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Purpose of the project

The energy consumption and the waste generation are increasing at the same time
with the development of human beings. Although wastes such as plastics causes the
environmental problem, they can be used as the energy source with a proper
treatment. In the present work, the numerical analysis on the thermal plasma
system is conducted to utilized wastes as the alternative fuel. The integrated
supercomputing system at the IFS is used for an efficient numerical analysis to find
out the optimal operating and design condition for the plasma system.

Details of program implement

In the present work, basic experiments and the numerical analysis on the thermal
plasma generator has been carried out for the waste to the energy production.
Because COVID-19, the simulation has been conducted in Jeju National University,
Republic of Korea, and the numerical method and results have been advised by Prof.
Takana at IFS, Tohoku University.

First, we have conducted thermal plasma generation experiment. The operating
condition of the plasma torch is listed in Table 1. As a plasma forming gas, nitrogen
was supplied at 110 L/min and the arc current was fixed at 110 A. The arc voltage
fluctuates from 200 to 220 V, resulting the input power range from 22.0 to 24,2 kW.
The plasma jet was successfully generated in the lab test as shown in Figure 1.

Second, the numerical analysis on the thermal plasma jet was conducted by using a
homemade magnetohydrodynamics(MHD) code.

In the numerical results, the calculated arc voltage and the input power were 215.9
V and 23.8 kW, respectively. Therefore, the numerical simulation for the plasma
generation is well agreement with the experimental data. Two-dimensional
temperature and axial velocity distributions of the thermal plasma jet are presented
in Figure 2 and Figure 3, respectively. The arc core temperature is higher than
15,000 K in the plasma torch, and the arc jet speed at the center of the torch exit is
higher than 1,000 m/s. Detailed temperature and axial velocity profiles at the plasma
torch exit is presented in Figure 4.

Table 1 : Operating condition of the plasma torch

N2 flow rate Arc current Arc voltage Input power
[L/min] (A] (V] (kW]

110 110 200 ~ 220 22.0~24.2
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Figure 1 : A picture of the thermal plasma generation in a single plasma torch.
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Figure 2 : Two-dimensional temperature distribution.
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Figure 4 : Temperature and axial velocity profiles at the plasma torch exit.

We are conducting numerical simulation for the multi plasma torches base on the
numerical analysis for the single plasma torch. In order to treat a large amount of
waste, a large volume of high temperature region is required. As show in Figure 2, a
high temperature zone over than 3,000 K is limited as 10 cm in the axial direction
and as 5 cm in the radial direction, respectively. Therefore, the multiple plasma
torches array is essentially required. In the second year of this collaborative research,
the plasma system with multi torches is numerically analyzed for an efficient
conversion of waste to alternative fuel on a large scale.



3. Achievements
The optimal design and operating conditions for the single plasma torch was
determined from the basic experiment and numerical analysis.
The results of the first year collaborative research was presented in 17th
International Conference on Flow Dynamics (ICFD 2020) on Oct. 29, 2020.
Now we are writting a research paper which will be submitted to an international
journal in the middle of 2021.

4. Summaries and future plans

A single plasma torch was successfully analyzed by the numerical simulation. The
calculated arc voltage and the input power were in well agreement with
experimental results. The high temperature region where the plasma temperature is
over than 3,000 K was limited as 10 cm 5 cm in the axial and the radial direction,
respectively. Therefore, the multiple plasma torch system will be numerically
analyzed in the next step. In addition, the numerical results will be compared with
an experimental diagnostics and pilot test for the combustion of burnable wastes.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
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injection, Chemical Engineering Journal, 395 (2020), 125148 (9 pages), doi:
/10.1016/j.ceramint.2020.08.042.
ceramic nanomaterials, Applied Science and Convergence Technology, 29 (2020),
pp. 117-123, doi: 10.1016/j.ceramint.2020.08.042.
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thermal plasma, Ceramics International, 46 (2020), pp. 28792-28799, doi:
10.1016/j.ceramint. 2020.08.042.
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[71 J. H. Oh, M. Kim, S. H. Hong, T. Hee Kim, S. Choi: Synthesis of h-BN
nanoparticle from amorphous boron in atmospheric pressure Ar-N2 thermal
plasma, Proceedings of the 59th Summer Annual Conference of The Korean
Vacuum Society, (2020), PF-A005, p. 33.

