE = 60 mm | DE = 60 mm
v=100 Hz v=250 Hz
DD =1[1,.,11] mm ' DD =13[9,.,13] mm
L =1[1,.,5] mm {L =9(1,..,.9] mm
Na layer DE = 60 mm | DE = 60 mm
' v=100 Hz v=250 Hz
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DD =29[11,,29] mm DD =13}9,.,13] mm
L =9[l,..,.9] mm L =9[I,..,9] mm
Na fills the defect DE = 60 ,120 DE = 60 mm
v=100 Hz v=250 Hz
DD =111,.,11]mm DD =11{7,.,11] mm
L =1[1,..,.9] mm L =7[1,..,7) mm
Na drop DE . = 60, 120 DE = 60 mm
v=500 Hz v=250 Hz
DD =1]l1,.,11]mm DD =29[11,..,29] mm
L =1{1,..,5] mm L =9]1,..,9] mm .

In this example are presented two optimized RF configuration at 100, 250 and 500 Hz.
In the next tables are presented only the most relevant cases, in order to simplify the evaluation
and comparison procedure:
a) defect
b) defect + Na layer
c) - defect + Na layer + Na filled
d) defect + Na layer + Na filled + Na drop.
The following rules were applied:

a) The Amplitude signal and the Signal/Noise ratio are indicated for every
configuration (initial and optimized). _

b) The increase of the value is schematically represented by the «1» symbol.

c) The decreases of the value is indicated with the “J” symbol.

d) The percentage “%?” (compared with the initial remote field configuration) is

written in the round bracket.

The main parameters of the optimized remote field device configurations are described in
Table3 ' '
 The final conclusions of the optimization are the followings:

> the OPTIMUM CONFIG1 is suitable in case of Na layer and Na fills the defect.
The defect amplitude increases up to 800% and S/N increases with up to 30%
compared with the INITIAL CONFIG.

> the OPTIMUM CONFIG2 is suitable in case of Na drop. The defect amplitude
increases up to 120% and S/N increases up to 30% compared with the INITIAL
CONFIG. '

> the optimum operating frequency is around 250 Hz (see Table 4).




JNC TN1400 2003-009

Table 3. Examples of optimized Remote Field configurations.

PARAMETERS Initial RF Optim. config.1 Optim. config.2
config.
1. | Excitation number of turns 1000 wires 1000 wires 1000 wires
2. | Detection number of turns 3000 wires 3000 wires 3000 wires
3. | Distance excitation-detection 120 mm 60 mm 60 mm
(center to center)
4. { Distance between detection 3 mm 11 mm 1 mm
coils
5. | Detection length 3 mm 5mm 3 mm
6. | Excitation length 8 mm 8§ mm 8 mm
Table 4. Comparison of Remote Field configurations. Excitation frequency 250 Hz.
PARAMETERS Initial config, Optim. config.1 Optim, config.2
Case. SIGNAL FROM DEFECT Ampl. [ £ V] Ampl. {2 V] Ampl. { £ V]
nr.

| OD..O%, w1dth 5 mm

34.19 (336.6%) 1

14.15 80.712%) 1

Ob 20%, width 0.5 mm
- Na layer+Na filled

1.28

5.82(353.7%) 1

2.67 (107.87%) 1

18,

0D 20%, widih 5 mm
- Nalayer+Na filled

343

15,27 (345.9%) ©

7.17 1094%)

OD 20%, width 0.5 mm
- Nalayer+Na
filled+Na drop

3.44

24,97 (626.1%) 1

6.94 (101.7%) 1

30.

OD 20%, width 5 mm
~ Nalayer+Na
filled+Na drop

3.07

22.67 (639.4%) 1

6.22 (102.96%) 1
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SIGNAL/NOISE

17 2934%) 1

30,

drop

Noise=Na - layer+Na filled+Na

Signal=OD 20%, width 0.5 mm

0.8

0.67 (-17.02%) |

0.79 (-221%) |
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[1] P.Estrela, M.Godinho, A.P.Gongalves, M.Almeida, I.C.Spirlet, J. Alloys Comp. Vo0l.230, 1995 p35.
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2002 the International Conference on Strongly Correlated Electron Systems (SCES'02)
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&H Magnetic properties of UFe;oSiB, (x= 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2)
{BHAELS  Acta Physica Polonica B Vol.34(2003)
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Tablel Lattice parameters Table2 Value of the saturated m&\;gjr;etization (Mo,
' remanence magnetization (My) and coercive
U'Femss%l:?lple ; i‘%,)? i(,ﬁ; force (He) at room temperature
UFessSits 8.395 4.744 Sample  Mpp/fu) Mdpp/fu) HlkOe)
UFeieTio2s8iL7s #1 *1 UFe1Sia 18.61 1.59 0.17
UFewTiosSiis  8.437 4.737 s'UFewSie - 2.50 0.19
UFepTiSi 2432 4.738 UFes2Si1s -9.13 1.32 0.20
UFGIOVD.ESil.E *1 *1 S'UF39.2Sil.8*2 '''''' 261 - 0. 17
UFewVSi #1 %1 UFe10Tio2651115 16.86 1.07 0.18
UFewCrosSiis 8395 4.717 UFewTiosSits 17.54 1.76 0.18
UFeCrSi 8.407 4.715 UFeTiSi 13.61 1.35 0.19
UPFe1nCuosSivs *1 *1 UFe1oVosSiLs 14.07 0.83 0.16
UFenCuSi *1 %] UFewVSi 11.95 0.88 0.16
UFe1GeosSivs 1 *] UFe1wCrosSivs 14.56 1.08 0.17
UFenCGeSi *1 *1 UFewCrSi 13.49 1.30 0.17
UFewBoxSiiss  8.376 4.734 UFe1CuesSivs 18.57 1.12 0.20
UFewBosSiis 8.358 4.724 UFenCubi 15.51 0.82 018
UFes2Si1sBoss *1 *1 UFe1GeosSivs 14.66 1.09 0.18
UFessSiisBos *1 *1 UFenGeSi 13.57 0.91 0.21
UFess8i1sBors *1 *1 UFe1BosSirms 13.71 1.25 0.22
UFe1BosSivs 10.76 1.18 0.28
Table3 Curie temperature UFesgsi1.§Bu.25 13.86 0.85 0.23
Sample  Td’Q)  To(Q) Ty SUressSinsBoas™ - et o2
UFewnSia 357 719 UFeg28i18Bos 16.96 0.96 0.22
UFessSirs 355 : UFes2Si18Bors 13.41 1.05 0.27
UFeTiosSites 326 750 ‘UzFezeSiz 53.62 2.90 0.15
UFeTiosSiis 289 UzFezsSis - 5225 4.66 0.19
UFewTiSi 238 782 UzFezrSia 4222 3.92 0.19
UFe1nVosSiis 278 =800 UsFezsSis 50.24 3.12 0.18
UFe1VSi 180 =800 UaFe2sSis 36.84 2.50 0.19.
UFe1CrosSirs 269 740 UsFezGez 58.69 2.60 0.15
UFewCrSi 165 744 UsFezsGes 60.07 5.15 0.15
UFewCuosSins 341 765 UsFexGes 50.24 3.12 0.18
%ewgeu&s. ';gg ?gif 748 UsFessGes . 5287 348 - - 015
e1w(zensdls ' "
UFonted 970 264 790 UsFessGes 43.87 2.80 0.15
UFeiBo2sSinzs 852 754 .
UFewBosSits 349 768 “HRGBRRETE
UFeg=SiieBoss 366 T * 3R, BEET L A RONEREEIT - I=dE
UFessSiisBos 360
UFes2Si1sBors 364 754
UzFe29Siz 288 768
UzFeesSis 324 764
UsFezSia 347 735
UsFessSis 356 704
UsFessSis 340 638
UzFexGez 220 784
UszFe2sGes 245 771
UeFenGes 269 768
UzFezGes 273 767
UsFeasGes 263 684 721
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sintering and before sintering UFe1Siz

magnetization for UFes2Si1s (UFei0Sis)
at room temperature
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R KL AR TRER O EMNSGEE (KEORRAE) NEHEIIBERZENS, ZTOEDHOTH
FRERATHIENFURTHD. FHATE, WBHFBIVFEELBOREMBKILEEFAE LT,
WEOKIUFEHORESMBI TN ERHTIBEREHNTS L LB, BERUTFHETNICK
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(EBRT (SHEEECOBD)

A1 3EEIL. MBI OBE S UG R, T BAOBES X LB T,
Ty AT LTy OREERMAMRICET 5 XREEAENL. T2/ VF—F R ESNT, B8
B kB EWRICSEER LAEFRHEFNVERWTEREERL .

TRl AEER. HRETERXUIFENRICLEREROTFUTTIVEER L,

R (S%FE]

AAEE FEHOWETIR, FCRFEERKUBOMECET X MBAETZERL. 32510
F—y BLIFTHERNFRAEFINEZAVWTALERESSA/RZER L, i, INFHO
1;h?vy?vﬂﬁkhﬁﬁﬂ%@ﬁﬁ%%&&&%ﬁ&%ﬁbhﬁﬁﬁﬂkmﬁwﬁﬁ&
D8 - REtEFT- .

COBEBORBESTROBD THB.

. HPTHRKNECHT A REEOEERLUEROBE
I-1. FZrZZA

1-2. WS BRI

2. BEREBHORNOER

2-1. Spatial (8) ®FIN
- 2-2. Spatio-temporal (ST) &5

2-3. Modified =FIN

2-4, EBE

3. &

1, HBRTERALEBCET S CREEORES I UEROHE
I-1. F7pr22X
HETHER IBRETEXEOHERIISTT 2. REEBEI 74 VEE V- -2—5
FFAV—k RIS —-bOERINBET 21D, i&%%ﬁb%k&iﬁ@zﬁ%%tﬂﬁﬁ'(%é
(Fig. 1(a)).

