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Nonlinear energy transfer within the oceanic internal wave field (2024S1-1C-2)
Applicant. Wei Yang (Tianjin University)

To investigate the nonlinear energy transfer within internal wave fields, we carried out a set of
numerical simulations during the last year. We show, using two-dimensional numerical simulations,
that the internal tide (IT) energy can be efficiently transferred to both near-inertial and high-
frequency internal waves. High-frequency waves entering the near-inertial shear can further extract
energy from the near-inertial internal waves. The interaction between near-inertial and high-
frequency internal waves can play an important role in redistributing the wave energy and
modulating diapycnal mixing in the ocean.

Earlier work pointed out two major mechanisms responsible for the energy loss of ITs: the
nonlinear steepening (NS) and the parametric subharmonic instability (PSI). Although these two
phenomena have been addressed separately in existing studies, we demonstrate that their interplay
effectively assists in the dissipation of ITs on a continental shelf. We simulate the interactions and
energy transfer associated with ITs using the Massachusetts Institute of Technology general
circulation model. All simulations in this study are constructed in the 2-D setting (cross-shelf and
vertical), assuming uniformity in the along-shelf direction. In our two-dimensional numerical model,
an idealized IT wave train generated offshore approaches a shelf slope and experiences successive
linear and nonlinear transformations. On a steep slope, the IT wavelength is shortened via near-
critical reflection to create a beam-like structure and induce high-frequency internal waves due to
the NS. Far above the slope, near-inertial waves arise to extract energy from the IT through the PSI.
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Fig. 1Cross-shelf distribution of the (a, ¢) zonal and (b, d) vertical velocity at day 50. (c¢) and (d) are
the corresponding magnified views focusing on the upper 300 m with their positions shown in (a)
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and (b), respectively. The gray and black dashed lines in (a) and (¢) indicate the wave characteristics
of 1.03f'and M — fbased on the linear wave theory, respectively.

Then, high-frequency waves entering the near-inertial shear further extract energy from near-
inertial waves and become strengthened. The interplay between the PSI-generated NIWs and NS-
generated HFIWs well above the slope assists in transferring energy from NIWs to HFIWs with a
broad frequency range. The resulting internal wave field has a continuous energy distribution across
all wave frequencies and scales, commonly known as the internal wave continuum. The interaction
mechanism is next of interest. The bispectrum results show that the pair of HFIWs share almost the
identical small horizontal wavelengths while interacting with far greater-scale NIWs. Although the
vertical scale-separation assumption is not adapted in the present case, the slowly varying
approximation underlying the ray theory is valid. The phase-locked structure of NIWs and HFIWs
as revealed by bispectral analysis in the present and several previous studies is now reinterpreted in
terms of the ray theory, in a manner akin to the time-dependent refraction. Such energy transfer
widely exists for various latitudes and slope angles. The resulting intense high-frequency wave
carries the transferred energy and will be dissipated elsewhere. The revealed mechanism explains
the unsettled energy transfer from low- to high-frequency internal waves recently identified in
current meters and regional ocean models. However, the exact nature of the interactions is
complicated and awaits further elucidation. We expect that the application of ray tracing simulations

will help interpret the interactions more clearly in future studies.

RIAM host: Yohei Onuki
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Report on RIAM collaborative project

APPLICANT: Antoine VENAILLE, (ENS de Lyon, France)
RIAM host: Yohei ONUKI

Reminder: scientific context of the proposal

This project is motivated by geophysical phenomena. We advocate the fruitful exchange of
ideas between geophysical fluid dynamics and other fields of physics. Few years ago, a new
line of research emerged, showing that the concept of topological wave that was born in
condensed matter is highly relevant to geophysical waves. In this context, one can infer global
properties of geophysical wave spectra in complicated situations by inspection of a simpler,
local problem. The relevant theoretical framework to justify the topological approach involves
tools originally developed in semi-classical analysis, relying on Wigner-Weyl transforms that
relate a symbol (used for instance in ray tracing) to an operator (with spectral properties that
can be related to symbol properties). It turns out that one of the very first use of Wigner-Weyl
framework in geophysical fluid dynamics has been proposed by Y. Onuki (RIAM), albeit
independently from topological considerations. Our common interest in those theoretical tools
with potential applications to geophysical fluid dynamics was the main reason for my
application to this joint research program at RIAM. We identified several geophysical wave
problems that can be tackled by using Wigner-Weyl transform and related technics. One of
them deals with the longstanding problem of critical layers, that are associated with the
emergence of singularities at large time in the presence of an external forcing. Those
singularities are related to wave focusing and feedback on mean flow properties. As such, they
need to be understood for an efficient parameterization in coarse numerical climate models.

First scienti fic questions addressed in 2022

The first question we asked was « can we develop a new theoretical framework for the
phenomenon of wave focusing in the presence of monochromatic external forcing, with
application to several geophysical phenomena? » We started to tackle this question in the case
of internal gravity waves propagating in a stratified medium, with application to the dissipation
of energy by oceanic internal tide.

This part was led by Yohei Onuki. The results have already been presented in workshop and
conferences. A paper is almost submitted in 2024 (see abstract below).

The second question we asked was « can be used ray tracing and semi-classical analysis to
understand the topological origin of equatorial waves? »

This project emerged building on previous work by A. Venaille on one side, and of Y. Onuki on
the other side. Thanks to the RIAM collaborative project, combining our different knowledge on
this topic allowed us to obtain a new theoretical result which may have an impact even beyond
geophysical fluid dynamics, see abstract below.
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The third question we asked was « can we understand, in a common microlocal framework,
the propagation of Rossby waves and internal gravity waves in sheared flow? »

We obtained preliminary results with an ENS Lyon student (Emile Deleage). This is an
ongoing promising line of research.

Second scienti fic questions addressed in 2023

In recent years, there has been a strong interest in Lyon for the application of tools from
topology to the physics of waves. The theoretical framework involves Wigner-Weyl calculus
and is very relevant to this research collaborative project. Together with Pierre Delplace, we
started a new line of research aiming at proving bulk-edge correspondence for fluids, a
cornerstone of topological wave physics. We also generalized the flow spectral approach to
shear stratified flow on the equatorial beta plane with application to planetary atmosphere.

This part was led by Yohei Onuki and used the expertise in Lyon on topological wave physics.
One paper is published (see abstract below), and one another paper is in preparation.

A visit at RIAM in 2024

Thanks to our third year of RIAM funding, A. Venaille visited RIAM from October 15 to
October 18, 2024. This has been the opportunity to (almost) finish writing the paper on internal
tides, to advance discussions on related topics to the 2023 scientific question, and to discuss
new interesting venues of research related to the collaborative project (such as wave mean
flow interaction problems).

Concrete outcome of the project

[1] 2023 Venaille, Onuki, Perez, Leclerc, From ray tracing to waves of topological origin in
continuous media. https:/scipost.org/SciPostPhys.14.4.062 and https://arxiv.org/abs/2207.01479

This paper is published in SciPost Physics, which features open review process, all the
reviewer are extremely positive, one of them qualifying the work as «an illuminating tour-de-
forcen.

Abstract : Inhomogeneous media commonly support a discrete number of wave modes that
are trapped along interfaces defined by spatially varying parameters. When they are robust
against continuous deformations of parameters, such waves are said to be of topological
origin. It has been realized over the last decades that such waves of topological origin can be
predicted by computing a single topological invariant, the first Chern number, in a dual bulk
wave problem that is much simpler to solve than the original wave equation involving spatially
varying coefficients. The correspondence between the simple bulk problem and the more
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complicated interface problem is usually justified by invoking an abstract index theorem. Here,
by applying ray tracing machinery to the paradigmatic example of equatorial shallow water
waves, we propose a physical interpretation of this correspondence. We first compute ray
trajectories in a phase space given by position and wavenumber of the wave packet, using
Wigner-Weyl transforms. We then apply a quantization condition to describe the spectral
properties of the original wave operator. We show that the Chern number emerges naturally
from this quantization relation.

[2] 2024 Onuki, V enaille, Delplace, Bulk-edge correspondence recovered in incompressible
geophysical flows. https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.6.033161 and
https://arxiv.org/abs/2311.18249

This paper is published in Physical Review Research

Abstract : Bulk-edge correspondence is a cornerstone in topological physics, establishing a
connection between the number of unidirectional edge modes and the topological invariants
that describe bulk wave singularities. In continuous media, this correspondence can be
violated, resulting in weak topological protection of chiral edge states. Here, we propose a
strategy to reestablish strong bulk-edge correspondence in incompressible continuous media.
The key ideas involve handling the divergence-free constraint through an auxiliary field and
considering a physical mechanism that imposes a high-frequency cutoff of bulk waves. When
applied to rotating stratified fluids, this approach highlights the resilience of coastal Kelvin
waves near vertical walls under varying boundary conditions.

[3] 2025 Onuki, V enaille to be submitted to Journal of Physical Oceanography, http://arxiv.org/
abs/2501.19121.

Abstract : Generation of internal waves driven by barotropic tides over seafloor topography is
a central issue in developing mixing and wave drag parameterizations. Traditional analytical
methods for calculating the energy conversion rate from barotropic tides to internal waves rely
on expanding a wave field into discrete eigenmodes. However, this modal expansion becomes
inadequate when a sheared background current is present, as singular solutions accompanied
by critical levels emerge. To uncover the distinct roles of regular eigenmodes and singular
solutions in tidal energy conversion, this study analytically investigates wave generation over a
localized bottom obstacle in the presence of shear flow under a basic irrotational condition.
Using horizontal Fourier and temporal Laplace transforms, we identify regions in the
topographic wave number and forcing frequency space where unbounded energy growth
occurs. These regions coincide with the spectrum of an operator governing free wave
propagation and comprise the discrete and continuous parts, which correspond to regular
eigenmodes and singular solutions, respectively. Asymptotic evaluation of the Fourier integral
reveals that the flow field far from the obstacle consists of standing wave trains associated
with the discrete spectrum and evolving wave packets associated with the continuous
spectrum. Away from the obstacle, the velocity amplitudes of wave packets decay, but their
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vertical gradients grow in the horizontal direction—in contrast to a single-wave number
solution attracted towards a particular critical level. Finally, we derive a formula for the net

barotropic-to-baroclinic energy conversion rate, extending the classical one by incorporating
the contributions from both the discrete and continuous spectra.
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Triadic resonant instability of internal gravity waves in a stratified shear flow

APPLICANT: Anubhab Roy, (IIT Madras, India)
Summary:
In this work, we study the stability of an internal gravity wave (IGW) mode in a 2D, inviscid, uniformly
stratified, linear shear flow confined between two walls. In a reference frame moving with the wave, we
obtain the Dubiel-Jacotin-Long (DJL) equation [1] for the wave elevation (1)
U. N?
Vin = —(C_—ZU)(mQ: —2n, +1m2) — ="
Here, U is the background velocity and c is the phase speed of the wave. Assuming a periodic solution of
countably infinite discrete modes, the DJL equation can be simplified to a Taylor-Goldstein equation [1] for
each discrete mode. The TG equation is solved analytically and discrete IGW mode eigenfunctions are
obtained, to the leading order, in terms of Bessel functions for the linear base-flow considered here. The
dispersion relation however is solved numerically using a root-finding algorithm. Assuming Floquet ansatz
[2], a generalized eigenvalue problem is obtained, to solve for the growth rate (A) due to resonant nonlinear
interactions (of the leading order modes) and the eigenfunction (v) at the next order in amplitude

AMv+ Bv+eCv=0

Where A, B and C are differential operators and ¢ is the small parameter. Asymptotic expressions for the
growth rates have been derived and the resulting growth rates match well with that from solving the
generalized eigenvalue problem, numerically. The growth rates near resonance have also been obtained and
analyzed as a function of the detuning parameter. To study the triadic resonance interactions including
modes from the continuous spectrum, the weak shear limit has been chosen as it allows the use of the WKB
approximation [1]. A Lagrangian coordinate system is used, which simplifies the analysis [3]. In this
coordinate system, the new horizontal coordinate is related to the time of motion of a Lagrangian particle
following the base-flow and the new vertical coordinate to the streamfunction. Expressing other quantities
in the new coordinates, asymptotic expressions for the growth rates and eigenfunctions for modes
undergoing resonant interactions, have been derived. The analysis shows that for short-wavelengths, the
triadic-resonance instability is spatially localized at a particular vertical level [4]. The governing equations
are then written in the vicinity of this level, by stretching the coordinates. Growth rates are obtained by
numerically solving the resulting equations. We speculate that the shear-flow tends to weaken the resonant
instability at short wavelengths and this requires further analysis. The continuous spectrum contribution
and the possibility of explosive resonant interactions is also being studied
References:
[1] Sutherland, B (2010) Internal Gravity Waves, Cambridge University Press.
[2] Fan, B & Akylas, TR (2021) Instabilities of finite-width internal wave beams: from Floquet analysis to PSI.
Journal of Fluid Mechanics 913, A15.
[3] Buhler, O (2014) Waves and Mean Flows, Cambridge University Press.
[4] Grimshaw, R (1988) Resonant wave interactions in a stratified shear flow, Journal of Fluid Mechanics
190, 357-374.
Publications:
- Patibandla, R., Roy, A., & Subramanian, G. (2025). The flow field due to a sphere moving in a viscous,
density-stratified fluid. Journal of Fluid Mechanics, 1022, A44.
Conference presentations:
- Roy, A.*, Patibandla, R., & Mathur, M. Resonant triad interactions among internal waves in stratified shear
flow. Japan Geosciences Union (JpGU), Chiba, Japan, May 2024.
- Harishankar, M.*, Patibandla, R., & Roy, A. Generation of waves on a free surface by quadratic shear currents,
APS-DFD 2024, Salt-Lake city, USA, Nov 2024.
- Patibandla, R.*, Kadam, Y.*, & Roy, A. Wind-generated waves on a water layer of finite depth: A linear
stability study, APS-DFD 2024, Salt-Lake city, USA, Nov 2024.
RIAM host: Yohei ONUKI
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Small-scale instabilities in rotating and stratified fluids

Professor Manikandan Mathur

Department of Aerospace Engineering
Indian Institute of Technology Madras, Chennai, India.