[8] J.Y. Ko, T. Hee Kim, S. Choi: Numerical study on SF¢ decomposition in thermal
plasma combined with kiln reactor, Proceedings of the 59th Summer Annual
Conference of The Korean Vacuum Society, (2020), PW-P002, p. 54.

thermodynamics equilibrium for purification of BNNTs by halogen gases,



Proceedings of the 569th Summer Annual Conference of The Korean Vacuum
Society, (2020), PW-P011, p. 55.
;1;1;1_0_0(_)1_1;p0si£e; i)gf_t_riﬁl_e_th_e}_n;z;l_ﬁl_as_r;;cl_j;}g ‘and its electrochemical performance
evaluation, Proceedings of the 59th Summer Annual Conference of The Korean
Vacuum Society; Jeju, (2020), PF-P019, p. 61.
torch system for nanomaterial synthesis, Proceedings of Seventeenth
International Conference on Fluid Dynamics, Sendai, (2020), 0S5-3, pp.
208-209.
wastes to energy, Proceedings of the Twentieth International Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-50, pp. 87-88.

3) Patent, award, press release etc.

(Patent)

“The device for measurement of transmittance by thickness for calculating the

Kim, August 6, 2020, approval.
“Locally hot combustion chamber and cement calcination facility having the
approval.
“Method for manufacturing a water electrolysis catalyst electrode containing
cobalt borohydride nanoparticles synthesized by thermal plasma and a water
November 2, 2020, apply.

(Award)
Not applicable.

(Press release)
Energy and Economy Newspaper, “Dry reforming for green hydrogen production”,
June 28, 2020. (Korean)
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Purpose of the project

As a continuation of the previous year’s study, this research focused on utilizing
computational fluid dynamics (CFD) on the predictions of flow conditions and
endothelial cells (ECs) inside the flow chamber. On this phase of the study, thein
vitro flow experiments has been conducted under the change of flow conditions due
to different tilt placement orientation of the stent wires.

Besides, a new computational study on designing a new intravenous catheter’s tip
has been performed on this study. In this new study, the computational model of
intravenous catheterization has been constructed to learn more about improving the
success rate of adrenal venous sampling procedures.

Details of program implement

This research has been conducted on two main subjects on the utilization of

numerical simulation as the evaluation method of actual flow experiments and the

parametrical study of catheter design. The details of this research have been
conducted as follow:

1. CFD simulations of the flow chamber system have been conducted on predicting
the distributions of ECs under the flow exposure. CFD simulations for both stent
strut configurations of 90° and 70° position relative to the main flow directions
have been performed. We found the direct influence on the flow characteristics
drove the ECs movement under the different configurations through the
comparison between CFD results and experimental data. On implementing the
research program, the ITB team was responsible for conducting the CFD
simulations and providing all necessary computational data. At the same time,
the IFS team is responsible for conducting cell experiments. Currently, both part
of the team has jointly worked on publication manuscript and further improved
the study.

2. The first stage of studying the effect of intravenous catheter shape versus the
blood sampling withdrawal process on the adrenal venous sampling (AVS)
procedures has been commenced this year. This case has emerged from the real
clinical problem in the Tohoku University Hospital. As the part of this work, ITB
team has been responsible for developing the computational model, running the
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simulation, and providing the data. Data analysis, interpretation of the
simulation results, and further development have been discussed and performed
together by all the team members.

Time=1s Contour: Total displacement (rmm}

—

FiguI:e 1 : Early development on the catheter simulation model (left) to show the
prediction of wall displacement during the AVS procedures (right).

Achievements

For the flow ECs experiment- CFD comparison study, the comparison on different
stent wires set up (90° and 70°) under the flow conditions of working fluid on the
ECs behavior has been successfully obtained. This study strongly proves that the
effect of WSS on the ECs migration. For the design parametric study of the AVS
catheter design, the first phase has been successfully performed with the
construction of a geometrical model and a good physical representation of AVS
catheterization on the adrenal venous system.