- 1-2. TR
FETHRALBL. 5 DATY 7 I—  BXOENICEET IR S-S F— AR ER 5
BRENTHD Gl - HE 1977 - B#IEH 2002) (Pig 1(h)). EFFHFEZAVEINE
TORERCLDE, 15 FFEHPASREZTHAEHZRVBLELTRLIENHSAEN
TWB (BJIE - /v, 1992 5 /vl 1993 5 /ANINER, 1995 5 BABIED, 2002), e, BKUWEHOS
BELH L NERALIE. 198 FICREFSHBROM dn IECLFERETH % (Okada and
Yamamoto, 1991; /hibl, 1993 72 &), TOHIROBEAEEIL. 150~80ka IIZRED B A LB
DOILEIZB SN T3, 80ka LAEIREH THHEAESN MG L . BAHEER, 150~40ka T
12, T900 45 1 ETH - 728, 40ka A» S B £ TR 25004FIC 1 HITHEIN L TH B Chlig A 1995),
FiglWizk 2 & BREKUBROIEROZDOOEFZHRNT. MOkLFNE, LFE—FERAFRIC
HET 3 ERSBD 5N, _
28, RETERAUFEONEABIVERREDT— & RERFHFREFNAERICBW TR
THARBOTHZTEME, SEFBHEOY T > 70 K-Ar FRMEILER L inho .

ﬁ%m%@&%@ﬁ%

ﬁ‘@iﬂﬁﬁikmﬁ@ﬁklﬁﬁ%ﬁﬁ%ﬁﬁ‘?%tbk spatlal (8) &), spatio-temporal (ST)
7). nodified EFNO I DOREBEFNR X Z5EE2EAT. TNENOEFNICLETF
HEERIZITEOBEDTHS.
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135, FHESICBNTEROES Tkl 1. | AEDRCERENE QY 73— - B85 1K
A F T =V, TTTOBHICE s THRICERSNEDOLEET 2,

2-1. Spatial (8) EFNV

SEF NIz DT, Epanechnikov Kernel function (Diggle, 1985; Gutz and Lutman, 1995
72 &) B X Gaussian Kernel function (HIAIE, Condit et al., 1998; Connor et al., 2000 7z
&} KDOWTRET o .

Kernel function ik, & OXKILEDHEBEZFLEL THTNRIMETRTREFERK
(pdl) TH 3. ZOEFNITBWTEHE XN/ recurrence rate ORI, smoothing coefficient
(h-{E) &FEEOXLOFEEE - O E25, B4 DXIUD Kernel function 25E 5 &
Ko T ERAIBOSEOHERLGR EERT B ENTES, 728, Spatial recurrence rate
i 1kn? Z & DR A, Temporal recurrenmce rate iZ. FXRTOKLUDERDSEEELL TOR
BESFELE, DX, HAKUBEICBITS spatial recurrence rate I3 &0, temporal
recurrence rate IIEE &S5, TODOO recurrence rate A STHYE., HEROXKLOER
BRETFHTS,

4|, Epanechnikov 31 TF Gaussian WA DOWTHEZHE AL, SEERIZ, Kernel
function MENE VT L S smoothing coeflicient (h &) DEAFITEKET B LEAIIE, EFE
SHEEXUBEORS. Gaussian Kernel (h=3 km)@‘i’ﬁ%ﬁﬁi Epanechnikov Kernel (h=0km) @
ERIBLLAERSEERS,

Smoothing coefficient (h ) IZEWVWEDEE. %K&@iﬁ%’@\ RREELRD, ZTOEFI
TEBE, BATIRENBLENERIL. RESERXKUFORBICHKET S, BEEEKEL
Te iR s A BT R TP T ERALIE TR, ALoEHEL, BEHiFbENED. TR
DHEERITHZENTETH S5, BERLPHERIL 40ka LEIOXKD OHHMOT—FITETNT,
FOHD A FTEHORZBEFELEBOTH D, i, Fig. 2 IZid. 20ka HPSEEEZ TICER.
BALEAOOMNBLHETRLTNS, INSIZE3E. h—EZSkmIZRELEEAKHE
ART. h—fE%E 9kn KEELZBEOREHMPZROKOOLSMWICL DBEANNTHS Z &
N3, Liho T, EREERAUFEOESICIE. h—Eid Skn UL EICRETINENS B LE
Zeha,

2-2. Spatio-temporal (ST)EFN

S EFIOEEAD—DIZ. EREESEFIC—ED recurrence rate 25X TWB%H, HE
T & @ recurrence rate DEWEFERTERW, Thab5,. HLWKUOFAI HFNAUDET
- BE U recurrence rate TsfE I3,

—% nearest-neighbour 3£z k3 spatio-temporal €5 ) (Ripley, 1981; Connor and Hill,
1995) TiX, 4 OXRUOEE EBREREZZRTE SO, ZMH - ﬂ#Fa?@?XfLEJMﬂD‘Eb
7= recurrence rate ZE I ENTES.

ZHENOHIBLOZEM - B recurrence rate 2AHTAT EICLD. KLUBEO2EELLT
OZoR - B recurrence rate ZEFTE S, KIUFLEE L TORE recurrence rate i, X
HOERENSFHET A EMNTERZEMD, LEOEHUAEREERTZZEICED. B
i®72 nearest-neighbour M GHERAWVLAKILIOR) 2RETED.

ﬁ@ﬂiﬁik&#éﬁ%&: L7=3tEir k5 &, nearesi-neighbour # 7 H3WE 8 It L8B4
A, EBOMZ recurrence rate = 1 volcanic event/ 2, 500 NLE 1993) LB HiFWER

A

Fig. 3 1R UARRSAIT. BF 2 FEUMCERINZAKLOSFOTFT—FREINT. B
B AEBORZEEZHELEDOTH D, (a) i nearest-neighbours=6 OFE. i
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nearest-neighbours=7 DEFEF T XIUDERMIZ. AliEd (1993) BLUEREITH (2002)
ERAWE, SSTEFNICED., ERTHEAAUEBEOTRTOKLOTF—FE2HWT, $& 1 A%
Mok RT AR ESFE LA (2B, nearest-neighbours=7 &L7=). TOHRE. ST
FNEFABICERTERXUBORBICBNTEDBHORER (1003~107% i3,

2-3. Modified =5

§+S-TEFNIE. BEOXKLDABBLITERIZE<S<BDTH S, Connor and Hill (1995)
2. HERICES<HERETNTSHS §- S-T EFIMKILOT 5 A5 —I - BREFE - FBI&
Vo KBS0 ERBRT S 2 L E R L. BEE., ERL-EBERQOIBROERSES
FORERICBNWTE S $-T EFNWE. 75 AY—bOBEREZZRTHENTEE, LMLz
Mo, HETGEEKUBTORE 2 AERO PR R EERICERINERKUOSH LTS
&, EBEOXNIESMNERIMENE ZACBREN -2 &b 5,

RETREKIUFL, BENSHEZTOBEDHORT, KUORREAFBEH LI LIS
NTWa UMUIER, 199374 8), £, #EXEO0eEEaNE. KUEEE 72 Vv EViE
FL— FOWHAZICH LT, ENEEABELAZEVEDONS (HF, 1989). S-5-TO
HEDETIE., TOLSAKLESOBEERSICTFRITE RN,

kD, FE, EROXUFEHOFMEZELEZD0 nodified EFIVEFEELE. —D
DEFVRES EFNE (Fig. 42, b}, BI—DOEFIES-TEFNZE (Fig. 4c) X—RITk
HOBRESIBLIUBHERFTZ2HDTH 2,

Modified SEFI (MS) 1Z. ellipsoid Gaussian iC & D #EDXLOEFNRERIC—FTS
ESHEZTIDBOTH 3. BEIDODWTIX, BEOXLOHHEEOTERAEEZN S HMEIC
BEFLTW<SbDELE. 2B, [$EOKUOETIH LB EFEREIT. ﬁ%@ﬂﬁ?“&%&@
HREEOF—FicETEHREL .

Modified S-T EFJ)Lid. Fig. 4c ITRT X DICFHAENDHE) - ﬁﬂ@“:d(!ﬂ@ﬁi‘fﬁﬁ‘ﬁfﬁi'ﬁ‘%
HOELE, Fig. 513 BEOSTEFNEM-TEFICEBHERIIONT, EBEfT->2D
DTH 5. S-TEFTINTHESRTUS-T ®F TR %ﬁk%ﬁﬁé’?’l?‘cﬂ(&@ﬁ?ﬁ"?’ﬁﬁﬂ%ji<i
HTE%,

2-4, # £

MS « MS-T B FIVIAET A= 7RI DFEEE - EEEJ’&%@JTZM.&%:"IE‘E&?‘%m :’c@muﬁw
DFBERZBEOKUOENTOBETH B, DFD. INFMOLy AT 57 OBERK
tilifet 5 OB AIIBEED L 512, KIUOENDinniE P8l - FEFICR S NS
KILOBEE L BERBOMICMEBET 2 AUNEFEL RN T, FARROEHEEIENEE
bEBZEERN,

LEM-T, 20X BT, LEOBRETIVICHOBBEECHIRMBZEOT—5 (H
2 HBEBE NES T 74—, BEAEE, BRRBREES) KX3ETFNEZESL TN T &HF
AIRERD. ThbDEBE, FIZE v ATV FVCBWTHRETIVIRENREEZEE
LEFRZERTHN TS (Connor F4, 2000), .

¥k, ChETOTFAREOBERO—DLUT, FIAE. MR- B/ ILERKILBEOFHRE
BT, BWERREOESEN NS L WHMRER LS (~0. 20Ma) OFAETIIARL, kD&
WIEBNC K BR/ IDERKIUEE (1. 2~0. 6Ma) AUIHHETHIENBITFoNs. Ll
5, MEOHBE NS 74 —OEMIC kD EHBERAUBEOETICHE, BHROo< S <ED
EEZONIZPHROEEEEENRD SN TS (Zhae and Ochi, 2000}, L7=4i-T. FHeHE
BRAKILEHOEE, ChoDF—FEEETH LD, EFNVOEEREZMEINE T &AW
BT B, :

— 100 —
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HEEEMRUBOHS, HROF—FE2EIEDRITERLD. EROTFNVERELT
BT EMAgEEERSNS. Fig § IKRLEKDIC, B 2 AREUNIBREES N LB L
vikiliid, BWHEBSREEZRTHRESIEE-RLTWS, 251, RERRNRNWI /@D IER
THEEILNDRWE - T4 YA FOKING, BWHRAE QMR & BET ST TEENS 5.