Internal waves play a significant role in promoting vertical mixing in the ocean,
and hence contributing to the global circulation and energy budget. In this joint
research, we study the evolution of small-amplitude and short-wavelength instabil-
ities in internal waves using a local stability method and Direct Numerical Simu-
lations. The investigation is motivated by the dynamics of inertial-gravity waves
in the ocean, which are well-described within a Cartesian geometry for processes
that do not extend over vast latitudinal or longitudinal ranges. The plots of growth
rates were made in the perturbation space for the base flow inertia-gravity wave
parameters (w/N,w/f and A), where w is the frequency of the base wave, N is
the buoyancy frequency, f is the Coriolis parameter and A is the non-dimensional
amplitude. Figure 1 shows the growth rates for w/N = 0.025 with A = 0.1,1, 10
and w/f = 1.5,2.1,5. Clear instability bands are observed on the perturbation
parameter space. For A = 0.1 , most of the ¢y — 0y plane (the angles that pa-
rameterize the perturbation wave vector) is stable, except a small region around
(o, 00) = (90°,0°). The inner instability region has larger growth rates than the
outer one. For w/f = 2.1, a third instability region emerges around (90°,0°), that
too with noticeably larger growth rates than what is observed in the other two
instability regions. At A = 1 (middle row of figure 1), non-zero growth rates are
observed over much wider regions on the ¢y — 6y plane compared to the case of
A = 0.1. The maximum growth rate for w/f =5 is larger than that for w/f = 1.5
and 2.1 at A = 1. Finally, upon increasing A to 10, finite growth rates are observed
almost entirely over the ¢y — 0y plane, with significant fractions of the plane showing
growth rates comparable to the maximum growth rate. For a given n, we identify
the largest growth rate among all perturbations in a small neighbourhood of the
TRI curve. We then identify the frequencies present in the corresponding perturba-
tion amplitude evolution as given by the local stability equations. Specifically, the
frequency spectrum for a given perturbation amplitude evolution is calculated as

w

27w
a,(jw) = %/0 a,(t) exp(—w(o + io;)t) exp(—ijwt)dt (1)
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FIG. 1: Non-dimensional growth rate (o) (equation (?7?)) as a function of ¢, (deg.) and 6, (deg.)
for w/f =1.5,2.1,5 (column-wise) and A = 0.1, 1, 10 (row-wise). All the plots correspond to
w = 0.025. In the first row, all growth rates are zero everywhere outside the range shown.

where j is any integer, i = /—1 and a,(t) is the evolution of the horizontal velocity
perturbation amplitude obtained from the local stability equations. Figure 2(a)-(c)
show the variation of |a,| (normalized by its maximum value) with the perturbation
frequency (normalized by the inertia-gravity wave frequency w) for the same three
cases as in figures 2(a)-(c). Across all the cases in figure 2, the peak of a, occurs
at w, = nw/2, strongly suggesting that it is indeed the (n + 1)th order TRI that
drives the corresponding instabilities. Interestingly, non-negligible strength is often
observed at w, = nw/2 £ w as well, which indicates the occurrence of secondary
interactions between the primary inertia-gravity wave at frequency w
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w/f=2.1,and (c) w/f =5. The curves in all the panels correspond to the most unstable
perturbations in a small neighbourhood of the corresponding TRI curves.
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FIG. 3: Maximum growth rate o* (black solid line) as a function of w/f (first row) and the corresponding wave
vector orientations 0§ (2nd row) and ¢§ (3rd row, black solid line) at which the o* occurs. The left, middle and right
columns correspond to A = 0.1,1 and 10 respectively. The red dashed curve in (a) corresponds to the growth rate
of PSI obtained from n = 1 TRI equations at which the nearly two-dimensional perturbations at 6y = 6 represent
inertia-gravity waves at w/2 and w, respectively.
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and the secondary waves at nw/2 generated by TRI.

For a given base inertial-gravity wave, the dominant instability has also been
identified for the perturbations for which the growth rate is maximum. For a given
(A,w/f), the most unstable perturbations occur at (¢o,6y) = (95, 6;) where o at-
tains a maximum on the entire (¢, 0y) plane. The corresponding maximum growth
rate is denoted as ¢*. To summarize figure 3, ¢* attains a maximum at w/f = 2, 4
and oo for A = 0.1, 1 and 10, respectively. Figure 4 plots the distribution of (a)o*,
(b)d;, (c)og and (d) |P — @f| as a function of w/f and A. The minimum Richardson
number criteria and the static gravitational instability criteria are given by the red
dashed and red solid curves respectively. These results are being prepared for a
research article in the Journal of Fluid Mechanics. Direct numerical Simulations of
turbulence and mixing induced by short-wavelength instabilities in inertia-gravity
waves have been discussed and planned to be performed in 2025.

Local stability analysis was also conducted in the limit of internal waves with ro-
tation and no stratification, namely inertial waves. At sufficiently small amplitude,
three-dimensional parametric subharmonic instability (PSI) is the only instability
mechanism. As the amplitude is increased, theoretical PSI estimates become less
relevant in describing the instability characteristics, and the dominant instability
transitions to two-dimensional shear-aligned instability, which is shown to be driven
by third-order resonance. The results of this work have been published in the Jour-
nal of Fluid Mechanics. The discussions with Dr. Yohei Onuki through the RIAM
joint research program have been acknowledged in the paper.
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Fig. 1 DOS obtained with GGA for monoclinic BiVOas.
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Fig. 2 (a) Real and imaginary parts of dielectric function and
(b) absorption coefficient obtained by MBJ calculation, and
(c) experimental UV-vis spectrum for monoclinic BiVOa.
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1. T. Tokuzawa, M. Yoshida, et al., “Preparatory study of feasibility for a vertical viewing electron cyclotron
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Development of a novel prediction model based on machine

learning method for piston mode fluid resonance

H AR B T W
MRS FMIERT R B

e Research Objectives:

Piston mode fluid resonance is a common phenomenon in ocean engineering which may occur in a moonpool,
narrow gap between two side-by-side vessels, or oscillating water column devices. The large-amplitude resonance
may hinder the normal operations of marine craft, but may also increase wave energy conversion efficiency. The
prediction of resonant amplitude by traditional potential flow models is usually challenging due to the nonlinear
damping effects. To address the issues, machine learning methods, which is famous for the predictive capabilities
and computational simplicity, are utilized to develop a model for estimating viscous damping and fluid resonance.
e Research approach and results: B o ow C m—

Firstly, experiments were conducted for preparing relevant data | ; —
for training neural network algorithms. Two types of round buckets
(with different diameters) and two types of square quadrangular
buckets (with different side lengths) under various drafts were
considered in the experiments. Free decay tests with various initial
water column heights were performed and the water surface level
during the oscillating was recorded. An experimental scene using a
round bucket with a diameter of 250 mm is shown in Fig. 1(a), and
two groups of free-decay results are shown in Fig. 1(b, ¢).

Based on the free-decay tests, a damping estimation method is " [——drat: 55 mm, diameter: 250 mm
. . . . . E 10N e draft: 70 mm, diameter: 250 mm

developed to estimate the linear and nonlinear damping coefficients & |} .~  |==—- draft: 110 mm, diameter: 250 mm

. . . . . . . (Y e, e
for each scenario. The damping estimation method is shown in Fig. z 01\ f NS N

@

2. A comparison between experimental and numerical results is < 0 ‘ , ‘ |
shown in Fig. 3. 0 1 2 3 4 5

e Conclusion and future work
Experiments with two types of buckets under various drafts and  Figure 1. (a) Experimental setup for OWC
initial amplitude were conducted, and a damping estimation free-decay tests; (b) Results with different

approach was proposed to estimate the linear and nonlinear damping draft.
coefficients. The comparison between experimental and numerical Freedecay |/, -
. experimental |/ VY PQ method Dy, D,
results demonstrate the effectiveness of the proposed approach. results - N
. Dy, D,
In future work, neural networks approaches are to be applied it o=
. . . . position Simulation model
to establish the model of the damping coefficients as a function of ] waoss ['su- s a0 DD,

geometry, draft, and oscillating amplitude. Since more datasets
would lead to more accurate damping estimation and expand the  Figure 2. Damping estimation method.
scope of application, published data will also be collected to

Experiment| |

enhanc.e th'is study. = 10
e Publications E of
1) H. Zhu, C. Hu, L. Tan, A digital twin approach for damping < |

estimation of a ship towing system with suction caissons, The 13th _100— 2 "1 é 8

International Workshop on Ship and Marine Hydrodynamics time (s)

(IWSH2025). (to be presented) Figure 3. A comparison of experimental
e Research regime and numerical results.

i . HARPHETPEI T F7eUE
KOBEEL JUNKRZAICHN AR R hRRE e~ X v b
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TBET FAAN AT IAEEED T80 DFRRET,
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A hybrid dynamical-statistical modeling approach for understanding tropical basin interaction

(W) - FFHBIE T AVIC K 28012 M HE BLAE F Ot & HIBR)
TEFZEBR M Ingo Richter

1. Background

Interaction among the tropical ocean basins has received increased attention in recent years. While it has long been
recognized that El Nifio-Southern Oscillation (ENSO) has strong impacts on the tropical Atlantic and Indian Oceans,
it is becoming increasingly apparent that both remote basins have their own variability modes and that these modes
can influence the tropical Pacific and ENSO (Cai et al. 2019, Science). It remains an open question, however, how
important these influences are, to what extent the Atlantic and Indian Oceans can act independently of ENSO, and
what the dominant pathways of interaction are. Furthermore, there are many outstanding questions regarding how

tropical basin interaction (TBI) shapes the response of the climate system to greenhouse gas forcing.

2. Activities associated with the research project

2.1 Building a data-driven model to replicate the behavior of global climate models

The well-known linear inverse model (LIM) approach has been extended in two ways: 1) We have developed a
technique to split the linear operator in such a way that the interaction between specific basins can be suppressed
by zeroing out off-diagonal elements of the operator matrix (Kido et al. 2023, Climate Dynamics). This allows
assessing the contributions of individual basins to TBI. 2) While, traditionally, LIMs have been trained on
observational data, we have trained the LIM on output from a global climate model.

A free-running control simulation with a global climate model has been performed, and the model output has been
used to train a LIM. We have used this LIM to evaluate the influence of the equatorial Atlantic on ENSO and
compared the results to an equivalent experiment with our global climate model. The comparison suggests that the
LIM can reproduce the behavior of the climate model rather well, while only requiring a fraction of the
computational resources. A manuscript describing these results is currently in preparation.