Summar ies and future plans

The current study on ECs behavior under the flow exposure shows that the different
orientation due to the placement of stent wires has a significant effect on the ECs
migration since the different location of the vortex and flow pattern changes drove
the ECs movement towards different locations. Further study will be focused on the
analysis and data interpretation on comparison between experimental data and
CFD. More flow parameters such as WSS gradient and detailed observation of the
ECs density on several different locations of the flow chamber are planned to be
conducted in this study.

For the catheter’s design study, the development of the AVS simulation on the
prediction of vessel wall displacement has been successfully performed. Further
study on the design exploration of different catheter geometrical shapes is planned
as the later stage of this study.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

the Split-Tip Catheter Model of the Segmental Adrenal Venous Sampling Procedure
using Computational Fluid Dynamics, Proceedings of the Seventeenth
International Conference on Flow Dynamics, Sendai, (2020), 0S9-2, pp. 292-294.



Anzai: Computational Simulation on Improving Intravascular Treatment Device’s
Performance, Proceedings of the Twentieth International Symposium on Advanced
Fluid Information, Sendai, (2020), CRF-4, pp. 6-7.
3) Patent, award, press release etc.
(Patent)
Not applicable.
(Award)
Not applicable.
(Press release)
Not applicable.
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Purpose of the project

To achieve a carbon-neutral society, biofuel has been considered as a solution for a
more sustainable energy source. However, certain types of biofuel have been
criticized for its edible raw material and therefore may compete with the need for
food resources. In regard to that, non-edible sources of biofuel should be used. One of
those sources includes Jatropha plant (Jatropha curcas) with its seed that can be
extracted for oil. Jatropha oil has been studied for its great potential as a renewable
fuel. However, the fundamental combustion characteristics of Jatropha oil has not
been fully investigated. It is considered that the major compositions of Jatropha
methyl ester are methyl oleate (C19H3602) and methyl linoleate (C19H340z2). In this
study, combustion characteristics of major fatty acid methyl ester in Jatropha methyl
ester were investigated in order to understand the fundamental combustion
characteristics of the biofuel produced from Jatropha oil.

Experimental setup
Experiments were performed at the Institute of Fluid Science, Tohoku University.
Figure 1 shows the schematic figure of the experimental setup.

Quartz glass fiber
with a spherical end

\J/:

Screen High speed camera

Suspended fuel droplet

Fiber Torch

Light source

Figure 1: Experimental setup for droplet combustion.

Droplets of methyl oleate (purity: 99%) and methyl linoleate (purity: 95%), which are
the major fatty acids methyl ester in Jatropha methyl ester, were studied using a
high-speed backlihght photography technique. The fuel was suspended using a
quartz glass fiber with a spherical end. The diameters of the glass fiber and the
spherical end were about 0.25 mm and 1.2 mm, respectively. The volume of
suspended fuel was 4 ul. The fuel was ignited by a torch. The backlight image of the
flame and droplet were taken by a high-speed camera (Photron, FASTCAM Mini AX
100) with a micro lens (Nikon, Ai AF Micro-Nikkor 200mm f{/4 IF-ED). The frame
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rate and the shutter speed were 60 fps and 1/1000 s, respectively. Soot was produced
on the glass fiber after the droplet combustion, and it was burned by a premixed
methane flame before the next experiments.

Flame observation

Figure 2 shows the flame images of the droplet combustion of methyl linoleate and
methyl oleate. Here, the time of O s represents the timing at which the droplet
burned completely. Combustion of the droplet required almost 3 s for both fuels. After
the droplet combustion, soot production was observed.

Figure 3 shows the droplet image at £=-0.78 s for methyl oleate. Even though it is
pure substance, bubble was observed inside the droplet especially for the case of
methyl oleate.

t=-3s t=-2s t=-1s t=0s

Methyl
Linoleate

10 mm

Methyl
Oleate

10 mm

Figure 3: Boiling of

Figure 2: Images of droplet combustion. methyl oleate droplet.