BRTFIIC, BBRNES 74 —PHBENESOBONTA-FEZRATZHELL T,
A RgENB D, AR, LEOBMSHFENTTIVE a priori WRSHEAKEL T, EBT
%5 —#13 likelihood function & ULTED LY. W5 % normalize LTEHETEHOTH B,
BREE. REEERKILEORFTRZMIRS X ORI H A O ESRRRIC B 5 FTROGHESR
P TH 5,

3. &0
ZEGE S GLEBET)) CEIEROEFNBLIVEORBREFNERANTHETER

kﬂlﬁki‘obﬂ'%&'&%@kﬂl@%é@ﬁﬁ%%&i‘l L=,
-5/ (Gaussian A Epanechnikov kernel) ok &, EFEHERAXLUBICBNWTSE
FEITKUBRET HHERE. REHVHRT 109 ~10"TH 5,
S-TEFNIEBNTD, —BENEAKERIZ 10%3~100% 2725,
KINOBREFIB L CBEEEE L 7= Modified SMS) BLTXS-T (MS—T) BREFNVERRL
poult
INBEDETFIVICELD &.Eﬁgﬁ‘-?ﬁ‘fﬁ%Eblﬁﬁlrikﬂlﬁi:ﬁﬁu}:’j&%o

HETERUFHOSHE 1 FEMOBERIIT )/ F MO Sprigerville DX DB KRBk ILUEE
(# 400 volcanic event) (Condit and Conmor, 1996) EFUCA—F DEELSM, e - FH./
UlkLUﬁi‘oJ:U:L1737‘7_“/'7'.‘/iﬂiﬁﬁkﬁ'§"%}35ﬁ-ﬁ'zkﬂ.lﬁ (#) 40 volcanic event) e~ A
"ﬁ%hﬁ&ﬁ%a

B 5 THL ﬁ@g%rwk;5%wﬁ%ﬁmﬁﬁa%zénaﬁ\_@ﬁ&urw&ﬁkx
EARET BT LD, KUODAVHRPEKIHROTRICH. MOREE - HIRHEE
S AEETHC ENBEE S,

B
ﬁ@ﬁm EEMH 1977 RPEERXUFEOME-1975-1977 FFEOREHREHICEEL
. HUEBDFEE, 52, 235-278.
Cond:t C D. and Cennor, C. B., 1996, Recurrence rates of volcanism in basaltic volcanic fields: An
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Fig. 1. Maps showing the location
and tectonic setting of the Higashi-
© lzu Monogenetic Volcano Group
{H-I MVG). The H-l MVG is
located on the east part of the lzu
peninsula near the boundary of
three plates (a), and includes 59
edifices showing alignments of
simutaneous eruptions in places
(b). The location of edifices are
known from the existence of scoria
cones, tuff rings, lava domes and
maars. The Teishi Kaikyu erupted
off-shore, as recently as 1989.
The predominant trend of the
alignments is NW - SE (Hayakawa
and Koyama, 1992; Koyama et al.,
A Teishi Kaikyu 1395). This trend ;_Jarrallels .the

. orientation of maximum horizontal
Edifices compression attributable to the
subduction direction of the
Philippine Sea plate.
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Fig. 2. Maps showing the probability of one or more volcanic event(s) forming in the period from 20ka
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to present. The calculation was made using data from vents that formed prior to 20ka (filled triangles)
and-a regional recurrence rate of one event per 2,500 yrs with h = 5 km (a) and h = 9 km (b).
Subsequent eruptions that formed during the 'prediction’ period are shown by open triangles. Plots
calculated with a smoothing coefficient of at least h = 9 km are suitable for this field.
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" Fig. 3. Maps showing the probability of one or more volcanic event(s) forming in the period from 20ka
to present. The calcutation was made using data from vents that formed prior to 20ka (filled friangles)
with six nearest-neighbours (a) and seven nearest-neighbours {b). As with the S model, the S-T model
fails to capture subsequent alignments {marked with a line).
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b
@ Vodified S model > Modified S model

(no shifis) | (shifts included)

Standard

Fig. 4. (a) Vent alignmenis (L) are modelled using an ellipsoid Gaussian (major axis parraliel to
alignment trend). (b} Expected future shifts (S) are estimated from historic shift rates and new points
calculated either side of current vents. (¢) With the MS-T model, points are redistributed based on
the length of previous average vent alignments (L} and and shifts (S).
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Fig. 5. Maps showing the probability of one or more volcanic event(s) forming in the period from
20ka to present. The calculation was made using data from vents that formed prior to 20ka (filled
triangles) using the S-T model (a) and M-S-T mode! (b). For the 20ka period the M-S-T model
appears to capture new vents and alignments throughout the volcanic field.
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Fig. 6. Map showing the spatial distribution of the geothermal gradient in the vicinity of the Higashi-
lzu Monogenetic volcano field calculated from 23 boreholes (filled circles). The distrbition of
monogenetic volcanoes that formed from 20,000 yrs to present are also shown. (Borehole data from
Tanaka et al., 1999).
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Fig.1  Schematic description of the flow field in a parallel-plate channel (a) and the flow field on the surface of a single
solid particle in a packed-bed column (b).
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Fig.2 Evaluation procedure of deposition coefficients in colloid transport.

a0 FEE

TR

Fig.3 Schematic description of the parallel-plate flow cell.
Fig.4 Schematic description of the packed-bed column system.

100 ym

Fig.5 Observed colloid particles deposited on glass plate. (NaCl concentration: 107 M, time: 240 min)
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Fig. 6 Number of deposited latex particles N {particles/100 m’) as a function of time (min). The drawn line is the best fit
of Eq. (11) to the data points. (NaCl concentration: 1x10” M)
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Fig. 7 Number of deposited latex particles N (particies/100 u ') as a function of time (min). The drawn line is the best fit
of Eg. (11) to the data points. (NaCl concentration: 1x10" M)
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Fig.8 Breakthrough curve of the latex particles (solid circles) with fitting results by the colloid transport model with
different values of &, (lines). (NaCl concentration: 10 M, column length: 30 cm) '

0.5

0.4 |

03 kd =2.0E-3 (1/5)

o X kd = 2.5E-3 (1/s
L 02 f (1)
(] |

- kd = 3.0E-3 (1/s)

0.] m  p— ewn
Olllll_lllllll|lFllll
0.0 5.0 10,0 15.0 20,0

el (hr)

Fig.9 Breakthrough curve of the latex particles (solid circles) with fitting results by the colloid transpoft model with
different values of k, (lines). (NaCl concentration: 10" M, column length: 10 cm)

Table 1 Deposition coefficients k,(1/s) evaluated with packed-column experiment and observation of colloid deposition in

a parallel-plate channel.

NaCl JE 5 1X10°M 1X10'M
AN 45X10" /s 2.5%X10° /s

fIEBRSBIER 25%10% 1/s 1.5X10°1/s
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“Oxide Particles Stability in Oxide Dispersion Strengthened Ferritic Steels During Neutron Irradiation,”
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Table 1 CMIR-4 HASFEEl O LM bk L OMRS 4 :
S FAMAE (mass%) REHEE (C) | BHEE (X10%vm?) dpa

. 450 3.6 18.0
1DS Fe-11.0Cr-2.7TW-0.4Ti-0.40Y,0; 542 34 170
. 542 4.2 21.0
1DK Fe-12.9Cr-2.8W-0.5Ti-0.27Y,0; 561 21 105

Table 2 SVIR-1 HEH RO b5 AR & BB S 4

#ifE H AR (mass%) HBEHARE (C) | BEE (X10%w/m®) dpa ESD
397 0.5 2.5
M93 Fe-9Cr-2W-0.2Ti-0.35Y,0; 497 3.0 15.0 Ar 1 MA
534 1.4 7.0
397 0.5 2.5
Fo4 Fe-12Cr-2W-0.3Ti-0.23Y,0; 497 3.0 15.0 He & MA
534 1.4 7.0
397 0.5 2.5
F95 Fe-12Cr-2W-0.3Ti-0.23Y;0; 497 30 15.0 Ar P MA
534 1.4 7.0
a) 10 55 a) i %
3 §§ A = O Pre-irrad,
.‘E £ 3 & £ 30 1 @ Post-irrad.
g & 25+ = E 2
Bog 20 | P
=8 g5 [ 28 X
AT, T ot
= 5 [ = 10}
i 5l
0 55 L 0 <,
B 40 55 b) %
L35 L w 1 (] Pre-i
g B30 | S g 45 Pre—irrad.
Ba25 [ O Eo 0] B Post-irrad.
2220 [ 53 251
E : 15 | @------ = E » 20 0
10 L 'g z ;g [ B--..... o
=205 | g o7
L -4 A
' 700 750 800 850 ~ 1 [ )
Temperature, K Dose, dpa
Fig.1 Temperature dependence of 2) mean particle Fig.2 Dose dependence of a} mean particle
size and b) particle number density in 1DS at the size and b) particle namber density in 1DK
same dose level (17.0, 18.0 dpa) at the same temperafure level (815, 834 K)
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Fig.3 - Yttrium/Titanium ratio of complex oxide particles at the center and surface.
Lines(===) and broken lines (--«=)mean the results of EDS analysis from the pre-
and post-irradiated samples, respectively.