2.2 ENSO's influence on the equatorial Atlantic

A study examining the influence of ENSO on the equatorial Atlantic was started in FY2023 and included support
from a RIAM Joint Research Grant (2023CR-AQ0-9). This study has been successfully concluded, and the results
have been published in the Journal of Climate (Richter et al. 2024b). The results of the study were obtained through
the analysis of climate models and led to the development of a simple statistical model to predict the impact of
ENSO on the equatorial Atlantic 6 months into the future.

2.3 Clarifying the mutual interaction between ENSO and the equatorial Atlantic

A study by Jiang et al. (2023, Geophys. Res. Lett.) has argued that the equatorial Atlantic cannot influence ENSO,
and that previous studies reporting such an influence (e.g. Rodriguez-Fonseca et al. 2009, Geophys. Res. Lett.) have
misinterpreted their results. We have critically examined the arguments by Jiang et al. (2023) and found that their
methodology contains several shortcomings. Our study relied on observational results but also on synthetic time
series of equatorial Atlantic sea-surface temperatures to test various hypotheses regarding the Pacific-Atlantic

interaction. The results indicate that an influence of the equatorial Atlantic on ENSO cannot be ruled out. These
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findings have been published as a Comment in the journal Geophysical Research Letters (Richter et al. 2024a).

2.4 Role of the extratropics in the observed acceleration of the equatorial atmospheric circulation

Experiments with a global climate model were performed to examine the influence of the extratropics on long-term
changes in the equatorial atmospheric circulation. The results suggest that sea-surface temperature changes in the
southeastern Pacific may have contributed substantially to the acceleration of the equatorial circulation during the
period 1980-2020. The study has been published in the journal Nature Geoscience (Toda et al. 2024).

2.5 International workshop held at RIAM

A workshop on TBI was held at RIAM on December 16—-17, 2024 with approximately 30 participants, including
researchers from China, South Korea, and the United States. The RIAM research grant was used to partially fund
the travel costs of the project members, and the travel costs of two researchers, one from Tohoku University and

one from the University of Tokyo.

3. Refereed publications resulting from the project

Richter, 1., N. Keenlyside, T. Tozuka, Y. Okumura, C. Wang, P. Chang, S. Kido, and H. Tokinaga, 2024a:

Comment on “Resolving the tropical Pacific/Atlantic interaction conundrum” by Feng Jiang et al. (2023).

Geophys. Res. Lett., 51, €2024GL111563, https://doi.org/10.1029/2024GL111563.

Richter, 1., S. Kido, T. Tozuka, Y. Kosaka, H. Tokinaga, and P. Chang, 2024b: Revisiting the Inconsistent
Influence of El Nifio—Southern Oscillation on the Equatorial Atlantic. J. Climate, 38, 481-496,
https://doi.org/10.1175/JCLI-D-24-0182.1.

Toda, M., Y. Kosaka, A. Miyamoto, A., and M. Watanabe, 2024:. Walker circulation strengthening driven by sea
surface temperature changes outside the tropics. Nat. Geosci., 17(9), 858-865. https://doi.org/10.1038/s41561-
024-01510-5
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BERH L2, 51 0FiEE LT, ZEHEEo TRl Z2 ZMAICRIZICIR T S8, 208
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1. Gaku Terazono, Naohisa Takagaki, Naoki Kurihara, Motoko Hatanaka, Evaluation of Momentum Transport
through the Water Surface with the Typhoon Simulation Tank, 4th Joint Symposium on Advanced Mechanical
Science and Technology (4th JSAMST), Best Poster Award, University of Hyogo, September 25 to 28, 2024.

2. Naohisa Takagaki, Surfactant contamination effects on wave wind height in typhoon simulation tank, The 4rd

Joint Symposium on Advanced Mechanical Science and Technology, University of Hyogo, September 25 to 28,
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3. Naohisa Takagaki, Surfactant contamination effects on wave wind height in typhoon simulation tank, The 4rd

Joint Symposium on Advanced Mechanical Science and Technology, University of Hyogo, September 25 to 28,

2024.

Naoki Kurihara, Naohisa Takagaki, Gaku Terazono, Motoko Hatanaka, The effect of surfactant on the wave

under typhoon condition, The 4rd Joint Symposium on Advanced Mechanical Science and Technology,

University of Hyogo, September 25 to 28, 2024.

5. Naohisa Takagaki, Estimation and Control of Air-Sea Momentum and Heat Fluxes of Typhoons, International

Symposium on Weather Controllability 2024, Hitotsubashi Hall, Tokyo, Japan & Online, Oct 6 to 7, 2024.

Table 1: Maximum wind velocity in RIAM wind-wave tank. Values of U~ in 2020 and 2021 were extrapolated

values. Values of Uo in 2017 and 2019 were estimated from U using model (Takagaki et al., 2012). Values of Ui

in 2020, 2021 and 2024 were estimated from u* using model (7akagaki et al., 2012). Tap water were used in 2017-
2022,2024, and SDS solution was used in 2023,2024.

solution N g U Yo “
[rpm] [m] [m/s] [m/s]  [m/s]

Takagaki et al. (2017) T™W 1300 6.5 14.0 22.8 -
RIAM Report (2019) T™W 1700 6.5 222 36.8 -

RIAM Report (2020) T™W 1600 33 24 37.6 1.9

RIAM Report (2021) T™W 1700 33 25 435 2.2

RIAM Report (2022) and

Takagaki et al. (2023) ™ 1700 20 24.0 40.3 2.0
Ikeda et al. (2024) ™ 1700 20 22.9 - -
lkeda et al. (2024) SDS 1700 20 24.0 - -
Kurihara et al. (2024) ™ 1700 5.5 21.52 - -
Kurihara et al. (2024) ™ 1700 6.5 21.46 - -
Kurihara et al. (2024) ™ 1700 19 24.01 - -
Kurihara et al. (2024) ™ 1700 20 24.09 - -
Kurihara et al. (2024) ™ 1700 33 24.04 - -
Kurihara et al. (2024) SDS 1700 5.5 21.94 - -
Kurihara et al. (2024) SDS 1700 6.5 21.83 - -
Kurihara et al. (2024) SDS 1700 19 23.49 - -
Kurihara et al. (2024) SDS 1700 20 23.40 - -
Kurihara et al. (2024) SDS 1700 33 23.49 - -
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Fig. 1: Relationship between 10-m height wind speed Uio and drag coefficient Cp. This figure is reproduced
based on Fig. 12 of Takagaki et al. (2023).
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BUARF KFERETFMRREE R
Impact of Climate Changes on Water and Nutrient Transport: from Land to
Open Ocean

ARIMEETIE, £I12 1.2024 £ 7 BICEmBEI N [RiFgH] O EMmE
(NS24-137) OFE#H. HLUN2.2024F 12 B6 H~8 HICELAKF ChH#E S
N7- I0C WESTPAC-FECEET7 —27 > a vy 7OMEICOWTHRET 5,

1.  Dynamics of bottom waters observed during the 2024 NS24-137 cruise

The East China Sea (ECS) provides essential biological resources for its local
fishery and contributes to biodiversity on its surrounding seas, mainly through the
Kuroshio Current, which regulates cross-shelf material transport on various scales. It is
thus urgent to clarify the dynamics of bottom water (onshore and offshore dynamic)
that potentially influence local marine productivity and further downstream areas like
the Japan Sea. In the NS24-137 Nagasaki Maru cruise, three sections in the outer shelf
of ECS were studied during the Summer of 2024. CTD observation and water sampling
were conducted on a spatial and temporal basis (time-series station). Some biochemical
parameters analyzed are rare earth elements (REEs), neodymium isotopes, radon,
radium (Ra), nutrients, dissolved oxygen, and water isotope analysis. Using a multicore
sampler, sediment cores with overlying water were collected at several stations.
Additionally, shipboard and moored data from the Acoustic Doppler Current Profiler
and microstructure profilers were utilized to help interpret physical forcings further.

Potential Density Anomaly o, [kgim’] Beam Transmission %
0

REEs

b

8

Potential Temperature @ [degC]

31 32

02 o023 03 o
Ra 223

Figure 1. The sectional view of beam transmission contoured with potential density
anomaly (Tosca line) and overlapped with the 2*Ra (colored dots) data from the NS24-
137 Nagasaki Maru cruise. Locations of stations are also given. The temperature-
salinity diagram of all stations with the REE samples (green dots) is also presented.
By incorporating REEs and Ra isotopes, it is now possible to clarify the
mechanism and changing rate of water masses in the outer shelf of ECS on a temporal
basis. Some preliminary results are as follows: (1) based on the simple mixing model
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by using temperature and salinity combined with heavy REEs, it is found that temporal
factors and physical forces might significantly influence the variability of Kuroshio
Intermediate Water and Kuroshio Subsurface Water intrusion into the shelf area. (2) A
change in vertical structure could further generate a geostrophic flow, usually indicated
by the turbidity tongue around the shelf break (Line C in Figure 1). (3) The Ra value
decreases from the inner to the outer shelf, indicating that the water from the inner shelf
mainly regulates Ra (Figure 1). On a zonal basis, it is seen that Ra value does not
change significantly, indicating that Kuroshio intrusion may not be the driving factor
of Ra distribution along the shelf of ECS (Figure 1). Further, this study will combine
these results with water mixing analysis to understand the spatio-temporal variation of
Kuroshio Intrusion onto the shelf area.

2. 10C WESTPAC-FEC Workshop: Role of human activities on the marine
environment through the exchange of materials between land and the ocean

Figure 2. Group photo during the IOC WESTPAC-FEC Workshop, December 6-8,
2024, in the University of Toyama, Japan.

The workshop focuses on sustainable and healthy oceans, with a particular
emphasis on the stage of economic development and the transport of nutrients from
land. The forum, part of the workshop, is a joint event organized by the
Intergovernmental Oceanographic Commission for the Western Pacific (IOC-
WESTPAC) and Future Earth Coasts (FEC). The workshop aims to advance scientific
understanding of the biogeochemical process in the Asian Marginal Seas. The first day
was designed for a business meeting among scientists under the IOC-WESTPAC
framework. The second day was intended for a scientific forum, open to the public, to
report current research and progress in understanding water and nutrient transport
between land and ocean. In addition, perspectives from social and economic are given
to enhance our understanding of nutrient management in coastal oceans under global
climate change. A poster presentation session was also conducted for early career
researchers to deliver their research updates and thoughts about the workshop topic.
Researchers from 11 countries, totaling more than 50 participants, attended this
workshop. Ultimately, enhanced collaboration, communication, information exchange,
and cooperative activities with FEC are projected.
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FHCRMERTEEE— F (d-TEM) & A A VIREAELE— F (ITG) IZ Lo ThliEEhTnwad Z &
o &-TEMIIHISILEIN-ET 77 X< BB 1 AT L 72 2 NERIRETH 5, AR
FCIXE T MEZEHE 2 W BT v 4 R EEBFRNS I 20— 3 Y %2175, Sugama(S)
EHREETFEHWEY I 2L — 3 VORGSR L Lenard-Bernstein(LB) H2EHAFIC X 2 H D%
RS %, WEoe 70 bE L, fRIROERICN 3 2 82N 5,

2 INTA—A—RTE

TASK 2 — RIiZ X > TFHIX N/ PLATOWCEB I 2 77X~ 7n 7 7 A LV EFHLTWS, [[H
DMRORE ZFD b a4 XTI X< 2R LTz, EOD, BEBE q(p) =1+ 2p?
DRHERET B0 AIETIE, FI7 7 v 7 AF 2 —T Vv 4 0BG I 21— a i
GKV a— FZ2EH L7z, BISILEZEEEETH 2 v & v lidp=0.65T, ZNE40.22 L 88
THBIehrIlz,