Summaries and future plans

An experimental study of droplet combustion was performed for methyl oleate and
methyl linoleate. In this study, the production of the bubble inside the droplet were
observed especially for the case of methyl oleate. As for the next step, we will
evaluate the temporal change of droplet diameter and calculate the burning rate of
the fuel droplet. In our previous study, the difference of burning rate was observed
between oleic and linoleic acids due to the difference of surface tension [1].

In addition, we will examine the droplet combustion experiment for the mixture of
methyl linoleate and methyl oleate because Jatropha methyl ester is the mixture of
these components.

Research results

Journal (included international conference with peer review and tutorial paper)

Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)
Characteristic of Suspended Single Droplet of Oleic and Linoleic Acids as the
Major Components of Jatropha Methyl Ester, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-62,
pp. 109-110.

Patent, award, press release etc.

Not applicable.



Project code J201004

Classification General collaborative research
Subject area Fundamentals

Research period | April 2020 ~ March 2021
Project status 1st year

Numerical Study on Transonic Flow Characteristics over Return Capsules

Seoeum Han*, Bok Jik Lee**¥
Michiko Ahn Furudate***, Nomura Masayuki**** Hiroki Nagai*****{+
*Interdisciplinary Program in Space Systems, Seoul National University
**Institute of Advanced Aerospace Technology, Seoul National University
***Dept. of Mechatronics Engineering, Chungnam National University
****Dept. of Aerospace Engineering, Graduate School of Engineering, Tohoku University
**+**F*Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project

Several sphere-cone capsule bodies for sample return have been used for the re-entry
to earth from space. One of the problems is that these capsules undergo oscillation in
the transonic regime, which may cause the failure of return operation. In this project,
the transient flow characteristics over these capsules are investigated using numerical
simulations to shed light on the underlying mechanism of the oscillation.

2. Details of program implement

To analyze the transonic flow characteristics over return capsules,
three-dimensional simulations of transonic flows over return capsules for a range of
Mach number from 1.03 to 1.52 were conducted. The test model was a Hayabusa
capsule 15 mm model. The pitch angle of the capsule was fixed at o = 0°. To describe
turbulence, the Spalart-Allmaras DES model was used. To solve the compressible
Navier-Stokes equations, an open-source density-based compressible flow solver was
used. The characteristics of the flow field around the capsule were investigated using
the time-averaged flow field and instantaneous flow field.

Figure 1 compares the recirculation region length and the wake diameter at each
Mach number between the measurement data obtained from a ballistic range [H.
Kiritani et al., AIAA SciTech 2020 Forum, 2020] and the results of the present study.
The distance from the back of the capsule to the neck point is defined as the
recirculation region length, and the distance between the neck points is defined as the
wake diameter. Both the recirculation region length and the wake diameter did not
exactly agree with the experimental data, but the overall relationship between the
feature-length and Mach number was reasonably reproduced.

Figure 2 depicts the numerical schlieren images extracted from the results of the
numerical simulations for M = 1.09 and 1.52. The bow shock that occurred in the front
of the capsule was observed, and the boundary layer separation and the recompression
shock wave occurred in the back of the capsule were observed. The local shock wave
generated in the free shear layer in the recirculation region was observed after the
recompression shock wave moved downstream.

3. Achievements

The transient numerical solutions were obtained by conducting three-dimensional
simulations over return capsules with fixed pitch angle, and the feature-length showed
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Figure 2. Numerical schlieren images

good agreements with the measurement data obtained from a ballistic range. The
transient flow characteristics over return capsules such as local shock wave occurred in
the free shear layer in the recirculation region were observed. Therefore, a numerical
method for three-dimensional simulations of transonic flows over Hayabusa capsules
has been established.

4. Summaries and future plans

In this project, the transient flow characteristics over return capsules were
investigated using three-dimensional simulations with fixed pitch angle. In the future,
numerical simulations for several capsule geometries including non-zero angle-of-attack
are planned to analyze the mechanism of the dynamic instability.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Transonic Flow Characteristics over Return Capsules, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-60,
pp. 106-107.

3) Patent, award, press release etc.
Not applicable.