670K, 1.5dpa

770K, 15.0dpa

Fig.4 -TEM images of irradiation-induced I/V type clusters of He-MA steel, F94, formed locally
in the vicinity of unidentified inclusion . Void aligning along the edge dislocation was

recognized at the given irradiation condition.
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FFT SR THD. /1 XVANIVBEREER S TRAERERNRE SN, /1 XBESITEK
B 130Kz KD PP EDXHFET S, B5 /A XLEON B IZEETH 4. BRTLIBETH
B, 50 EF{LME L RO Fig. 5 I2BWT, FRO SNED 5 ICERL, FFT O/ 1 XA
BhI <ok, BRIBECKBRIBEMMELE Fig. 6 IRLE, BEMMICEN. ZEES
PRIVBETFL, fIE 7 FdREND. COMMY 7 MIFEERICLSBDEEALNS.
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—HEAIC, SHEE EMATO RIS 6 135N
C
infd =—— 1
sin 2] ‘ n

TEEINS, 2EL, al3Fig ICRLEBAOED, C EBHERGFOSHEEE, IIAEETH 5,
BENTLTS &, BREkOSTHECHELL, ROICELD. BFAIDHEYD, BFEOEERERN
T B, DD, Fig. IR UEMES 7 P ERIBETIE, SEE LB TEY—ABEOE
{EARBAO—D EE X B NB,

Fig. IMEE00CIZB T3 REBSHRECHSBAHEICH THEEFEETHS. ARIKBNT,
BERUMABERE2NUTHEHELZBEOERb LD, AEHKICHEBERETI0MzX DKWL
P D690~ T00KHz TRARENEN-. REICE ZEMATOEAM (Z 2 TRIBEFEREIFR OB
REZET )N LN ERETHIE, ZOBAKRENRNARERICBWT, EFROGHEE
SMNEESKICEEL, BirfoNEREERICARD EEISNS, B BEFLICLS. EHC
NI L . EMATOISEMERET 2 &5 2 0N, BATBE2EE LN BikRER L8, 8
EXREEZERL. BSRICBTH3EEFEAERZERE LTI, ZTRESROBETSH
B

Fig. 8Ic 2 ) v M5 ORFEEFHESORAREBOBEKFRZRL L. LOMBIIEERD v
FEEETLIBEEDEELARNT. TOMBRIIARSLARETEN L THRET2E5DES LI
ThHo. 2N, BEEEBERLLBTERERS LAVIELZ>Tna, Zhdidse & ABE
DiEREFE - AR L 3BT REENERE EEZ 615, RITRLEZIDOERIThENE
BREET L ES BARNBEEEE VNIV EEE LB 0BT HESOBREKFETS
5., ZORBEENS, BERICIIBITIZEFSIVRIVETR,. BEHEHEETHHESLEBRALAEN
BET, FNENS LIBEBETH D, B, BEROFEERELZEE LRIV ORTIZH5%EE
TH5, |

A L] SBT3 @B SITEEGREHEOABRRIELIEEIND. FEREZERZ DM
Zizwpick ., REBMEHEORMES L IINELT 0T, BLEHATHEN GREET
ZIOREEL VW, FEhSRETIESICEERNTRERENEL LICRZOT, HENIKITEX
<N, o TREFEPEELBIZLDEB L VETE2H S NEENHFEI NS,

@EEFRATO IR A > E—¥ > A%tk

EMAT QBRI N DEEE, 7—TNVEEA =¥ ARG —7NOEGEHERER. B8
A EHE KH)Io BT 2 EMAT B2 E1 o V—F VA2 58BN A—¥ TH 5. EMAT &
Wiggr — TN EEkD41 > B O ABREHIE, BEEONRT—E+2ZHATE, EMAT OEEE
ERECRETELNESHOETH D46 T BLF EMAT O > E—F > A& HE EMAT
BFIc U T, BEERSRETHIOTHREIZTIHEND S,

FBHEE—2 OERERICETZ, FRICBVWTERE EMAT O X E—¥ 2 XEBEEAER
(730KHz &L <IT 530KH2IZBNT, 50~T0QRETH S, ZOWMERHIBEEY 7 I 7iEEE
ERELEEETH LM, EMAT O »P—F 2R3 7 b4 JHEEICEET 50T, RERICH
W7 b 7EBICADRTT > E—F o ABEAEETRILEND 5. 2B, REEMIAN,
| kEq o E—F U ANET SR REERHBOT,. EHEBEICED 1 Y E—F  ADORBEHRENE
BETH5.

2. XAREOORE

MbAUw EFFASEDO IST . R QITHE) . BHEHRAMNSY S OBHBIRET
H 0, FRITHIETE BAARE OERD AT HEREOEROT, BEORESNERTHS.
AUAEBAL LU TR P LR, YIUTL » NV PREEHET 5N, FRRBTRFED
ABRNBIORHEE - BRADBWRENTHAH, F2U—BEN 310~30TEEL. DR
ERENEVNOT. BELRIHESHEETARL L., 00CEETHTUTL - ANN FREAD
EE - ERGESEL, BT NVABOERICK2RALFETHLFFVARDOEH
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EEAEIVWELTH B, YIUTLA - AN FRERIIF 2 U —IBE 820-920°C <54, BE
BT, BREERERIIAENHIRKE. BNEWSTANDD., HYOEHINFEIA
5. ERRT.EREETREEELEZ SNDAARAIT RILUSE (ST B A4  B-30SH(H
VE&BEHAS) BBITENS, Baaiz, BEfE BIAT IR S Nk ARE L RIH(EREES) T
D, RIBMDIES X 10%BEEENFMEL TS, /2B, RIH, H-30SH /2 & OB O ERS S Sn,Co,,
THO, WEHR(rB, —a— o) HESENT. BiEIck 2RBEEMNZEE 0 IKENDT.
FHREICBT 2 EBEHEREELENEEXI SIS,

—7%. BEFEEZET IS, BOEE - FRIADE T, RMEBADH TS, BERE
W RISHS EOEALEX SRS,

3. KMEOHREEIMOBITRUSBE

EMAT D8R B BRI, MEBEER LIRS EARERETHSD. TOED, BERK
BEELY, BEMESEORIBEEZIEL. BB EOMBKEEEHEEC LRTnER S A
2N

AABE DRI ERD DD ICHBBHN LT R o 2. BTEROTIEL, HIEH-3
EZRENIZN. FNSKOBARAERYG L8EL. MEEEFMICHEEREREL T, 2
BTz o . MRRMATERNCE D FMERMFI— R FEMLAB 2R/, 723, TSR
BB ER-4 22BN,

T, HRICBISHAEHEDHIAREIIDNTHERT S,

OEAHMO ORIEEEIRER

Fig. 11 [T AREE OFR SEITEER - HESEMEEZRLE. BEKEEEERCED, &
HO—V Y ARERT D y TARREEB, K EFEETHIERVWOT, B, OFFHROAICD
WTEET 32,

Fig.12 Iz, %ﬁiﬁ#ﬁiﬁiﬂﬁﬁﬁE@B STERL. R BRE BREMAEEL B =1.121) 2/
Pt (a)%iﬁ@ﬁﬁﬂ!bl)?f%ﬂ‘:fﬁ%ﬁ 0.1-5.0nn ORZZWHEICBET S B, ﬁTﬁTEB% BMAERE
ﬁ%t%mfﬁﬁﬁwﬁﬁﬁ%umawﬁaﬁET\U7bt7ﬁ%®%mmoh,g®%kﬁﬁ
B L /A MO AEERIIEA B BERE 0. 1nn IZBW 3 BAB, R0ATTRETHS. DRES @&
LD~ L ORIEBHE ORSERE B, ORA F.LWTE 8 CBI 32 THD. LERENE
EHREE B, WRENWI ENFP o7z, DED, BEMAOHEE, BIELARTERKEWEIERA
DHESIFHENTR L,

QPPN BSOS TR E

'Fig.13 & Fig. 1413, Fig.9 @RU /= SH ik EMAT 0 PPM REGHES (8 FAH : BRIE T B REA MM
EREEY 2 2 DOMAR—DORARERMEMET 2) O v HMRREER, 2 TH5. M@
MFid. a=2.5mn. L=10mm. R22HS B&A CRERIREE B, =0. U AW, BIMIATFEEMAL.
/4 BAEDWTIT 2o/, Fig. 30D B, X5 () OAS— 222 RT3 & L VeI
BB, e (0) DB, OFFHESP b HHATLHBOREBEILTE vy FAICH > TWB T &8
Ao, U7 Fﬂ‘?%ﬁﬁ@ ZAEITHEY, B, AR 5 (Fig. 14 @) BREEFEEGORELED
S0, BaTLETE v FRIICB 2BOREE B, 2471 Fig. 14(0) REGBA L AE<Ebo k.
5, BAOEHETEL D 3 25 10m iZZ2EL TS, v FREREES, BIEEAERLLERN
C=3mm DFE. FHMEV). ZHEZBROWARBICLD. x FRAORREEELABEMG M
A5, vy FRICHARDPHID Z&ICXBEFEA NS, ZonmREick . BERLENMG A
F) ORI EE TR BRAREL, #EORS D 0F THER, TEOEWEE B 21 5om)
THRICT B ETEOERWEALRALC LD KBRALBEGEEETE T &:fﬁﬁ*#oto BERED
BERIECBW TR I ORERAZEREKERFD.
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®Halbach BH D ﬁi Btk iR R R

—F4. BARBOIXRICKSBAEEORENELZ SND, Fig. 10 i Halbach Ik DIREEhA
MERSBTEISASNTNET > Yal—FOFANERBEIERE L THSNTWIBAHE
THd. O SH A EMAT O PPN BE A OZBAOMICAMICEA L AR EREa 2E
WICHRIZEBETHEATS I LTI DERING, COMEOHREENRAET2EMIE, 7—F
PUEFig 10 IKBW TR EAIZAD) ITEBWTHAFRMICE L EBEORAK LD, BARHime
KBEROICRENT, S0EEV L THASEADT. vy FHERBENGL A5 b0 LEEANS,

Fig. 15-17T X Halbach BE A S OB EEESM & PP ARG OREFES T OLILETH 5 .RI2H
Mo BERGEEE B, =1 12D 2RV, BELEOEI MG FAS L SEFMICELL =/
ADEAMN ., BHICHEALUEBEOESRND T, ath ZEETSRET, a &b OTEHGRE
Bl dRBOMEEESMOE{LERD .