3 SZal—>alViER

M TITARICBWTHRIEY ¥ 4 8@ 2 2L —>a vy &2iTo7, S EHZHHE T &
LBEZHHE T EZHWIES I 2L —> a YORRE IR Uz, S EZHHE T2 HW25E.
p=047 2 p=0.65 1B B2 ALENE. d-TEM & ITG E— FIC X > THEIXN 2D TH
%o p=047 & p=0.65THRBE A ZVIEEDIEMNT 2 &, ERPEEDBEFRENE R Y 7 b EE)
HEr oA F Y REERY 7 MEFHRANZENT 52 Zedbdr ol d-TEM E— K23, TN
TORBEEB T, p=081 TRLEICKRD L TlENd, —F. LBEEEFZHV5E.
ITGE—RIFZETHD, d-TEMIIFNLETH 5 I B0 o7z IERED v A4 v EBRAENT
DFGER, FARTROELIRICN 3 2 52813 S HEHEAE T2 H\WieBE D h, LB EEEE %2 H
WG L HRTRE W, ZORR, SEHEHEETFEZHWALSLEIE. LBEEEHETFZHW
BE e T, BLIREEDV NS B Z 8 R LTz, X SICELIRERE D EBL Z1T - 720
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A study on dissolution, diffusion and desorption of hydrogen isotopes in metals, alloys and oxide ceramics
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Effect of Heat Treatment on Hydrogen Embrittlement of Structural Materials
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BT L BB T LIS DIEONT OV T, B 7efif 8

FCTHIL -G, EOMEICH O CHEREARNL TS | 3

2 b W E Dol Fo, EHE 90° BT 45° = § } T
DA EDEICOVTHIMLE R, 45° OEARBEN Bh
ZEnbnrolz, ODS-Cu / W 6 1R D B FZBRAAT > 7o

%\ c:%jﬂia&:%%%ﬁi‘%b\éig\ %ﬁ*%%ﬁﬁ)%%éﬁ 0 [] 100 200 300 400 500 600

0) = \‘T;T 7; : \‘E :7,_ - N4 e A Contact Depth, hc / nm
DI RN IR S ERDIE ISR o1, SRS B BEEES bORS AT 55 EE0D

IRIZF T, TSC D MREHBEIZ BT TG i LoD 5 85 R4 Bk TEME
R 5T E THD,
(FZEH )

FTNIEEE N RS DFFER /0 WS FREAT (JU IR HERR) | PISEJE B (Al s - 5/E)
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HAE TS A PIZE T DHNRFET - EEAMA 4 VREHRRTOR S

RALRZFR R T2 IeR mff s s

1. BM

e SIRT DFLNERRE 7 7 X~ SEECEZEEOIRN SOL » & A /3 — & S CTIERE BT 17 0D A
FARE(T) &L BEF W OA A ARE(T)DEIT R D LZ 2 B, 2D T)L TLEAENDE
HINVETH D, AWFSEIL Retarding field analyzer (RFA)% T 2 H DA A B &2 — 12 E X
M FEZRET2FZ BT LO T, A/ NEREE CORARREER =2/ N2 RFA %
BUEL, A A REDFHINIKT DA A RN DEELI S NIT DD DOEREIT T2,
2. R

—
O
~

(a)

@I T LI ICEELBITERENEN 6

mm & 5mm FEO/NUO RFA #8WELZ. Z 0 :: Ei.: . o
RFA % I\ C DT-ALPHA (LK) CAER L7z~ “g : =
VLTI X~ ORGFFHIEIT-> 72, X (bR i T
T X912, DIALPHA TIX ExB KU 7 MZE VA (0) g - : *“”fmip
HEOAF L FNRNELD. ZDLH578T TR~ sasns o _;?jﬁf{
% LC RFA % y B MICBE ST AV iiEE y 3 i
FHIIL 72 & 2 AR IR TR &/, 22T, L blaa ™ radiat positon
FBEOASRIE RFA £V 6 15 em EJANCREE S 2

N8B E T 0 — 7 CEFETEER LG T EED 1. (a)f4fE L7 RFA, (b)f A ahllikR, Bk

BHFIENHTH S, PEAFIRT O ExB Ky COFRHHIFR.

7 M REL ne & Te D53AR B R D T2 JE 5 W) [El#E

HWETHD. RFA DA A aby 2 i+ nzm & (FB/SX/LDOF), y> 0 mm OEEKT
RFA [Z A & IEXE 5. X2y < 0 mm TldA A > a3 b7 ZIEXEESGRO Tl 2 5H5 5. X
RS LIS, a7 ZRBEERR & IEXTT AGAIZIFM IS E WA A AREN G LI, %9 TR
WA IR NA A RERG O, ZOMAIZa L7 XD E % 180 EA (L X ¢854 (TE
SRAENVDOFR) THHERTE S, HI, FEHEROF(ELRV y=0mm TlZa L7 ZOm &AL LT
[FRREDOA F AARENGOND. o TV Tldd 234 & iz L % Shifted-Maxwellian
ICL Y EREREZFHATEL2FE Lo TV 5.

3. HER#HE

O IMEAKEE i, [Retarding field analyzer % FV o A A AREEFHANI K32 A A U RO FEED
RREE], AAMBLYRE 79 BEER RS, GEEEE 7> 16aB201-4

@ IWEAES fh, [Retarding Field Analyzer |2 K 54 A U EEFHANI T 54 A i OFEIZHS
WTOFERB L0 RICET IVIRGE], 541 BT X~ - KRG F2Fs, TS 20P12

4. BRRAHEE

FALKFRFPE LPseft miez=, IERES
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QUEST 7' 7 X = ICHg#z L e @M EHC 31 5 7K 3R © St Bt B 1k

JUNKERERE OB T KEaH

BHY

77 X< R EEEE QUEST (Q-shu University Experiment with Steady-State Spherical
Tokamak) ICH T, EiREEZ W7 RIFRESEHE I LT 0. RFFHEDHERE D 72 0 1 i3k 7
NV RADRFEDTECTH 5, X T TIRIMA %R T 7 X< -BEHAERA AR L TE )| FRCEEM BN 5 T
KK DR - MR PEECTH Y, ZDiEENRKRD SN TS

KWFZEClE, BEMRHC B 2 KEOWE « D 7' 0 2 DfiFil L % ol % B & L, QUEST
T7' 7 A=z L &R EHc B » T, W E 1L 727K3% O St e 2 i~ 2,

EERAE

IEAR O K IIRAE L, /KR OWE - BUBFEIC K2 B2 52 5, £ 2 T, R4ERIL, QUEST T
KR 77 X< ichgis L 7z @islkHc o wT, R 2 £ L 7.

WEDF ¥ v2—v (20185/S) 1o T, LHREE - JRoEEE - THEEICRE L, 77 A IR I ¢4
Btk (27 v L2 SUS3L6, X v 227 YY) A7, KESHFICIE. QUEST FHERIIC 2 & it
TAIE 7 PEMEE (Scanning Electron Microscope) % HWT, iAkloRMmLELXFH~7-, £72. SEM I
P I Nz = 2 X =0 X #5087 (Energy Dispersive X-ray Spectroscopy) € X 0, fERDIT

R AT 72,

EEREREER
SHBLERE O IR ST D FE R ®1 EBHABICE T2 TESTER

75_) i‘% 1 :zr‘j_ As-recelved M*‘q’ ﬁ*ﬂ'% - ﬂi%ﬁﬁ Eﬁ@ﬂﬁ'
As-received Fe 67.0% Cr18.6% Nill.2%

Wbt (77 X<l Tk sUssr | 2018S/SEME | Fe63.4% Criss% Nild.1% C7.4%

WELRD & He T, REREEC R 2018S/S #iEE* | Fe59.2% Cr145% Ni 9.9% C8.7% O 4.8%

EREICIHE L e, B 2018S/S F&k&* | Fe63.1% Cr15.6% Ni10.7% C7.7%

= . - As-received Wo94.4% 06.3%

REWH e & OAFBER hoazs | 20185/S EEE | W8T4% 010.2%

N e ~
I NI RIS, BRI BT 7 2018S/S #wEE | W70.5% 011.7% C16.5% Fe 1.25%
HEEE B D R 1 RS 2018S/S F&F&% | W94.6% 0 5.4%

B EI N T H[EEEDR B 5, T2, PEIBEICERIE L7 2 v 7 A7 vikkHE, As-received 3R} & [FIBR
TLHREAGTH Y, AR I N o7z, 2D, 22 Tlk, HEREPTEHE I LT 2 AlRek:
FEwEEZLN D,
ZD X AREKMEIREIL., KBOW - IMHE 7 v RICKERFEL 5 2 5, RELDFICFIRTEESE
E% (Thermal Desorptlon Spectrometry) HEIET D TFTETH D0, ZTOFEREZMAIRNT 2720 ICEE LA
REBLLHRTE,
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BERREHEEZEHE LM~ OBEMNBRIBEHE 41— KXy
7 AR T LDOBRFE

HACKE: NEREF
BREER. BX

7T R~ DR A ZVEHR Z2 LSS IREIEL N~ 7 7T X~ 0 EMERELD
FCHEERFEL2->TWD, BRAEEVEOND b I~7 OFRa A XV %2R T
ELTEMAE, BHERD S, FBAEN EF T3 VX —PHLIADHRENELS RS Z &
IZIELS LTEOHN TS, =AEEICE L TiX ELM OfIEIC EE /25 E 42 B 7= mTREME AN 51
SNTWD, FRFFETITADO A EFFOT T A EAERTDHIET RIS IIFIZBNT
EHRORMEE 72> TETRESAOBEEMNZ T B S BAF2BA CIAOBELND T & D5
EINTWD, IRAEENZ LY b~ 27 OFEMERRIE A U 288 O 25 2 S 13U KRFIG
FH 1R DM 5 PLATO 2EBIC B W TR BEENCHREDO—o L 725> T 5,

TEARGNEH 24T 5> ECRIBEE D008 LR HMOZE.RTH D, BE 77 X~DRa A Xk
MEMAENORELSBILETL I ETHETTARNETIIBEH LELbNSLT L b, K
BT LETHFMICKHT DT T AAMEDT 4 — RNy 7 A7 AZ&RFE L, PLATO 2E@EICE
WTCEWHME, ZAE2FF>7 7 A~ EkT 52 L BEET,

AR E DRLR

AMFZETIT YY) PLATO EEICB W TREICHER |
RSN TWAEERBH = Ty
PIERAT 55 TH 7=, UL 2024 46 HIZ
CS a4 NVHzary TR 72BN TS
WA LTz, mEMBEHa T P78 S B
a4 VHa LT ULy LR REE R RO
WEEEOBENOH AT N7 LT
KIERBAEZRIT o T2s 2 DT ORFFEDBHAEN
11AFTEIEST D EiThoT,

RSN E i o Hh TR 1 IZRT X 91
— 77U v PR D IGBT £ = —/L (Infineon [
w8 AR FFO00R17TME7_B11. EMEE 1.7 kV,
EREI 0.9 kA) & 2 DflAGDbETTALTY \
U N B B LT, IGBT Y a—y YA YN S EREE L TKV, E
121X FPGA (Renesas i AP-RX62G-0A) Z Bl & L T K& EEUT 0. 9kA,

b EOMEE PW 2L PI #IMEAEHWT
PLATO @ FP 2 A WAL B OB 2 £k T 5 Z L2 BE L TWD, FPGA D7 1 7T AITH
FBH T 44— Ry 7 ZOHIEERITE K 20 kHz O 7V o ZJEE L, PWM S fEREITHK

1 AMETEIEL 2707
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MOm Bl 7 A v EFE R 2 NI ICRR ER[RE T, T T IA V RT v TR E LT\ 5,
IZARZ 4 — Ry 7 20O BEME (FERE) OANFETIRRINIT L~y B TTF—4

(mkmmﬁ)iti7%u7 WIEE S (BRK5BV, 12bit) OMFIHIGLTWD, —JF, K
T4 — KRy 7 RICBTHHEETZaANVERETORR LT T 0 JE FE?@W(
5wmmwf%ﬂi%ﬁmﬁf%ﬁm7%@%m&waé *7-. &EJE IGBT £ =2—/L
DAA v F U TWZERT DT a7 ERGER ) A XA eRET L, ¥XToT7 I VEEG

TR LT AD BHIRICT U F N —IRa— /XA 7 4 V& 2l LT E LTV D,
FIZARMFEIZIN A Fﬁﬂﬂﬁﬁk@ﬁ{ﬁ&iﬂb%&@ﬁo TV % PLATO dE@E(CBITD M~ 72
SH EFICHWSERABZ YR — N L T&, B PERZETFSCBIRGOREEZITV,
GEMEHE L OOBFROBEE 2 A 25 Z LICHBN LTz, HFEREIORTFERE L
B k—/\%%k L’CE@(L?ZO

SR B D FH ]