Project code

J201005

Classification

General collaborative research

Subject area

Environment and energy

Research period

April 2020 ~ March 2021

Project status

2nd year

Efficient Uncertainty Quantification of Fluid Flow Problems via Combination of
Kriging Surrogate Modeling and Proper Orthogonal Decomposition

Mehrdad Raisee*t, Koji Shimoyama**f+
*School of Mechanical Engineering, College of Engineering, University of Tehran
**Institute of Fluid Science, Tohoku University
TApplicant, §{IFS responsible member

Purpose of the project

In large number of engineering applications, inevitable uncertainties in the physical
properties, model parameters, operating conditions and geometry can strongly
influence the system output. In such situations to achieve a robust response, it is
necessary to take into account the effects of all sources of uncertainty in the design
process. Uncertainty Quantification (UQ) is a growing subject in the engineering
aiming at recognition of intrinsic uncertainties and characterization of their
influences on the Quantity of Interest (Qol) based on the available measurements or
calculations. However, a single computation of real engineering problems based on
an advanced numerical method can be extremely expensive. Thereby, in such
problems, it is unfordable to quantify a large number of simultaneous uncertainties.
Therefore, development of efficient UQ methods that significantly reduces the
computational burdens for the stochastic analysis of Computational Fluid Dynamics
(CFD) problems is of great importance. The purpose of the current project is the
development of novel affordable UQ methods for tackling practical fluid flow
problems with large number of random variables. The proposed methods are
multi-fidelity surrogate models and use the non-intrusive Polynomial Chaos
Expansion (PCE). The ultimate goal of this research project is to combine three
efficient UQ methods; namely: i) the Proper Orthogonal Decomposition (POD), ii)
the Compressed Sensing (CS) or £1-minimization and iii) the Kriging method to
reduce the computational time of UQ. To fulfill this objective, the proposed method
is developed in two stages. During the first and second years of the project, a novel
non-intrusive UQ framework is developed based on the combination of multi-fidelity
POD and compressed sensing. In the next step, the computational framework will
further refined by incorporating the Kriging method. In other words, the retrieved
optimal basis functions from POD are used in the trend part of the Kriging method.

Details of program implement

During the last two years, UQ analysis of two CFD problems with large number of
random variables are performed using the developed method. In the first test case,
stochastic turbulent transonic flow around the RAE2822 airfoil is investigated by
considering 18 geometrical uncertain variables. In the second test case, combined
effects of 24 operational and geometrical uncertainties on the flow field
characteristics as well as performance of the NASA Rotor 37 are quantified. The UQ
analysis is performed using three methods, namely; i) the full PCE method, ii) the
combination of full PCE with the POD and finally iii) the new method based on the
combination of POD and compressed sensing. Results showed that both POD



methods are able to significantly reduce the computational cost of the UQ analysis.
Further improvement in the performance is obtained via combination of the POD
and the compressed sensing. The second phase of the project is progressed by
further refining the computational model with introducing the Kriging method to
the non-intrusive multi-fidelity, compressed sensing. More specifically, the
£1-minimization technique is employed to recover dominant PCE coefficients
through low-fidelity calculations. Then, the optimal basis functions of non-intrusive
POD approach are obtained which can reproduce the overall behavior of the
stochastic field with affordable computational cost. In the final step, these optimal
basis functions are used in the trend part of the Kriging. So far, the developed
method is applied to the Rastrigin function. It was found that the computational
cost of the multi-fidelity POD-OMP method is much lower than the multi-fidelity
POD approach. The methodology will be applied to the complex CFD problems.

3. Achievements
The POD method is successfully combined with the compressed sensing method and
subsequently implemented to two challenging high-dimensional CFD problems. It is
found that the new bi-fidelity method is able to significantly reduce the
computational cost of UQ analysis of challenging fluid engineering problems
compared to the alternative methods. The outcome of the research has already been
published in Journal Applied Mathematical Modelling.