HEe e LT, Fig. 15(a)iZ 2=2.5mm. b=0mm @ PPM BEGHEDHRERLE. COHMSIMNB L
ST, SRR EREI BT AMEEERMERS Fig. 12@) &0 WXEERSVWEBEHRENE LN
B CHRTTIRHAALEI DI, x FFMEHEENSHEET 2RO OBBITHERSN, vy FRICHFS
L. y FRIOBREE#BARI®Z L7425, /a5, Fig. 1 & Fig. 14 2T 5 &, U7 b 7EEEE
0. 1nm FFORABRBED IO B OBRERREEDISENERZ- T3,

—7. Halbach REDFHTHI (a=b=1. 25mm) i3 Fig. 15 (0) TRU 7. U—F > FHEGEH TREREEN
KB 6 ERE) AL &7, Bib, BREORFHENES, BYMERtck o
SEMAEATES, Fig. 16 13 a, b S EZEE. WL B X A3BBESFOELERLE.
Fig. 16(a) &, L=Tum, atb=2.5mm ZEEL. a & b DA EERLEBIBEO y HAHHKEE B, 5
HTHD. T—FUFVEEBICBNT a RKREVFE, EFEMAI WL, =L, U7 4 7HEEE |
OEMzON, —HMOBREEMBRMEEZLEETS. WTFNOBETY, Halbach BiE OBIRERE
3 PPM BEGHEE L D EEIS. A, U 7 bATZEEEED lmn DI TERY 5545, a=1.0mn. b=1. Smm
s a=b=1. 6m HEO &L 3 ITBEN BRI EEFE T 3.

Fig. 16 01X, a=b=1.25mm Z@EEL. L 228k X B/~ & D Halbach %ﬁﬁuﬁh‘éﬁﬁﬁﬁﬁa) )z
A TEBESEETHS. +ORBFEFis 10 QU—F U /EFEB VIO AR NS OBEREEST
WKL, —OESIdFie. 10 07 —F > JEE (v 80 — ) REH 5 ORREESAITHRT
3, BORLEICH DRI EOETEERL., SOLMEREONE. EREREOREEE
To ZOEMS, Halbach EHEDESTH. BEOR(LAR v HFED) OFE L BEETIIRNWT
EBSMoT, 517, Halbach EAMEICBN T, MO EAAICRZ2REEEFETH I &N
BETHD. V—F 2 /EBAUORREEOMMIIZOENIRREEOR ERBLLTES N,
BELEORI TRV - PPMBELFAETHS.

Fig. 1T BBARE~HE L=Ton Z2EAE L. a=b ARICELIERES B ARREEOD 7 Mt
THBEDREHETH B.ath MREWIFE U7 hF THEEBEOXREWMEICBITBREFTENREN,
BMATOU 7 b A 7 IR BREQETRNH SN 5. EBANE. BAREDERIMEZ 513 & EMAT
D) 7 A T7HENLLL S, ZEL, BABEOEREIIHN T, ERBTFEAEREH. 8
ERERA 6 (D)) HEIBTRFHAEFCLVHRINZOT, BREATEORTHEISRE
N3, BRELT, EBEOTHEORABEEZRINL . BinEENORTHATRRBOMER
BETRHEEZILND,

4. BEBHRAERITRUER

BYAT I2BWT, BEEMFOEHA. I/ NVKERAEBRZH T EERFEICK D EEENICRE
HAREIN., AAKOHORESN-HHELOHEERT. FAAREROO— L Y ANERE
FEEHFCREL. BRETICEDD., BEEELTEREICERET 3. ZEFMTOERITD
FEFBETHD. 1MV ERLERBIEIAABRGOBRELIMRVENDOT, BRI &
BEREREZMIL TR, O-L VAR RDBEIENTES,
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BEREREATOEFHAIIRMAER-3 22Ba NN,

BIWITEEDHREENMOFEMBRZE ZA. XSCHERAEFETRL. £U0ITE
Da—L YAQE—ZEzRD. R(1DORAEKHEREHALT,. RUDMASBEHSEEEH
T5. 2B, FW|EH T, EFETEOBENEZHET, HHOETHEET L.

fEHTCIZ PPU GG #8 & Halbach BEG M 285 5 BMAT 2D W TTA . BB /8 S A—41d.
BAREEES 2. oon (PPY MOHEOEA, a=2.5m ; Halbach EAKE DRSS, ath=2.5m) . ME
BETEL=Tm. V7 M THEEE0.5m 2R Wi, a4 NSRS LT, HERE 5. 998X 107S/n
AW, BAREMRHNT SUS304 2T L A8 T, T 31200/s. BEEMNFD 2.4% LKEL=.
frl. BEREER X100/ TH B, -

OB ket :

Fig. 18 IZMERBIAAET N &R LIz, BMEEBEOT—F 2 FEEHS Y 7 M 7HEBE 0. 5mn D
P I etk SUS304 A ZRB L. a7 I 0. 05mm HADEBREEE L, Fig. 19 IR/ LD, |
SUS304 HetrfFICRE L mREREFEOFEELSMTH 5. BMEIEEEH S OFES T, HENINEHE
ETh5. AEKoEXIION, SREXTEICBIT2EABEREESRD L, BEEILRLT
5, RGBT SREREEOBRAERMREREELD 1IN,

@o— Y >V hBRRERIC & 5B E i rE & BT A2

BEREERBESN 20—V YHOBHETEREETHS. O— L Y HITRER SRS E
DRETHS. MREERIRAMSO) 7 A IEEOENICONEAS TS —4, Fig. 19 hosh
BHEI, MEREE DRRAERE N S OFERMICEN, AERICEELZESBEBELTLL,
LR, ERICHEETHEEEZTET 22012, EHOMNBEROBEELERTZOREL WA, HER
HARSI <KDV, AERECHMICLSMER L BRBEORENEAEANS 23 ETH
TEH0T, FEREAIRIBEONS VA 2EMNICER TS & BHTFL b ERESFEIRICRGR
ENEMERT—F ERANSBENRN, Thabb. BEROFERHEIC L >BERIGEOT(E
HEHETIHEND D, Fig 20-23 TRLAOE LEERE S BT 0 ORFEETH S,

Fig.20 I2. REBWERFEOMREICLD SH HEFEOLTLEEERLE. BESFMOBE
WF—& ORI, SEEBRERETEMLENASBRPLEEL TS, ZhiL. Fiz. 19 OFE
BREEDIWRICHIE L TWD, BTG PPY #E, AR A B3 T00kHz, SRAEFEAELE EMAT s
5 100mn & 10 ZHVWz. ZDOOFBEERICENT. REOHEMELIS. BTHoABERSED
LU, .

Fig. 21 3. @M L BTADO O— L Y H O MR (EEh 5 X dm ETOKERERL,
Fig. 0 Do OBEERTH S, BERRERCIRERBELSN SHUL. BIFAIZE OB
HHN0.1° MELMICEES. D0, BSEERFAARERMEEECSEDEKELZN, &
FTR2RE, BESFTROEBFARZR(DICL3EHUEERAG (63.05° ) 2O ThNREET
5. ZORERIL. BFEFROSMERRLZNSEEZONS. A () OEFAR, BElEa THEN
EREOZHAFTROTHBIRL VAR AEERSSICBT2BIERTATHS. —F. LEO
BEMIERIIMPN LS RATRETIERAEL, 536BRICBII38SEORENENH 5D T,
SHEHRRADRR-TL 3. b, BLREHRTMEEOEERIE. XQOIENWEEZRLEDID,
BOFREER (D OREEBRENESEESEZHRTEASTH S, CORERESIIRTRY
HEEOHEMIZDON, R LOKELEELELAN. METROEBEERTADED B ATS.
—%, BTEELEERTFO~DEEX LGNS,

Fig.22 & Fig.23 iI Halbach BAGHEE (a=b=1. 25mm) 1= B B BTER TH S, BZIEHET PPM
BEIVHN, SERSHENACHENRRERS T LR Y, BEENSSRRS, BitADOERR
SRR, EREESMORRVIZEZO-L 2 YAOSHENRELYD, AZEORENTINRTS
M5 THD, Halbach BEDORREESH I PP EEL 0 &AM LERICH VT, ik E<,
AR AE <, R ORFELMHTHENEEICZ> TWAO T, Halbach BEOBSHETA IR
DITIRNMEEFRT .
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ZnkSiz, n-LrYAOFREREORMITHEN, BEERESELT DA, ST
ZieLiznl, BHRABENOBELMARSNEVWD T, RRDMAEMEICETHETREEDNH
M ETEDITHiZ0, BEFEETOREREZAND L TTHAHETES LEZ BN,

LTz olgic k. REFS X TORBRATE2EBL, BEREAMFEEZITRS.

OB TR O ARk |

Fig. 24 & Fig. 25 13224 PPM 485 & Halbach 8 DB iRIBFAIME O B Bk EE TH 5 . FRIF
YeAR % BMAT i 5 100m & 10n OFEEET. SRS T00KH~1. 6MHz THS. o—L 2V HD
THERILEEROBBES ETORSERWE. MTER 1n 0FE. BEZOBXICON., &
TIRFENGi< r DA, BENBAT S, ThiZAREFGEVWEEEREREICHESINSRE
REEBAEINNS 2D, BBEI /NI RINETH B, 28, BHEE 100on OFE. 1. IMHz
ERAAERICBNT, A >o—7idY1 RO—7EFAULANIZBET SRENRARENS,
THIZEROL DT, BMAT IZBW T, BEEAEWE SRR ERAFMENREMSH D, 1. 1Mz
Dl FoREE T, 100un ASGRIEM S BREICAB Z LICRBINETH S, —F. BT, BEEK
600KHz L Fic BT, IRIEHE TS S BEMTE & b It ERBEREMERR DR, X ()
2 C=3120n/s & a=2.5mn 2RAT 5 &, SHEFHROERFHE 624KH THB I VM3, H
Wt 624kHz DITFIc23 &R NS sin BEOMEN 1 LD AESEHIN. EROOINVEFELLE
{IaBhETHD. . .