%Efilzuﬁﬁﬁ WS a7 Yo
7D EBEEICHZICa T oY RRE L, SEE
BRI L= N T oo, =Rk L CaA
VBRI IR Z1T 5, Lo LRFEE TN
FE N O VU B 208 R W SMIHE D 72 > PLATO
HEEICTHBRIC/EEE2ED D 2 ERREIC 25 2
ENTREIND, RS U THFZER & 040
BREM N — B O N2 NE, A HERED
SOLETL ZEEIC CEMHIEERZ1TO 2 & ML
TWo,

X 2 PLATO ¥EEOTEMIEH 2T
N A/

AAEBE DI TR R

[1] P42, RIS (14/21),..., BEEE 5 “PLATO + i~ 2 0¥ 7 9 X~=" $H4lH 79 X~ -

BRaY e £

[2] T. Nishizawa,.., S. Kato(14/21),.. A.Fujisawa "Initial plasma achieved within engineering constraints

in the PLATO tokamak" submitted to Fusion Engineering and Design
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NI LAF VR LEHEREEDF ¥ ET « A E ST
EFRPEIZE HERS

BH BRSPS R P OB E IS DB LT Fe-Cr @035 0 . BEWERIEIZ 5 2 2 )
FHBOMEDEAL T WD, BREIFT 7 vy N Tk, 77 A {HRIFICHA T 5B OFH T
LEHEMEO AT TR L 72 508, BMEIZ 5 2 2 IR BOBRITHEA TV, 22T, A FE O
EERRTBREE COBBEME (FLEHLBESY Y 7 4 ) 28T 2 ik LT, A A g
DERTHD, LoL, HEERNREIEREICRE SN D70, BB ZOWMEE 58 L TR~
TENEELW, R E LT, Fa iXm iR A ERL L A A BRI TR A R E s
THERGHNT AR FIELZIRE L TV D, Al KE DR/ 5 Fe-Cr = B4 X ¥ v /L EEEH 4 He'
RE L, e AT Y 2 OR A i U, BEROEFRIZOWTEE L <Ft L7z,

A& I MgO(00 ) HfsfmAE W T, BEEZEP CTEFE—AZE423m L, KE 200 nm O
Fe 33 1. OV Fe-10%Cr K O, JEZ 50, 100, 150, 200 nm @ Fe-20%Cr sz ERL L7=, D, IEE
J£ 30keV O He % =i T, S RMRE &I 3x10* He/m®> TS L7-, SRIM R LV, K AKEERIX
PEE 100 nm T 19 dpa T, FEE 200 nm DFEFENICAY 7 AWRERETHBESRMETH D 2 & MR L
72o MR OHEE % EBSD, TEM T, BLrifRZ VSM CTilj~7=,

FERRUEE : 5% 200 nm O Fe, 10%Cr, 20%Cr #EO Wi TEM B2 DR R, § X TORE Crm%
JEDF v BT ¢ OIER A fERR LT, )7, Fe TITMSATHE TRALIIBRICZLIZ R S 472003, 10%Cr
& 20%Cr TITBALIBRAH S BALINEEC /e o7z, 2O ZEND, ¥ BT 1 OB ER RITEEMEC
WBE RITSROD, TBRICHE D Cr OIRFAMOZENRBER LTS Z e iR Ens, 22T
We At BN 2 pioy (ALK RSy & B G GT) DML R DET NV EBE R, Rt ED Tz, £ Okk
F. 10%Cr B LT 20%Cr JHBETIE, BALIRERRR S O WA =Y 6 FIZ 5 Z L 3o T, RIS
MG % 25 % 7= Fe-20%Cr {2 FH~ 7=, M 200 nm M & FERIZ, 150 nm 30O RE(L Bl 3R L
R EE 72 2B AN PR (T A D L7228, 50 nm T B /e o7 (Feds, 100 nm R IRIEE L .
ETERN-T), 2HETNEZEM L, TNENOEIE S RZ RS, & HIT2 oy BSHERENT 2
JEIZIVTHEIET 2 EMRE L. TNENDORELZ RO Tz, £ ORER, BEDEVGE CIIR b2
Dy OIFRIER—E (66 nm) & RAEH Bz, 200 nm HEEOWIHE TEM BIESHERN 5, K% O
WD T TH v BT 4 OB E TH o722 &b, REMOMEIE LA S Ky, &
BRARN D FEIEE T 5 AL IR R ) D FEIS S TE R L Cr RAT 2 o 72 % v BT 1 232 DR LIK 722
Bao|lEfZ Lz HZEIh 5,

RIS -

Y. Kamada et al., “Magnetic Hardening of Heavily Helium-lon-Irradiated Iron-Chromium Alloys”, Metals,
14 (2024) 568 (12 pages). https://doi.org/10.3390/met14050568

Y. Kamada et al., “Helium ion irradiation effects on microstructure and magnetism of BCC iron-based alloys

”, IBMM2024, Jul 01-05, 2024, London, UK
fELRBE S, BASEFR PR GE 175 [B) BEE4E(2024)

fRAE - SRR, A EEC MELOOEL, 0 PR, S WK 0 A TFR, A - LR
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Fi & DEATHEIZ K DR E DB = 3L X —5% B AR BFEFRATIE DB R
SRR BIRERT L L —F—EHRATIRRT WAk —

1. 3CHIZ  ERRFETCERTIMBORBEEZHLIICL, T b 2EN LI#EIR
AZRBL., ZhbDOREIBEET 5, HADKRFERRICONVT, TOBRELZRD,

2. HFEHEHRY  FUINKZISHAE R OMRINBERE Z AW CTHEMB 2R L, SR
HEICLY, METTOREERRBEZHET 5. ZhoDORRZEN LT, BRREBHEORE
FERBREE LA AR ORESL 2 BHR Y 2 & 8, AERIEORKBETH D, A TIL, E< BHH
T 5 REGERN D70, Mkke T O BREEHHIEEE OB L FH R T IEORE - RRZ LI

3. HERE

3-1 ZREV—V—FEAEHOBRE & B E

DRI O EHEFERFZE, HEFERBBIEOMBIEITIZ, 2R VBB EE - HHEE2HIET 5
7=z, KEDOEMF OBERNMER TRIZIL D, BET T X<t - A RS LR L 7
STWBE VT AT U DBTIRNE—BEASIC L 2EEMEOR 2 D7 N—T DEFTREN.
R HER Sz, BIED ZOBOMIEIX, EbiL, KVAERF VUV TRATUVAEEIZON
T, BREHP T, B, AtLL DR IEZBRBETETH S,

BL., XY EMFHEEEREBEOMIEMEL . L VEMEOKE 2BEREHEDZDIZ, BWIFE
et & BRBIER B E ORI, Bl 2 IEBR 2 EDRREENR A > TL 2B ADORIED DI, K HELAS+
DOENMHDOPRAZEHE LTz, 2T, 0 LOBALEHD, Bl O - BIROFER L LT, Hlsh,
BHTWARZENRHEBALEZDT, ZhozHBEL, TLRLAFTFETH D,

3-2 il & EH-HIH PC BEAR DEE(E

B> TE - LMD 0S 1Z, < A MS Windows XP TH Y. ITEED PC EA 0S 12T
BXTHY ., FFIZ 20254 10 A FED Winl0 R — METHIX, X =2V T 4 —HHRENS,

1 0S TBEIT 5 PCHEB~DEI W BX BUEATH D, T T, Bxb LV HxT. 1 RFEOAY)
DEIDEZDIZ, R—FT7NVPCEFHEL, BE, RNEOFERHFLTHS, THERTEDO
FEERCE O O B IE, FEMFHC X AEFEERE L, KEBMAEE Y 7 X~ xtmEDHE
FEXIREZET = — DO RICETeZ LB TE B,

3-3 FUWRE (BMZEAEHHEIAS OCT FHl~)

HEW L BEESMEI~0CT Gkae—VL o b bESF T 7 4—) HEEERZEHTEE &Y
FREEN OB LUWERE TOMBHENRTE 5, BL, Bl2IiXF T AT 7 EDRIEERAERA
MEEOTEITIE, HIRBARORF & METHEHANEOBRBELETH S, fERIICEZER
5 AR K E W,

4. BEE AL, TUNKRZISRIZERFRT L RRBERE (B - BRIERSE) - 7r T
{ THPBITGERT O RBTFEREE OBBN 21T T, Eio, RIE OMAELER Z SRR
TR & &REOILRFFZEXERE, WIS, JCHRPNWIRERTR Z v 7 OXFEEZIT T,
TRHADEZRLET,

5. WrFCAARR

AN — S HEERE EAREC K B0 FER&EET, BHEBEES
MSRZRBNRERT, | L—V—EAR AR, CIUN KRS A SRS,
PEERIERE (H « WIRTEKRD) - 70T 0 THRRFERT, 4 FREFRF%ET,
PHEYLEERIZERT, ST 54 F=T U T . (2025/02/14/%C)

136



FZlG 7))
2024CR-FP-25 — W5

3 RICEILA 27 b vEHAI L IRE - FE - AR 2 w72 (L 77 7 X< LR O B IR TE O i ]

JRE R el T ARRFATIERE 1l JAKER

AWFFE TIRESRGAL 7 7 X< 3E PANTA 8B \WT P27 T 7 4 % W CHEE O UG H S %
JEAT DI D © 578 2 FE 2 RO 7 7 X< BB REOBIM 2 To7. ¥ Iab—va Vit
FE0 o7 7 X~ T O 575 2 ELA T A E O e 25T CRIKFICAE 1S5 2 L 2385
HT 7% o 72 (M. Sasaki, PoP (2017)). Z oftEHI%, W7 7 X<l b EIE £ i U 2 ik % B
OHPICT B 7-DICIIBRRETAMECTEL T2 FEOEEZIHL 221 L, 205 ORFEIR 3 HA %
LT BMERDH LT L RRBRL TS, AR TIENES 77 4 2R ONLEE T — 2025
JABE s X O T e — FECCHHE L 2R B o ZE RS O ISR 2 Gl IC i 55 2 & ©, ZFEEjD R
75 % FREE - DA AAF 257 3R ZE RIS 2 B & A i L 72,

WAt 7" 7 X< h O fLIRH AR RE 2 EERAVICHRAE S 2l & L <, EML 7 7 X ~%@E PANTA I
W 1300 G, Y7 —6 kW D 5fE T CRT € — Fim=1 & m=4 O % Ff O R 25 JERIE
BAELTWAHREZNRE Lz, COIFMEEEICEY m=4FEHo ¥ 4 F v FE— F(m=3, 52
BaEn<Tnws, FEolEFFICEWTITo2 V277 A BT —2 2L 25, m=3,45
DFERENIRFEIIC—E DZERIFEE 2R LT 228 m=1 FRENIIRIED 7 7 X< FulEhizs o B ERC )
TIEHL 720, EEFER NN T LM ERL T Z EBHL IR o7z,

FEZT 7 4 Tl L7z m=1,3,4,5 $RE)O RGO LENES X CIERIEHRE G O R 2 IS % E
EIICFH T % 2 & #HMWE LT, structure function ¥ X U modal coupling function & M 3T Tk
% BfFE L 7. Structure function 131277 [ 35 & ORIV ICHEAL 72 A7 18 12 35\ TREE O JEIRER & B 7 171 & —
M FFof#Eoa e — L v A% 5 FiETH 5. —75 modal coupling function (& E I L UJH
HmE— VoD~ y F v 7 &%z LziREk <4 U 2 IERRIEH G O K22 /010 % FHii 3~ 2 Fik T
»H 5. M=1EH)OIRIEDIEIED r=2.5cm H 72 D ICEHET 2Kl %2 7 v v 712 L CEMAM & PEE 2T
\», structure function & modal coupling function f##T % 1T > 72 & 2 5, m=1{ZEIDIRIEVERHET 5 0
IS b CIRIERE G DR CTEIEA 7' 7 X< FLENICERE L, r=3 cm BV ICHELZL A TT T
A= AR CTIFRIER A3 e 5 2L 2L ICT 2 2 e TE 2. LEdofRidglt 77 X<
G L LD BRI L CHEARMEZ 52 % 3D TH Y, ITE Scientific Reports TH #t
hTh .