Fig.26 RBZHEMEY -7 LBIfATBTERAEROMRE L TBELELOLERTH
3. AEEomEnicon, BEERENALTEBNICRL L. BIRABEILTHL.. TORAHEE
Blbic L AR HEMEOBES{LFAII Fig. 27 I2R L 7=, 650kiz DBE&, REERSANZDRE
nHt, BEEomxicen. BIRAREI L. REEERS BESL. A1 O0—7¥8 kb, D
FOBIHELINF—DBLEDL T, BARCIAHEFENERTHEZLE2REBLTY
B4, HENROREESE2EET L. REARRERANEETZEEALNS.

ZOEST, EFBICBWT, EEEFBERSOHEE BB TERATRORER. ENAT 2
AWEGHREIC > TIRBEODTEETH S,

@Halbach A MBS ORAOESL/T A— Y B S S BT HREOEENE

Fig.28 & Fig. 20 I RL DR, BEREEEL ath=2.5m 2EEL. a & b OHEEEELEE
7-18€, Halbach EAKE =9 5 SHiE EMAT OB TR, BLUEBETEBRELRTAORK
FHEBFE aFig 10 2R OEFEETH S, FMEEEIFNEN 100m & 100 T FRRE
T00kHz % B e, Fig. 28 S HNB L DI, BIHEREEZELT S ENAT ORE/N 5 A—F L ath
THY, 2 &b OEEZIHSEE. BEEREZHEL WS, 2B, BETHERFARX . bEAE
eSOk LA S B LAEIZM 0.3° BELML, 2HHPROEEEOREBESHAER
BZENBERFEEZBNS, 2B, Fig 10 IR L= Halbach HEICHBNT, BREESMOEH
HERD B0, EHMICR LU =BEAM Halbach MEAHHUAIC—DRFEEBESN TS, L
ROBFATIZLANTEBENEHEOTENR. MaBE2EORAREAMIILEEELS
N3, T00kHz IZ2BWT. 100mn & 10n OF{EIEEEIC B ST IEMEET, MWHELSL. BEEER
HITET 2 kENE NN, £, asb=1.25m ¢ Halbach #&3E BMAT b1 5B &AL PPM
VS BNAT ORBEHBED 1 4 ZRDEEL TS, D0, BEMEOBMNZIE—FETH D RN,
Halbach BEBHEGE RS Z &2k D, EMAT OHEEAS 1. 4 (S HIAT D T &N TETz, EMAT OFERE
TREAEARIRE LR L TS, '

728, Fig. 30 kX 50mn & AL & T2 B4 0BT REMMEERL 2. 100m O#R (Fig. 18) &
BT3E, B RO—T L UVOBARERENS, Thb ik, BIAT 2 B0EGHEREICBNT,
RS > B TREORENEETH D I EERB LTINS,
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ORCHEEBEAMEIC L 2ETREREOEl

Fig. 31 KRLZ=0R, BOEERNKERIZLS SH ik EMAT 0BT HIsmE L th 5. LMHEHE
B ENEN 100mn & 100 TH D, SENLEEE LT BEEBARENLSWESBEEREN
REVWLHEMBERMEDSEN, BFEBFRASBR () TROEAEEN., AEICBNWT, BER
Hi% 8 @ PPN B OMARRE R B L724% 6 Bl Halbach M3 L D B FHRENT L Z L)iE8
N5. 2H. EEAREY 4 OBE. EEERSVHENL., BEEMEN 2 OB, ERENER
HILEHEBEING, DFV, HOIREFHEBRAMBENRKENVES WBTREAEICE > TIEHT
HBETEEFRBLTNS,

Fig. 32 & Fig. 33 13. Bl AEERANEO BNAT BE I BT 585 Eismtto Bk kit 2
KL, BEAERICBWT, BERMENAAZNELSEMERSED, BEHHRELHRILDH,
R o@EmicoN T, BERMERKEZVEZE, 1 ROo—THBAC 2 0—7LN)icRET 2
BHeMXRoN5, vhbs, AEESEBERFAAINNISADZEEIONS,

©SH 1 EMAT DITEREEE B4

PLEDS I E O, EMAT OIEEEERS B4 OIEIBIX. EMAT % Bl Wi PRS- R &
BETRARTH S, | |

Fig. 34 | SH i BMAT OB S HEERAH TH 5. HHIE. a=b=1. 25nm & Halbach BEAMEE. BEE
EERAMR 8. BEEAER 100kHz /. BFHEIRA63.275° )ICh->Tiko7. HEOS
RERIZH HRRILABEEFT BMARERL . COEMRERETE. AUREMEETH S,
DBE. EEEES BRI 35. 6un TH 5. HEHTRICBN T, BTERTERREHLRASE
ftL, BEEEHRICBWTIE, BEN—FMIZESI LT, TR 100kHz o1t 28BS H
fEMEEATE R (50m. 100mm. 100 A—D2DBAE AL Y E— I EZRTERTH 5.

723, Fig. 35 ICAHEE T00kHz 5 1. IMHz @EIC B 3T EEEE R L 2. BikRosn
W, BEEREEENETT 201, RBEREENBILLENSTHS, —FH. AEEOEKICD
N, RERESHBEASPEATSIIEAERENS., TR LERO-EREKICBT 5EFER
A=A RE=ZLANCEELEERTH S, MFTREGHEE (atb=2. 5om)BYAT I &> T
. 1. IMHz BA LB EB . 100 ZREHEE & TAEENABENTH L EERLE,

Fig. 36 13, BIx55RMEEEEIC R 2B T HERE EE) /M Th 5. SHEHEMOBAIZON,
ISR 12508 BEREAL. BIFADEHML T, TOERIZFig 3725 X DERICRS,
ﬁ%ﬁ%@%kkﬁm Rira S BFEEE &SI, BROREICED UREBICHADHENE ORI

EFhoTh, BEERITAIMFEERICEEETA I &2RLE. DFD, %ﬁ@ﬁﬁksz.
PRBEEREIC & > /= EMAT OBt 2 BB T 2 ONEETH 5.
 BRIBIT. SH % BMAT O2ARaEREShEEE2 X VBT 3740, Fig 38 O& 5 iEEESTES
HOBFETIE> 7. ZOFATIERE T00k0z 2HW, 2D TiFa-k. Fig. 38 I RLAEDE. 2
1§ EMAT OETICHB T HHEBERARICBI2BETHTESMTH 5. BATICHWE BMAT BRGE
BRESE S THY., BEETBAGICBVWT I DOAC>O—T& 12031 Ro—7Midi-& D
LBRIN5. &b, o605, BEEEREORIFAFRD TFRITES,

b, K&¥

BE7E EMAT O d i, iR, Bt 1 o E—F o AEHR EEFE, HE EVAT AR
KB#% LT HEHREHETR 1.

EMAT R fEICBE T 548, BROEXETR-> 7.

DT Halbach RELIEE S+ BREBT RS TFICHA L, SH 3 A EMAT ORGHEIE & 9 2 ATREMEIC
DWTERFETRNL. BHRELE.

Halbach B a#HE i PP EGRBE L VIBWREFESAEFES. U7 M T7RMENRL., Th
ZAWNAEMAT OB ESEREIIPMBAERED L4 EEXTHOMETES, DED. BAEMED

® 66 o6
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ERTIHOHT. EMAT OMREBEENTEZEZEEZRELE.

® SHikEMAT ORAGHESEOBESTHEL M Sm U ETHNE. T—F 27T 7ICBTARE
BESMRIZE L ICERELZN, BEGSSYBLT 2L T 52 Ltk D EBMAT OB R{LATHE
BRBELE, ‘

® SHIZA EMAT 0BT (A1 > 0—7, ¥ FO—T7 OBk ENE. BFRERKICE
ET 5, EEMERICBVWTAC > O—Ti3H4 Ru—7 &RFITET, HEEINRTEICK
3, W0 T, BEETICHED., BEERIZES - = BT 8RB L UBERESROBEN
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Fig.3 Reflected ultrasonic wave signal from a 50% thickness slit on the opposite surface at room temperature (21°C).
(2) raw waveform no averaging, and (b} frequency distribution analyzed by Fast Fourier Transform (FFT).
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Fig.4 Reflected ultrasonic wave signal from a 50% thickness slit on the opposite surface at high temperature (200°C).
{a) raw waveform no averaging, and (b) frequency distribution analyzed by Fast Fourier Transform (FFT).
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Fig.5 Reflected ultrasonic wave signal from a 50% thickness slit on the opposite surface at high temperature (200°C).
(a) raw waveform with 50 times averaging, and (b) frequency distribution analyzed by Fast Fourier Transform (FFT).
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Fig. 19 Distributions of eddy current at frequency range from 300kHz to 1.6MHz.
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Fig. 24 Intensity distributions of SH wave as a function of ultrasonic frequency from 700kHz to 1.6MHz
for SH wave EMAT with PPM structure. The evaluated distance is 100mm(left) and 10m(right).
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Fig. 25 Intensity distributions of SH wave as a function of ultrasonic frequency from 700kHz to 1.6MHz

for SH wave EMAT with Halbach structure. The evaluated distance is 100um.
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Fig. 26 Peak intensity and refraction angle distributions of SHwave as functions of ultrasonic frequency
for SH wave EMAT with PPM structure(left) and Halbach structure(right). The evaluated distance is 100mm.
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Fig. 27 Intensity distributions of SH wave as a function of ultrasonic frequency from 650kHz to 770kHz

for SH wave EMAT with PPM structure(left) and Halbach structure(right). The evaluated distance is 100mm.
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Fig. 28 Intensity distributions of SH wave as a function of the combination of a and b at frequency
700kHz for SH wave EMAT with Halbach structure. The evaluated distance is 100mm(left) and 10m(right).
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Fig.29 Peek intensity and refraction angle distributions as functions of the combination of magnet size
a and b for SH wave EMAT with Halbach structure. The evaluated distance is 100mm(left) and 10m(right}.
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Fig. 30 Intensity distributions of SH wave as a function of the combination of magnet size a and b at

frequency 700kHz for SH wave EMAT with Halbach structure. The evaluated distance is 50mm.
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Fig. 31 Intensity distributions of SH wave as a function of the arrangement-period at frequency 700kHz
for SH wave EMAT with Halbach structure. The evaluated distance is 100mm{left) and 10m(right).
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Fig. 32 Intensity distributions of SH wave as a function of ultrasonic frequency from 600kHz to 1.6MHz
for SH wave EMAT with Halbach structure. The evaluated distance is 100m and the period of magnet
arrangement is 2{left) and 4(right}.
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Fig. 33 Intensity distributions of SH wave as a function of ultrasonic frequency from 600kHz to 1. 6Miz
for SH wave EMAT with Halbach structure. The evaluated distance is 100m and the period of magnet
arrangement is 6(left) and 8(right).
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Fig. 34 Intensity changing pattern of SH wave as a function of distance from the center of SH wave EMAT

with Halbach structure, evaluated along the refraction angle 63.275 degrees.
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Fig. 35 Intensity changing pattern of SH wave as a function of ultrasonic {requency and distance from

the center of SH wave EMAT with Halbach structure, the directions are along the refraction angles at

different frequencies, respectively.
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Fig. 36 Intensity distributions of SH wave as a function of evaluated distance at frequency 700klHz

for SH wave EMAT with Halbach structure.
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Fig. 37 Peak intensity and refraction angle distributions as functions of evaluated distance at frequency

700kHz for SH wave EMAT with Halbach structure.

Fig. 38 Intensity distributions of SH wave as a function of evaluated position at frequency 700kHz
for SH wave EMAT with Halbach structure.
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3. BT ELIUADIFFERSE

WEREN R A — IR FEEREO MT EEREETICE A TOKIEHEESHEL. ExE
HEAORESH (R T0km L F) 1o EINAEEBENE 2 BET35ICLy, TOHIRO TS
WL THLWARER (FLAIXES), HIcEE LR RLLT, OIS FICE IR 0100Q -m)—
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Teo THIZHA T OB ENTRREN T, SHIZZORREIS LR SET AR5 ICE, RESFEMEEEN
FAdLi B2 TEBL TV, T, ¥ BFEEERIEMETARSINLFF7ORTFILBIAHBRLEHE
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2. BHREELHFED coherence -3 2884T .
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15, HEREEDORFHEMIT TELL AT AEBEL, TOKFEEIZ OV TERRDARICET DD,
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O Takeshi KUDO, and Koshun YAMAOKA, Pull-down basin in the central part of Japan due to
subduction-induced mantle flow, Tectonophysics, 2003 (FIRIH).

OKoshun YAMAOKA, Takeshi KUDO, Masashi KAWAMURA, Fumiaki KIMATA and Naoyuki FUJII,
 Long-lasting dike intrusion in the 2000 eruption of Miyake-jima volcano — where did the magma come
from? —, Bulletin of Volcanology, 2003 (&FFEH). ‘
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H:2002 51

O : Takeshi KUDQ and Koshun YAMAOKA; RE4 :Pull-down basin in the central part of Japan due
to subduction-induced mantle flow; ££4% :American Geophysical Union, Fall Meeting 2002; 35F7:San
Francisco; #EH :2002 £ 12 A

O 3F 3 :Koshun YAMAOKA, Takeshi KUDO, Masashi KAWAMURA, Fumiaki KIMATA and Naoyuki
FUJII; B4 :Long-lasting dike intrusion in the 2000 eruption of Miyake—jima volcano - Creep or
chamber deflation?; %<4 :American Geophysical Union, Fall Meeting 2002; 35Ff:San Francisco;
F£H:20024% 12 A
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A BEBSETHBOLFOEEBITENRS OBREICE T 2RE
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ERORERICTAEI T ERRL. BERREI7AEN I N TS TEL R REICB IR0 T,
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BoIzko THRINAYTIATY D F/EBEEEAL, BN L ZRLH0 03 7 ETiNE T 28, |
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HUFAKERE : FERRETL I TEEHTR P I B S N T ROERET - . HEBETEL 3 \EYIKIzE
SHHTROERT. EHKPICHENSNSERTEE (F7FF VBTN OL) KL TEOFRELTE
LT3, BARLEBTRPOEERBHBEZFET - 7L, RRBERSIBERDOLEE (W
1%), MTFAOEFKEB IR0/, BEEOHTARIZ, FRBES ICHESHEEONEDS L CHBNE
2T, ERZAVWSNIZETHEBLIUREBICTREL .

£ - HEEHE

BRI TARE FO2E - SEHREEAEMSIC L o TR L. 2EFERA O TRERNT, $#4k
BEBICHERVTY CREBREAWTHRZEE L CBE 592). BE2T5 X TRARERELE. 2EH
OB EEIT Acridine Orange, DAPI, 3 XINSYBR GreenI @ 3 BEZEAWE. 2, £EKICEL T,
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I B2 ,FDA, sFDA, cFDA (LAFF— U2 b OREERMTIRY | SRBTHRARENR
%) 2RAeRELLTENTNANLE,

BRERSS B OO B

ERLAAEEI7BIOHTRTH SHERTEB IS MEMCEL T, 48 fﬁ.‘%’c’i‘% el
SIEEITIA, Postgate's 5, Archaeoglobus FIEEHE, PRUIMRREH - TEXRKEREOU V71 R SHEHL
B ETN TRV, RERE 20 RORRBLEOERZED TS (R—HRIRER . BEEiNED S
NTWBEKIL ABRBLIUEREZETRSELLTHMICAN TS bORIELAETES, £k, VY
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BRI QRS ICBI T B AT

KW T RET LB SHBRRTERAOHHZBET DI, HTEYENFEO—RTHS Dot
blot hybridization 3 & UF Fluorescent in situ hybridization 2B 725 FETH 54, TOMERBHIDWTUT
DI BMEEBIR T
Dot blot hybridization : A — b7 L —TRHEELDA LT 527 4 VF— (EE 47 mm, LEO02um) ZAW
T, ERUABTARS- 0L ZESICHERL., 86 CICTHHERFEBIR . :
FISH (Fluorescent in situ hybridization) : SREX L 7=HITFAKIE. EHiCHERI <Y > THEEL Z (RRE 4%).
BELEY > IVEACIKT-RBEL, 2OBRFRVA—RRA MEOA L TS5 7 4 ) H — (EE 25 mm,
AE02um) ZANT. ENThORRTHEEL & (1,10,50, 100 m), ZFO#, &7 1 ¥ —% 2% (wtfvol) -
NaCl+50% (voljvol) ethanol IE#ETHH « HE « 1 FaN—a Y ETF->7%. 20CKTHEFEFESBZ
B0l

B. AEHBHI BT S RMBIR OB RIC R T SHE

BT OBEMBRAFTARICH TS, EREEMRELAREL (MSB-3 5il) ZRWT, f#EPKIZ
| ko THIERIINBEE 3T RBICBI B BRAEMEROFERTT o /2. MEITRT. MHIASIC 2 B8O
BREEYHZRAS T, FEKOREITENFICBIIRA (BR ESVEEENRBEZEDTE
ko TIETH LM E Uk, FREEDEICE. BHKPOBEN LEBEHITTIHEZEZIENDS
HRE—X (EE 02um) BIUBHIKFOKS T LEEZHKITTELEZS5NS perfluorocarbon tracer
(perfiuoromethylcyclohexan: PFT)E A L7z, TS OERBEYHOBETRR. MEERT13BHIL
IZ AR E K % ERE - ﬁﬁ'@‘% ZEiRE>TiFo k.

v AN

EARFENT. TR 14E 9 AGENSK 1 > AR, BEEORLER - BHENFELLTE 198FCT
BEL-. SEERALEBREEDBEO—DTHS PFT 1L, HEELWOIRHUEETS. TOLD. &7
I7AICBA LR, @ - IEL. A EEMERIILZNENYED S, PHRERELT. AE37
) 2 PFTARICBBEIE/ABE0. BRI 7HNEAOD PFT OILEMSHE 2#/. TOHKE, PFTIBK
IZER LD TH 58 5 BEICIE, a7 O0ERcT PRT S M7=, PFT OILERRIX. SHEPXT
BEIE->THERBIERTFEENS, LML, 2 Ed 5 KELNITIEERE 4 o OHERE I 7THR
12T, PFT OHEAYEZ D 3 B HEENRE E N, Lo T, MEROEABAEE LD ERICTFEY
BB, 2 TUSFRaT Y S TEERS 3.5 BEMA B Iok (HHER - SEREOBER).
N EREINAEYS TV, EEELEBET . BLY—XEHEB X0 PFT A OAERRHIN FEY
NVERWTHTa7y »y2Fn, BR2ENLAEOS, &RLE - fiEEB8Iikol.