FEZ T 74 MO TREIOWEZE— N LICHREL CRZERIBEZ T 5 2 L A[REIC 72 o
77, RO E T 25 9 2 CHEEREIREE LS 2 G 3 % Thomson BELEHI D FHFE % A &
KRBT To 7. PANTA OB FREFE A2 — LGS 2 2 L2 HINE LT Y 749t
% V> 7z TV Thomson BGELEHM DB ER % | B KD TPD 24#E TfT o 7. WIEBR O, FEE
I X o CTL—HF — DNl 100 pm FRETN DS 72D ICHELES R Y v b 23 2 515 H»A 21
T2 OBEMEHIORE REICR 2 LWL IR Y, HEICK o TERCEHIITE R WiREBIC A
2ZLHHLDICRo72. INOLDFERI Y, PANTA O X5 ¥ eV BEDKIR 7 7 X~ o &ET
BIEE DA % —JEICHGT 2 7201, KRRPICL — 3 — Ko RBEHE L EAT 2> 27 L0810
RTHHEEZLND.
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TUNRZZISHI0IZERT RERRSE, A5
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7T AICEE A G 2T, @2 - RSB TRIET 5 2 LN TE 5, ﬁﬁﬁw_kwfmwsm
ez EE I, ﬁMﬁ%@Elkéﬂ5FJ7F$ﬁmTutl?é:7HX#~w®ﬁﬁ%@%%
FER FHAIFTEE T o 5, HIBP OFHAIEE ) 2 W RENTIEN T 720121, 7 r—7 B — @R &K L, S/N
EUGET L 2 ENEEND, AP TIE, HBP@%ﬁ/ﬁ%awtt LI ORFEBIZED, B

LERZIEAR LT S/N oz HiEd, FfRIIZ, PLATO £&E(231T %5 HIBP FHUIZRWTTZ
RO RFTELIRIEBN &2 51 L, BEIZE T ¥ VBRI O N2 7T 7 ¢ —I2 L 5 2sEH & 18
T5Z ETF%%L DWEDOWIRIENLTHZ EEEEET 5,

PLATO #£& (236517 5 HIBP (X, SO GEER, hE, B—2A5[ &ML, E—28RK, A FH7 ¢
7%/%%0 BIROYEE R FE - 7, FEGERR 2 FEM L, IR — A OFHANZ AED U e, PR aENT 534 %
EL, AEGNELC TS Z EA2MR LTZ, F£72. 10 kHz OBNMFEBIBER S, Z sk e —7
X~ 7 THFHC O RBLICR SN TS Z e, 77 XA~HOBENMNFEEZMEHIL T D
L EMER LTz, IS0 MHD REEE— RBBRI S TWD Lo b, 7r—7 E— L&A K
LT, S/N bz EFiux, 77 XA~ OELREEE NS %R IFF T 5,

A A FENZBW TR S, BN hE -7 b~ TT-1 128\ T, HIBP 2% ET 5 2 ka’:*ﬁﬂbf
W5, RFEE XY TT-1 O FEFEH & TT-1 123517 % HIBP OGS E G L, #natEDd T s,
KLY | A AT, B3 R — R N E BRI T 5, FERINICIE PLATO I261F 5%
PFEE T — & L g U, 8T 2 P ERARE & AHE SISOV TIFE T 2,

%%%V*Wm%%%ﬂ’iéh%7§74mowfj:%ﬁ%@®ﬁ%%@@f%éo%§®ﬁﬁ%
M L7 =206 77 X~ R OZEMN 2RI ZTF D T DITIE AT D NDEMRAEAT O BN D D,
:®£@¥E_i\%ﬁﬁﬁ%#%b\mzi\2&n$ﬁf%yyn%Z@oT%%y72®%%@%
REENTRD 2 H51E0, 7— U =y vV B )72 R RIS & 188 A C 2 ORI DARE % 3K D % 71k
DD, ZNWHOTFEZIE, TNENHE, RENH Y, /A X2 GLERT — X OITIZEBWNT, ED
THED R T & % 0%, BEROFFE S Z —ATHKF L, —BUIEE AR, ERT — 7 Offfr T
DEBFTFINRNZ LR, AL—V 7 ORES ERNRAE/FELBET ODLERD 5, Kﬁnf
X, 7 A RT—=Z AT NET T 7 ¢ T FIEORET, FRCIREBEE B 2 7R, fRATAE SR &
LD REENRONDNCONWTHIREZED T D, £z, HARLEE PANTA @%Eﬁ?~§?ﬁ’¥$ﬁf\0)i@
MbBRE LoD, T FEOKRT 2kt 2,
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Ffl& 7] 50
2024CR-FP-27 — W IE

RIS T20 WG D WS B AT HH O PR K OVl
R a B2 e RIREKH

1. HKY

G ST U WE A —RIKV T AR H 7 Z2/r o N, Li-6 RN IR G2 L7e<Th -+ 7kt
NI F 7 LZEEGE L 2155 Z LR ATRE T AL FE B IEN RS SND NI T ASh bV o 7o P HE 5 RS AN B
THHEZAPMDIERUITITENE R TH D, N T VT LA LD P+ BB BRIV T, RS
EATY 7N 30 dpa BREFTITHEMT 200, ENLFITK T35, WX ROEZ R LI
GRMEZIILTOD[1], ZNHOEERUIL, B OEULEE CIIS LW B 5 E T H 4 (TisSis) O
O ERIHIL TODLZ e D, ZRRRE RO F e v 7 Lleo TODERSN TS, Z
(Dotofoaﬁé%%)%bfﬁ%%kaxﬁﬂﬁ“h ERKNERE CHORELEHFRMONT VU LGSO 3N

RELE ZDILD, LU, FEMIZR AN = X AT RTZARHATHY , i+ HBHOBENELNRN D

ﬁfﬁu%%ﬁ%iﬁéﬂ“(b\f&b\ AHFZE UL S 2 RIS B S B D LN I R 5y 7o B A A [
FERNCIOII 7B FHEN HZ2HHT2E000D  ZOAN =X LEHONILHET 28,
EHITHICH A AR IR AT H 2 s RRTHZ LR AL TS,
2. FEBRJTE

BER AR N T 20 DG @O — A A £ S A EE NIFS-HEAT-2 (V-4 H £%Cr-4 #H &%Ti
A4, NH2) |, @il V-4Cr-4Ti BT VA4 (Z44) B N, 2D D FRFE AR B DD R P i g PR R
ZEMRTD T OFHEEZWO LT V-10Cr-1Ti &
& (ZX1) ZBEREE LT, 2024 R3S D
LRFIEFT D EA A WG AT DA, RS
EHTHEATY 7 3 FSiLd 500°CT 15 dpa
D CuP'AA A& I LT, M 1% 2R
MRET 277 A% — G Al AT 2% I THGHRE
WBEEITO, BEBENTH AT 7 E R
L7, EHIT, BRMUMEESE (T /AT o8 —) %
FWTHUR L2 R L7,
3. EEAEREELE

OALA, S EHICRI A TLTWD O S :
500°CC 15 dpa HRGTL72 NH2 (ZDWTTHY, £ 1 500°CT Cu24 # v % 15 dpa % THE L
OFERAER 1 LK 2 1R T, K1 XD 15dpa Tlid 72 V-4Cr-4Ti &4 (NH2) <@ 3 h 2 BH X
WML — 7 LB 2 DR K ok BEREH (R8T A
BRI, ATV T DR NE 2 BHR AR 400 R

HBROB AT RES Vot B2 _  NIFS-HEAT-2
0. BB O RS KBA B IS AFME 2R < 5-5300 M (V-4Cr-4Ti)
ECIRA, S S0~ 150 nm OFUICIER 3 / 500°C, 15dpa
THLIMINCHALT 4~6 (FOBEEFLT G200 -
B, BB EORI KA KIS T 28E 2 Irradiation hardening
R RA MR TE T, A% EESoIc F100F Unirradiation ]
BIOL, A NI A DR 2R Ok, R T

PR T T S [N TR TR TN TR NN NN SR T TN N SN T N AI L
FOLEAESIMCL TV T ETH 5, 0o T00 200 300 400
Displacement, d / nm
[1] H.M. Chung, J. Nucl., Mater. 239 (1996) 139- 2 FIAVFEUT—oa VX OFABGE
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FrT R ILF— ) F o
2024CR-ME-1 — R IE

E{RARATIC & B M RUKRZ D FHRIE T D B 5

JRERER BB TR E IR
Ak AT R

1. WEEW

PR O IR AMNAER 3 2 TR B HE DG HIEAMNIE & 2 BIRFER S L7z & 72 o TV 5 23,
IEEDOFUETRA I ZDOHERITIEY, ZOMBEMAET 527200 X D GfEERERT — X PR EITHR 5T
KTWnwa., Z2ZTUEINZE T —XIZE, FRCIAADER T 2 YRR E O E T 72 ¥ O RERH 2 Y5
BTHD, ZNoZFH - BT 272N ORENZH L BoTETWA5.

IO LRERZZIITEML N TOERAMMAIKICEWT, oty 7z v L v
BT D TS v — R BT L, HROIOIEERIENE AN L Tws D23, 2odhc, K
HZHAD 3T 2ESE 3 =120 TIIAEFH S 2 AR %2 - W7 2SR BT, D2 OFHH
FENEETHZ 0D o TER. Z T TRMSETIE, SEEH X F 2 MR U 7Y 2 JEREf
TEAEEICGGHIT 2 LWEHIREZHRE T 2 Z e 2 FHINE LR Z BT 5.

F 72, RS 2R Y UTHERA O RIOS bulk carrier AN Z, ITHEHFE I NIZHIEE
I CHRPUE IR L S5 5 & w5 finE TR Z oMo 2 iz w7z, iEEIRD R 2 finfific
BT HAMATETE O EHINCHER O H{GENT FIEDIT R 2 DR 21T 5 L FRHC, FAIC BT 2 ihvikE
g, EHUEMN, MARREEEOFHH G FEE L 7.

2. FASTHEM
K % iR W % R EET
BT W | LB O T RRIETIR Bk - BbEs A7 LGk | 209 REFH - HBRIEH

e & JRERZAIER TRBADITER ik - MBS 27 28K | B 24 FERAHE)
GEORCEIN JRE R FCER TRBIARTTERE X - BB R 7 28K | B 24 FEERAA
% B JRERFAFERE TRBAITER ik - RIS 27 28K | B 24 ESiiiln)

RA BA | RBAS T 85 %S 2747075 A SECAGE | R
B W | LB T B8 W% 27 A 7075 A SECAGE | SEERERD
WS | B TR B WS R T AT U TS A SE AR | SEERERDD

3. EEROBE

2024 FEE D 9 FITTUNREEIGH 15T D TR AR FEBRKIE (L x B x d = 65 x 5 x Tm ) 12 T/KI4
REEEM L. AFEBCHM LML, chETHEML TERBEREY L& 8o RIOS
bulk carreir B%fih ¥ 55 R CHEPUIE KD B S5 1 2 iE IR %2 752 bulk carreir AR D 2 £C
H5. 0o 2HEHOKRIEIFR—TH D, BUKEUTEFEIRTHETD 7 L 757 O ABER > TW»
%. DREEIER D RIOS bulk carreir B%4fihZ A it (Type A), FERRMHEB TESIEIMEREA R 5N 5
ETIR 2 FoME % B AL (Type B) L FEFRS 2. B » L ik 20 o W O AREHEIO ord. 9.5,
ord. 9.75, stem HBMCERES £ > ZHDIABLGRM & Rl o —H N 3 A &SR 2 iE LiEE)
FHAGRER, mEIEE R B & R IR R S L, MRS KRN REIT 5. SO ER
TIMEYI D IE ORI BT > TB D, AR & 100mm B L 7207E 12 6 A FRNEE 2&KiE L
FRERB R E I OFHAl L FIRFICERI 21T o T 5. F72, MEY D IRE O AGHEDFHIBIT> T\ 3.

ERFEATIC BV T 2 FEHDFHINEEFERE L, R T L A BT % W 72 Multifold % TldHl Fiz 4 X
728 6BOL—V—EHLarREBEL, MIEREICBOTEIRMEHICF.P. 225 0rd.9.0 ¥ T
L7 XF 288, Ord85525 Ord.7.5 S TEMLEZAX T 28DH 4 B2RE L CHIZITo 7=,
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R, BB X ZITRE SR 5 30K e B D 7y 2o TIRO NI o BEao 7 —
TETOE 7 ABD IS, ZORY 7 VD & FEREOHRECZR T 5 2 & TREATBIE Ol 2

S =

1795.