(PR CURERE)]
A FERETHEROANOEBRIVENSOBRERETSHEE
S8 - £EFE

&5 NP OMEDHREZR 1 ICFRT. SEFRL A TREOLERITN 10°-10° cells ml', £H
FIIRMHURAEIC L - THSDERBBHOD, #10%10° cells ml* OHETHEE N, ZREBLVER
Bt tERREB TRICAETSEE 132 m KB TROEWENBRIN, BEERENBTSE
171 m KBV TRLSAVERES NE, COEERIETBREETD 7 71 U3, BRICBWTHES
SLENOBEMERTRENRE L THSNEEEROBER & —H L TWah o /e RREILFDIZ BT S
MRS AP OLEMIERIT, THEERRBETRICBNTEDENERE SN TN, MSB-2 HE#EA
CBWTIEHLEERREB FRICMHBE T TARPTROEWVEIEENE. MSB-2 BRLICBWTIZE TR
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BEOBWHTKOFEENHREINTE D, RBHLILAZICBIT MBS T ROBREREZ> TS, Lk
AoT. THNHOEBEICHT SHEOENWL, HUBICHT DM TRIEEMEL THHAEEND S,
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BOREZB A2k TOER., INSXTRT Desulfotomaculum guttoideun ® L < {3 Clostridium
celerecrescens \CEBRTH S Z ENYW S Eizo T (HFINE 982%) . Desulfotomaculum &= Clostridium J&D—
i3, ESRWERBTTHEBANENTHY, BICFHATEBEL > C. celerecrescens 13T 7 2 BEHL
NENMSNEETH D, LeA->T, FERGEEERLET TR S VR EDESBEEL T S ik
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BRIz B B RESE TR OF B FEE
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ENTN3, FIZ7)LRE, 7IVBREOERYAIIEELEHERRL. B TOFRYEEEBIT
WHIC k> TRERTICRELZ RIFTARENS S, BT ICHFEETIHEDE. HWERABRTIRIV¥—2H
SRICHEMEFIRTSDOPREFET 2. Lihio T, #AeEDIFIAT 2EBDOEEB IO AR
ONEEHZIFEL TR &L, FRBMVHEEL BB TOEANCBERETH S,
SERBRET A T AFOMBETEEE L. SEIEERYEFAL THERILEBIRDS T LA
AN (@ 2. choO&HEBMI. MERETENNRERCIEIBOBETHEGLLTIHAEINATVWS &
EZ 5N, TOAFERMTRERRLUAEEICE > TR T, #AAR, LibkkxRE AR TER
L7 FR (GEE 79-130 mabh) P OWEGETEALIL. ECHE - CIVEVER - 7 /- NVERAWTHEE
THOIHL, TERRABBTLHRICBT TR (BEE 132-153 mabh) FTIE. A - ¥ /N2 ER
BEAEFIERYT. 7IVEBAERETREATH 2. TERRBEBETRIIBVWTIE. ABRREQEDT
FEMEOBDLA, JIVEBEEORSTERYBEEIIEELTWEEEALND, LEMFLST, E
MBCETTSHEBRETHI. BRAFCER LGB HEEROTRERD 5. ik, EREHMTK
PICEET A MEETEREIL. AL AR LAZTRTOHERYEETHREALLTRATES ZEWF
AN, MEETEIFEEE2BILOER BRI CA2ETZERARLL T SETELBHEOFTHBEET
fEEELUTRVAZEPIENTNAN BEELHOBBIC Lo THATE S ETFREENRRELZ > TN
B, LEN-T, EFEGHEOFAREOBNVE. FLIIEET IHBELEOBEROBNERKRL TNS
HOEEZ BN, TIERRAEBO LR, T, BIUERSICHBT2MEBRBETEOBERNRR> TS
EARER AN, KiC, EHECHT RBETERERSBEICEATWAIRENRE L. BT RS
HRIREEOFRMN S, TR AE LRICEET SHENE TTEY Desulfovibrio I8, Desulforhopalus BIZED
FN—F1CBTHETHREIEHIENS, £, EHBCEET2REECHIEINRZMAL TN
Fesh, FN—F1BXCIN—T W IBTBHEOTENEEL, 70T BERETIRBRTENEE
352 &S, Desulfobulbus BB T DENFEET S0TaEEN D 5,

— 173 —




JNC TN1400 2003-009

i, BABBOLERRBEFIIIV /I UBEBEICEETAIIENS, HBETHEICKBREREL T
DY FOFAELANE, TORR. TERERZRBTHBLICEREHTRICIBWTIE, V7226
MU EEHBEHERTMER I NAOITHNL, TERERRAE LTI, VY OFENMEDNORBETR
BERELTWS ZEMHRENE, LiRREE ERICIIERETHIARABNEELTED, T X
FETHHREBETEL. VI TiEa<EREHEROFRDEZICHNAL THDHEENHB. —HFT.
+igF R RE T B K ERE OMERTEL, REPIC) VT ZUREERFELTWA I &5, BORE
MTHBY Vo ERATER LI BB LAEEEZOND, TIN5 OBRIL, BEHDEBRSENREN, £
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AR CINSOMAEICEROATZNEE, 2% LW 7oA ZRTHEEA LGN, BEREPA
HEIND, MITEEICBNLT, TEYEIEERTICEEERIETLEASNTNS D, BEYICLSE
B RS HEROELICET 8%y, WEBTEHEAS LTEETHELEA NS, KT, M
Tk o T, TERREBTRICBLTIEY I VESHEETEICL > THASNB T &RENE, L
Do T HBIZTT7 I VEBENREETHEHICE S TESVWIBIABINLIONZASHIIL TB HERHS
LEZOND, £, ETOHTRERFICEET SHBETEN. ) JH1 MEOHEEEFIA L TR
BLATFS T EMRENLEMN DT M OEENREEYHERICET HERD. SBUBREITE->TL 3,

R A BV B RERE TR EE DFIE

BHTF AR OREETEREIC BT ANBERHEE AMb o E A BT 3 B+ EET R
BB 3-9,5 x 10" £ mol m1”? day” OFEE OHIF THEETE2 B IR DENEF/HOIERENE (B 2). 1
| RRRBLRMOMT KT, B A VREETHEENG SN EREEEROM T A TR ENENF S,
| E7e, TBRRRE LU OER THERE N TR TR, U S ORINCK - THEETEE bE<
B EMREN, BARERDERNL LS T CHRERTHRELAMb o R, U V1 MNERH
HIEROEFEE T TREMCISHENETREVERBRES N, TOEEL4.62 x 10' £ mol mI” day’ TH S
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Abundance and viability of subsurface microbial communities in sedimentary and igneous rock aquifers.
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V., Amsterdam (in press)

Abundance and viability of the groundwater microbial communities from a borehole in the Tono uranium deposit area,
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Table 1 H6T7x & v 7/ TBEEIT o 5-SiaNy DOEMLEERRIEERN b O EIN— T8 A IREDHEER

Fy M)l | REHRE | REE g7 —7 RR MR EALECRIE T
(°C) | (10%n/m?) (T=—Vil) | (F=—01%)
H6TT1 377 0.5 Hsiu EAN 84% 10%
H6TT72 394 1.4 Hizkd (V) £ 81% 52 %
H6T73 542 0.4 Hises (dinvy) | e 71% 28 %

380 °C A CHRFHREFIHEHT LRELES, FhUTOIRED H6TT1 TR EST o it idiE
BN—TREZNTEET, FhL LDOEED HETT2, HETT3 TREZT-> RIS —THERE
NTWBLHERE NS, Fie, BHERENE X3 > TRFRIEF-ZILOBHSEEIRE L 1B,
As-Irradiated TEURHCH S T3 RURMaOBRIIEIE TR LRI EE, To— N gIcEE L &5 3I1CH
SEMEBROR TRIE— TOEBRBICKEL TV R EEI BN, BV —THERE N 288U’

SUTER TR BRI > TEEE IR BENS k3,
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H6T72: 1.4 x 10°n/m? 394 °C

50nm { MAG = 0.450 x 108, 455 300 k )
Fig.3 EMO0453.bmp J-Si3N4 { T72 As-Irradiated ) BF #2

HET73: 04x10%n/m? 542°C

50nm { MAG = 0.450 x 105, FEEHEE 300 k )

Fig.4 EM0487.bmp -SisN, ( T73 Annealed ) BF #2
— 184 —




JNC TN1400 2003-009

0.5 x 10%n/m? 377°C

.

H6T71

300 k )

fiek
adiated

27 % 108, ¥
( T71 As-Irr

6§

k)

=10

MAG

S { § T 0 {

MB

)

SigNy

B-

.bmp

1200

5 1800.2-

ig.

F

R 300 k )

15
( T71 Annealed ) MB

*

627 x 108

MAG =0
Ny

20nm (
1200.bmp §S

iz

-3

.

6 1755_2-

ig.

F

— 185 —




JNC TN1400 2003-009

Table 2 CMIR-4, 5 FBSES I v & A OMSHEEE & B EEL

Sample | BESF+ IV | HHE | BEEE | Swelling
(n/m?) (’C) (%)
H6T61 2.8 x 10% 482 1.114 *1
H6T63 3.9 x 10% 585 1.769 *}
a-AlyOs L9T64 7.3 x 1028 585 2.590
H6T65 4.2 x 10% 731 2.257 *1
H6TG7 3.7 x 1028 735 1.960 *1
L9T68 6.9 x 10%6 735 2.303
HeT61 2.8 x 1026 482 2.000 *2
HET63 3.9 x 10% 585 1.915 *1
AIN LoT64 7.3 x 10%6 585 2.240
H6TE5 4.2 x 10% 731 2.001 *1
H6T67 3.7x10% | 735 1.782 *1
L9T68 6.9 x 10% 735 2.300
H6T61 2.8 x 10% 482 0.193 *1
L9T62 5.3 x 10% 482 1.770 *3
HET63 3.9 x 10% 585 0.355 *1
B-SigNy L9T64 7.3 x 10% 585 0.397
H6T65 4.2 x 10% 731 0.229 *1
L9T66 8.0 x 10% 731 5.387 *3
H6T67 3.7 x 10% 735 0.161 *1
L9T68 6.9 x 1026 735 0.303
H6T61 2.8 x 1026 482 0.417 *1 4
L9T62 5.3 x 10%6 482 0.336 *3
H6T63 3.9 x 10% 585 0.399 *1
8-8iC L9T64 7.3 x 1026 585 0.304
HE6TE5 4.2 x 10% 731 0.445 *1
L9T66 8.0 x 10% 731 9,312 *3
HET67 3.7x10% | 735 0.351 *1
LIT68 6.9 x 1026 735 0.535
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