3.1. {HEER

AREBCTHA U588 % Fig. 1 1R, £72, Table.11C A fif%, BRI FEEH MU Fig.2 12
AREER53 @ body plan Z7~3. F£7z, body plan IZIFERE LV OMDAAMES RLTED 2k
BYE 5IZBWTSH ord. 9.5, ord. 9.75, stem D 3 W D&t 28 (MDA AZITo TV S, A AL (M)
FHEAL, BAA (GM) IZEATRLUTED, stem HDICHBT 2 HEOHDIABAEIZE L TIZFRALT
RLTWA.

Fig. 1. SEABR (EMLA %, THIB finf)

Table 1: #EERIFEH

Ly, (m) 2.40
Aw (m?) | 0.835
B (m) | 0.400
rzp(=zg) (m) | 0.0510
d (m) | 0.128 Pl
KG (m) | 0.115
Ch 0.800
KB (m) | 0.662
o (m?) | 0.0983 \d
g/ L 0.250 , oL o
Fig. 2: Body plan & BXFESt > I OFRENE (F£H:A
finf, B Anfd)
3.2. FENKSH

EIRE A X F12 X BT D2 B % 5§ 5 72912, Fig. 3 1ITRT & 5 ITEBAR D ord.5.0 2
5 stem #0 F TORF 22 WIS AERBEEFT2RE Lz, 2B R CMEICHKEL T EXEN
T Y —EHDIAA TV ord.9.50 ¥ ord.9.75 DALMMANCHE L TW5. HEMOFETTEICEL T
EAMARIT R DZENT2 3D 7V V2 =8Ot 2R L, £ JICAEMZEL TE D AT & 3mm 72
JEBEN A EICAEREZRE LTV,

141



[500] [600] [700] [s00] [00] [o75][stem ]
T

= s

1<

[550] [es0] [750] [8s0] [950]] 5;.93 |
[500] [s00] [700] [s00] [900] [975][stem]
[550] [eso] [7s0] [ss0] [o50]] 558 |

Fig. 3: ARSI AEWTHE (EH:A % B i)

3.3. BEENATICEK BMALRA SR

B L7z A X 713 DITECT 84 2 — K X5 THAS-U2(Fig. 4)) TH 3. iz, &¥
REDA R T Dar 74> ari%, Table. 217", #21C1E DITECT 3Rz Y 7 + THAS-Xvierwer |
ZEAL, LGOI DITECT H8Eg#ENT Y 7 + TDIPP-MOTIN V/3Dy Zff L 7.

BRI X AMBEEElOEE LTk, HEERBOT Y $i2ih-> TRED T — 7R D ko
Ordinate BICEHEDP N EICBWTRABD T — 7O T2 5K TORE X Z iR SNz EHED 5
BHT 2. 2L T, ZORIZBKBREEADT —TOTHETOREI 255K 2 22 & Y AATEF O
RIESEHZ NS 205 OO ERFENTICE T 2 I OMHATSH 5. FERIGBKEED & R0
7 — 7 £ TORBIIERIER CIE LE2 A L Tnied’, SEOEBRTIZFEKPICBIT 2 BUKHR
POEREDT—TETOHEE D X I THEL Z 0l FEHE Y U TR E1T- 72

Table 2: Camera condition

No | JHH A EfE
1 | 7=V —F [fps] 100
2 | HEEYA X 1600 x 1200
3 | ¥vy&X—ZAE—F[s] | 1/100(OPEN)
4 | FHlZ7 L — 24 f] 800
Fig. 4: Camera(HAS-U2) 5 | PUAZ—FE—F Start & Positive

3.4. EFFHAIGER

HEHEIHEABR TR L7228, FHlls R 7 aK%EZNF N Fig. 5, Fig. 6 1R3. EEFHIIZEEICE W
TIIBBIANCAER 3 % #8) (surge,heave,pitch) & ORI DO B v RIZED 1) &7 0§ AT — D TR
EFAMAZL22BHUEZFHIL TV, PO —EIXFERIEAY 7 b 2 7034 Y A b=V E N7
PC L EBEXRRDT — X IGRZR DM G ICEAR SN TE D, MENOFHE], SFHEHD X 7B LXUOEEHIC X
2 MBI TR FIRFICIT R 2 £ 912k o TWnwad. ARFHHEERTIX F, = U/\/gL = 0.18 TR % &
L CTEBRZIT-oTED, FkfeEIRFZAZUTE W TEEENE LEHIIZ1To T 5.
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Fig. 5: EEET IS E RS X

EIRRPC R ==
(e | g 2 RS
FRREH

o ] T e
#EEEA X5
L 1 ZU T
AbLA>T>T
o jl; #7+7 ] ' 1 | {)W
VT T
L [ |

S o
[7u7>7)|7V7>7] |7V gty s ] ANV

|8 ) AR R ER AR |

SSKEA+ > ¥ (1 38H)

i
L f%

—RH#EICRE
SR
SEURSH(FH2280E)
—hRRKISIRE (ENRABTER )
br=if==

Fig. 6: EBEHAGER BT 251> 27 4K

3.5. EHIEEEERS &K OREHIEER

sEHEFERRBR O L7258, Ml A7 4 K%ZE 22N Fig. 7, Fig. 8 1Tns. mMilEFEHABE T2
DB — FEWZHat 2R L, Zhoz2sr U CmiillEREE & B2 i L T0 b, B o fore
W U T2 15T 51F surge heave, pitch HTAIAND 1%, aft fIZHEHE U 72815152 5 1% surge, heave /1A]
ANONEFHIIL TS, MU A—FDI R T LTEFFHHEEE AR TH D, SFEH X 7B XUOERHRIC
X B AARBIEEHIDSRIRHICAT R 2 £ 1Tk oTWwa. 7, iifilEHEARcE T F, =U/VgL =0.18
THEBZIT-oTED, #kFLIRPZhZUIE W TEEEINE LEHIIZIT-oTn 5.
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wave

-
= 4 D) £
00}
Fig. 7: Gl BhHH2E E AN X
R
ST
: o s WEREN AT
[: BEEENAT | 1 ‘ {} W
| EEEEF {) é é Tl
[7ur>7|[7V7>7] [RELA¥A—%] IV
> | AR R EREAR ) |
T—T
= 4( SSKEH+ > 4 (5 38i&) "
—hAkEE [Astm]
‘ =R RS (22058 ‘ y
—HRERE (EARREER )
L——
L]

Fig. 8: JRHlEHEABICB I 251> 27 4

e W TAREERDEHHIZRH 1T DWW T, Table. 3 1233, 5RHIEIEE D heave, pitch DIRIEIZ ZHhZH
0.01(m), 1.337(degs.) TH b, BRI aAER, EHBEEHHEBIC SV TIIERB WK T, fEHD#ED: 5
FEREITIANC y = 320mm ONECHE IR (MEY) D IKEEt) 2@ L LR oFH 21T - 72, &HIlEEL
GHEBIEHHEBRIC B W T Z R 2RO T T 2 BIBLE, @EHlEEGRER, BoRHEBRICEWwTidEh
ZHOEMETT—E EFHIIZ1T o 72.

Table 3: SZERZEM:

[ OEEER [ TA— R EAE AL (K.L) |
EHFTH IR F,=0.18 | 8=180 degs. 0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.15,1.25
sl heave iBR | F,=0.18 - 0.5(33.72),0.7(21.27),0.9(15.20),1.2(10.44)
sl pitch 3R | F,=0.18 - 0.5(33.72),0.7(21.27),0.9(15.20),1.2(10.44)
el ER R F,=0.18 | 8=180 degs. 0.5,0.7,0.9,1.2

_ 5 _
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4. BRCEE

BNT, KRB TR o N EBRET R 2 LT ISR,

4.1. MmiIxEE

Fig. 9 WCAEBOHEBH IR CE o 2 EOMAEF ORREZTRT. £/, BEOEFMRL LT
AFRENZ BT 3 2012 4, 2015 FEDOFER B R L TWS. Fig. 9 OtllI /£ 5 surge, heave, pitch D%
NZNOEBOMITTE L fHZ/RLTED, MENIEEMEL N/LEZRL TV, Figdhrobhd
k212, SRIOEFERTIIMEBETICOVWT 2 EOBAMOM TIIREREZALNRL /2. iz
surge, heave, pitch DWW TN HBEDFERHFERE GBL TVWD Z L R T 3.

4.2. ERIEHISH

Fig. 10 ICAFEROEGRG 1B CE o N 2 EOPIREHI N OFREZ RS, F, BEROERWER L
LT AMBIZEIT 2 2012 FOFEREZRLTWS. I /£H & surge, heave, pitch @ J5 DR GE
HEMMEZRLTWS. BIZEEMELN/LTHS. 260 bEHISIOMRZHER T 5 & 2E DK
AOMTIIRERZITALNT, BEOERMERE DEMLTVWD Z DR TE 5.

4.3. IMEES LVERNFR

Fig. 11, 12 ICHHHHEABRCEO N 2 EDOMNIMNEES X VRENRBOMRE RS, £z, BE
DEEFER L LT AMEIICBT % 2012 FOMERETRL, BEFEICIAMERLRL TV, EEKEEK
BIZBO T 2 EORAMOM TR EREDN RS ABLTWS Z e PR TE, KAk S
A35, Ab3, B53 2 ¥ I2B W T 2 EDRICHENIERTZ 3.

4.4. MERTIEEEED

Fe T Fig. 13~16 (oRillEFRRASR, FHomil ik, EEEtEAERIC TR o i —ROIEER 771
DFERZRT. HEE LB —ROIEEHE OERRIBOMITTIE, TERIMEEZRLTWS. £k,
FHHIX 0rd.9.5, ord.9.75 IZB WV Tlid keel (VE% 0 &, BUKAEZ 0 EY Lz EOAMEZ/RLTED,
stem IZBWTlI keel VEZRHEEY L7z EDH—ZAEEZRLTWS. AT, BiofERITZZHZEN
MHAERR, R TZNZIURLTWS., F/2, ZZTEERO—HlE LTA/L=071CB5MRER
LTW3. EREMET 22 A\/L =0.7TlX0 = 90 degs. 2> & RATBAAPEANIC 21 T B RO HE
BIENRIEDS/ NN E DEERTE 2. F72, NMAHICEE U TidsEH] heave FRBR 1S B W TIESEKH D TH
HEcBWTHEDL A SN,

4.5. RORAPEIEN

EEFHHEBR T OENXS — 2 X W B SN IBHIEINE Fig. 17 13, Ml I HEGE o 5+ % #x
T L7doThD, HlIEEMELL N/ LTH2. kB, AGHERES 12mm & U T L 22BHEHT
EIMDWX D ENKEL R o770 2 T TEAHFEIRIEZ 20mm & L7 & Z OFRFIEGIE M OF R %
RLTWA. Fig. 17 % B2 L HIRERT B O NE T TIED 2 0 BEIEMI/ NS {RoTnd Z
M5,

Fig. 18~21 [\ X FRANENFRARR, BRHIAER, EHBIE ARSI B W TR R IR E LB XE )t >~
B X OB ONBRFIRIUEIN D E RS, 250 b ABROMERRHEIEEH TN OFER e FEEN/L =0.7
WKWBIBHERERLTWS., BIHENMOFEGRKEZ WV stem ICEHT 5, BIREDHGIINZIVE WS
@23 7 S VR GEEIFHIERBR I X DR S WM R D S X EFEICHATWS Z e 239 h 5.
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4.6. EREENIC K B MALRAZETR

Fig. 22, Fig. 23 (ZH EFEEH X 512 & b 1F 5072 2 ihANC BT 2 EBIEHAERER T O ARERNRIE 0 & HElS
RERT. MEIFHIXNKET—&2Thh, Eho 77— ZHFBUEBRD cos i5, sin 5y, EH
M Thd. Fiz, EEIDMAETRZFEERE T 2MARFAMBETDH 5. 72720, cos T, sin 87
FASHEIRIECEIOUL I N T WS Z e ITFEET 5. EEME A ZIEL L, HhETEX IR
TWb. 79 70K H X7 OHIERTH D, D Try biPEERIC K 2R TH 5.
72, TZITIEMRO—FlE LTAL = 1.25 IZBF2MREZRLTWS. AfBLcBWTIIMmE R
D cosl KK 57, sinl KT THEDTHEZR I NS0, EHEBRFTICBOTERVWARDP AN 5. B
KBV THABRIEE ISR L TWE Z e 05, 7272 A e il U CEFE R D O
IS THEDHER XN DD, ZAREBIEO 7L 7DF v Z VOB EI 23D THILEEZD
ns.

BT, Fig. 24, Fig. 2512 2 iz BV THIELHEREIC & D 1§ 5 0 MBIE ofGRZ RS, KR
ADH XTI BHEREROD Ty NOABRERICX2ERTH 5. Ml X OHfT Fig. 22, Fig. 23
CFREICLTHS.

5. HDOIC
AWM TELNTZHEZ L TITRT.

(1) AWZETIE, HEEAETC X 2 MABIEFHIIT RO BN REZ R L. 2 ORiR, TR
AT & 2FHHRER e R — L, EGET FEROBBEEEZ R L. Hi, Mo —Zc &
Dz —BEOR RSN, LirL, —GOFtHlIFR TR o0& BAET, HERiET 7
0t 2B B, FHIRIRSEM, WRIAERSL, SR EREOREIRNRI Nz, A OEN DI
FIZEL, Type BOX ST v 774 YoM Tid, BT WYL 2%
S0t RENB G S BEMEHNCEHEDL D 2720, SROFPEL, SHEE A X
7 RFH R DIEING & B HEEA LR ERBE T o NS,

(2) METBRDRL 2 2 € OBEANC BV TEREE) S X OBIREHINICRELREZZR bR o7
23, TARIFRENC B\ TIERHTARETBRUSIC THED TR S Nz, X AMAREICERE L BT
NI oB/oNTHFER S, EHHEIMRED A TN 2 BN B VT, iEflEfnaAsR, 5o
il 17 ER D added pressure 73 D LL#E %58 U CTHRAC TR 155% T OB R T B i D added
pressure 23V/NE {725 Z L AR T &, PUEMMEREICHHC diffraction 8 T D ERRTITE S D
HEIFELTWS Z e mholz. MAT, FEEENORIBIZHB VTR, RHFHREHEICRS
FE XD BMBOHTBRKEWVEE 25\, IEEHEENOMHEICDOWTIE, Bifody o7u
EC K BRI KD, KB OREMIET A iR & OMEN R 5.

BE X

1) Iwashita, H., Kashiwagi, M.: An Innovative EFD for Studying Ship Seakeeping, Proceedings of
the 33rd IWWWEB, 2018

2) Kashiwagi, M., Iwashita, H., Waskito, K.T., Hinatsu, M.: Prediction of Wave Loads with Mea-
sured Unsteady Pressure Distribution on Ship-Hull Surface, The 35th Workshop on Water Waves
and Floating Bodies, Seoul, Korea, 26-29 April 2020, £t

3) Kurniawan T. Waskito, Masashi Kashiwagi, Hidetsugu, Iwashita, Munehiko Hinatsu: Prediction
of Nonlinear Wave Loads Using Measured Pressure Distribution on Ship Hull, Applied Ocean

.
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Research, 101, pp1-20, 102261, 2020, &ach

4) Hidetsugu Iwashita: Innovative Measurement of Unsteady Pressure Distribution on Ship-Hull
Surface and Its Use for Hydrodynamic Study on Seakeeping, Invited-Speaker Lecture No.4, The
33rd Symposium on Naval Hydrodynamics, 19-23 October, 2020, A1

j£./A JE4l/A J£6l/KoA
2 2 2

O 2012

A 2015

® 2024.09 (Type A)

v 2024.09 (TypeB)

R ”
yal
®
“,..!gmﬂ T aet®y °
2 % 1 2 0y —meRs
AL WL ML

' Py o B
e

_go—g !‘g -90 JAS
Yoy v -180 ! 180 ‘g!g_‘g@ =
Fig. 9: finfAEE)

o

180
90

-90
-180

i
J
!
:
i

[E1|/pgABL |E3|/pgABL |E5|/pgABL>
2 1 0.2
o 2012
@ 2024.09 (Type A)
v 2024.09 (Type B)
0.1 05 0.1
%o Boo®7oC @ o o LGEL e O
Uv me o Lo
O woe WDQ ¥
o~ m]
L »
. . oo O [JD . oo 0@
0 1 2 0 1 2 0 1 2
AL AL AL
180 180 & 180
\ 0
90 a“. 90 = J]D 90 =
0 O 0 = T-goUg000-g 0O o
o Yoo [
-90 i s Seai . -90 90 GEED‘—'%D—?—D—DD min
\ I \ \
180 o I ! 180 L in 180 I I

Fig. 10: R

147



A33/pV

B33/pVo,

RPM(DBF)
3 _________________ RPM(NK) 3
----- strip method
O 2012
@ 2024.09 (Type A)
v 2024.09 (Type B)
2 2
® - 0
| ) | d%\D*D‘
0 . 0 . W“"ﬂ—-——
0 10 2}9 30 40 0 10 ZQ 30 40
L L
AS3/pVL B53/pVo,L
0.2
0.1
L E v
o 0 &
4 - [m] e = TR EXie S|
-0.1 -0.1
-0.2 : -0.2
0 10 ZIQL 30 40 0 10 2%_ 30 40
Fig. 11: 5&fll heave AXBRIC BT 2 (M INE & I X =175
A55/pVL2 B55/pVe L2
RPM(DBF e
0.2 e RPMENK)) 0.2
strip method
O 2012
@ 2024.09 (Type A)
v 2024.09 (Type B)
m]
0.1 0.1 =
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0 . 0 . M
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KL KL
A35/pVL B35/pVe L
0.2 0.2 ®
0.1
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DE;
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Fig. 12: 5&ifll pitch aBRIC BT 2 N INE BB X =75
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—o0— TypeA
IP1/ pat, 1Pl ek, IP11p65, —o— TypeB
4r 4 4+
3F 31 at
2F 2F 2F
(L 1L | |
[
Og 30 60 90 ~ T20 150 % 30 50 30 26150 % 0.1 5T 03 0.4
arg(P)
180
90
ol
_90 |-
-180g 30 50 a0 20 Ts0 9% 0 B0 90 20750 180 K] 75 o3 54
6(degs.) 6(degs.) Girth length (m)
ord.9.5 ord.9.75 stem
Fig. 13: 58l heave ;BRI BT 2 AR MAIFERES), (F,=0.18, K. /L = 21.27)
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1. INTRODUCTION

The purpose of this study is to research the pattern of secondary fracture on fractured spines using
CT-FEM. Load simulations on 3 different fractured spine models from patients’ CT-images data were
conducted. Simultaneously, compressive load simulations on single vertebral bones were also conducted
to estimate their strength against load. Based on the analysis and comparison of these results, the feature
of secondary fracture and some factors which may effect this process can be found.

2. METHODS

CT-FEM software MECHANICAL FINDER (Research Center of Computational Mechanics, Inc.,
Tokyo, Japan) was applied to extract models and conduct finite element analysis. Three 7-piece spine
models where the fractured vertebrae is the center were created based on the CT-images of three patients
with a mean age of 84 years old from Saga University Hospital. Making the fractured vertebra as the
center, three spines of 7 pieces were extracted from CT-images data, which means from T9 to L3 in case
No.1, from T10 to L4 in case No.2 and from T11 to L5 in case No.3. In each model, a process about the
occurring of the secondary caused by a uniformly distributed load on the top of the spine piece was
simulated in the finite elements simulation software. Then, compression load simulations were
conducted respectively on four vertebrae which are respectively next to the top, bottom and fractured
vertebra in each model.

3. RESULTS

In this study, bone fracture was the crack of cortical bones, which can be seen as a clear fracture
line or a fracture zone formed by dozens of failed shell elements in the simulation. To judge whether a
fracture is formed, definition was given in this simulation that if a group of failed shell elements are
distributed continuously on one vertebra and the number is over 100, they can be recognized as a fracture
in this vertebra and the first appeared failed shell elements in this group is regarded as the starting point
of this fracture, as shown in Figure 1. According to this definition, strong relation between vertebra’s
strength against compressive load and fracture can be found in the result.

No.2 | No.3
Figure 1 Bone fracture behavior in three different models
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1. Introduction

Total hip arthroplasty (THA) is a common orthopaedics surgery performed as one of the solutions to late-stage
hip diseases. Despite that, complications such as implant loosening and periprosthetic fractures after the
arthroplasty are known to be the common causes of revision surgery. It is believed that the bone quality and
implant designs might have a correlation with those complications. Recently, Todo research group had utilized
the CT-based FEA to understand the biomechanical problems in the orthopaedic field. With this advanced
computational software, FE model from different bone and implant designs could be developed. Thus, this
study aims to investigate the bone damage mechanism developed from the CT image of two different patients
with different types of THA implants by using finite element analysis.

2. Methodology

FE bone model was developed from the 61 and 87-year-old patient and denoted with bone X and Y, respectively.
Inhomogeneous material properties were introduced in every element that form the FE bone model which was
computed from the linear relationship between CT value and BMD. Then, the mechanical properties e.g.,
young’s modulus was assigned to the element by using the established equations, hence enabling the non-
linear FE analysis. Next, the THA models of bone X and Y were constructed and three different types of
implants were introduced. Those implants were denoted by stem Z, stem K and stem B, where every implant
has a different design and geometry. The stem of the implant was assigned according to the properties of
titanium alloy while the femoral ball was based on the properties of alumina ceramic. Next, three different
loading and boundary conditions were adapted from well-established studies. These conditions are lateral
bending (LBC), torsion (TC), and falling (FC). A stepwise increment of load to failure was applied to all
models. The analysis was terminated at the load after the complete failure of shell elements.

3. Results and discussion

Fig. 1 shows the internal failure of bone X and Y with stem Z, K and B at LBC. Significant damage elements
can be seen in bone Y compared to bone X as resulting of poor bone quality. Major damage at the bone-stem
interface of bone Y suggests a higher risk of implant loosening after the arthroplasty. Fig.2 shows the
comparison of external failure in LBC. Damage elements at bone X only occurred at one location while two
locations were observed at bone Y which also due to the effect of bone quality.

(a)Internal damages (b) External damages
Figure 1 Distribution of microdamages
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1. INTRODUCTION

Mathematical relationship between mechanical properties of bone such as Young’s modulus, £, and bone
mineral density, BMD, has been utilized in CT-image based finite element analysis to construct more realistic
computational models. For example, £ — BMD relationship was determined experimentally using empirical
formulae by Keyak et al, and has been used worldwide. However, the detailed mechanisms involved in the
relationship have not been clarified yet. The principal objective of this study was therefore to develop such
relationship using some microstructural and micromechanical models.

2. METHODS

It was firstly assumed that £ can be distinguished into two main parts such as E. of cortical bone and E; of
trabecular bone. Then, E. and £ were considered to be expressed as functions of basic Young’s modulus, Es,
of bone tissue and porosity, p, where BMD was assumed to be correlated with p mathematically. Ec - p
relationship was developed using the theory of poroelasticity which is an extension of elasticity for solid
deformation with pores. On the other hand, of E; - p relationship was constructed using an ideal structural
model with a porous unit cell. Micromechanical model proposed by Wanger was also introduced to develop
an Es formula. The model incorporated the platelet-like geometry of basic reinforcing unit, the presence of
alternating thin and thick lamellae, and the orientations of the crystal platelets in the lamellae. The thin and
thick lamellae were modeled as orthotropic composite layers made up of thin rectangular apatite platelets
within collagen matrix, and the classical orthotropic elasticity was used to calculate Young’s modulus of the
lamellae. The micromechanical model employed a modified rule-of-mixtures to account for the two types of
lamellae. Moduli of collagen matrix and apatite platelets were also introduced into the micromodel.

3. RESULTS

For three different types of bone such as normal, osteopenia (OA) and osteoporosis (OP) bones, the theoretical
model was applied to find their £ — BMD relationships. £ values tended to increase with increasing BMD as
expected. It was also found that those theoretical results well coincided with the Keyak’s results. Effects of
diseases such as OA and OP on the E — BMD relationship were also clearly introduced using the theoretical
model, suggesting that the developed model can be useful in clinical applications. The developed model was
also compared with an experimental result of force-stroke curve as shown in Figure 1. It was shown that the
theoretical model was well coincided with the experimental.

7000
Keyak
6000 Kellext
cexperiment
—— 1=3000 &
50009 150000 N
| // \
= 4000 4
2
(5 3000 - J
2000 o
1000
0 — T T T T T T " T " 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 33 4.0
stroke(mm)

Figure 1 Comparison of force-stroke curves
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