4. Summaries and future plans

This project is concerned with the development of affordable UQ methods to handle
large numbers of simultaneous uncertainties. The proposed multi-fidelity approach
uses the advantages of three efficient UQ methods; namely the sparse PCE, the
POD and the Kriging methods. For the continuation of the work, the Kriging model
will be incorporated in the developed multi-fidelity method. Finally, attempts will be
made to introduce the adaptive sampling method in the methodology. The research
findings will be presented in ICFD2021 conference and submitted to Journals.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

quantification of CFD problems by combination of proper orthogonal decomposition
and compressed sensing, Applied Mathematical Modelling, 94 (2021), pp. 187-225,
d01:10.1016/3.apm.2021.01.012
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Efficient Uncertainty Quantification Method via Combination of POD and
Compressed Sensing, Proceedings of the Twentieth International Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-18, pp. 28-29.
3) Patent, award, press release etc.
(Patent)  Not applicable.
(Award) Not applicable.
(Press release)  Not applicable.
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1. Purpose of the project

Purpose of the project in 2020 was devoted to the influence of doping on
thermoelectric properties of Fe1.5TiSb Heusler alloy and modeling phase diagram of this
ternary intermetallic. Alongside with this, thermoelectric properties of Fe2TiSn
prepared by a mechanomechanical method, was studied as well.

2. Details of program implement

Samples of Fe15TiSbi-xSnx and Fe15Ti1-xYxSb solid solutions (x = 0; 0.05; 0.1) were
synthesized by arc and induction melting, annealed at 1073 K. In the case of Fe2TiSn
sample, the preparation process, including weighting the raw materials, sealing the jars,
and extracting of the powders after the ball milling, as well as preparation of the die for
the SPS sintering, was carried out in a pure argon-filled glovebox. All milling
experiments were performed using 250 ml stainless-steel jars with 6 mm stainless-steel
balls as the milling media. The ball-to-powder ratio of 20:1 (360 g of stainless-steel balls
and 18 g of powder) was kept constant for all experiments. Structure of the prepared
samples was examined by X-ray diffraction and scanning electron microscopy with
energy-dispersive X-ray analysis. Thermal conductivity, electrical resistivity and
Seebeck coefficient were measured by laser flash, four probe and differential methods,
respectively. Simulation of the phase diagram was carried out using a Pandat software
based on the CALPHAD method. Description of binary Fe-Ti was taken from several
sources, specifically. From the Fe-Ti-V ternary system and Fe-Ti binary system. The
description of binary Fe-Sb was taken from Co-Fe-Sb ternary system.

3. Achievements

Powder X-ray diffraction patterns collected at room temperature from the studied
alloys are shown in Fig. 1. It is seen that for all of the samples, the main characteristic
peaks correspond to the reflections from the half-Heusler phase. Judging by the absence
of foreign peaks on the XRD patterns (Fig. 1), all of the samples after SPS are
single-phased without any impurities. Since the crystal structures of half-Heusler Clp
and full-Heusler L21 structures can be distinguished only when comparing intensity of
superstructural reflection, we undertook a Rietveld refinement of the XRD pattern of
Fe15TiSb. Results of our refinement indicate that it is better to describe Fe15TiSb as
having the half-Heusler (HH) structure, with the lattice parameter a = 0.59565 nm.
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Figure 1: Powder X-ray diffraction patterns of Fe15TiSbi-xSnx and Fe15Ti1-xYxSb (x = 0;
0.05; 0.1) samples

Investigation of the effects of Sn and Y doping on thermoelectric properties of the
Heusler Fe15TiSb semiconductor revealed the following. In the parent Fei1sTiSb,
substitution of Sb by Sn results in increasing electrical conductivity o, whereas
substitution of Ti Y decreases 0. Measurements of thermal conductivity x showed that it
decreases with substitution Sb for Sn, as well as with substitution of Ti for Y. The
highest z7'= 0.14 (at 473 K), was found for the composition Fe15TiSb.

Calculation of the phase diagram revealed that isothermal sections are virtually
identical for all temperatures which were set in the calculations (970, 1020 and 1070 K).
Typical example of such phase diagram obtained within the calculations is shown in
Fig. 2. In general, three different regions which contain TiFe15Sb as an equilibrium
phase can be distinguished on the isothermal sections. These regions are as follow: (1)
equilibrium region which contains pure body centered cubic Fe and the TiFe15Sb phase;
(2) equilibrium region which contains pure body centered cubic Fe, Fe2Ti Laves phase
and the TiFe15Sb phase; and (3) equilibrium region which contains FesTi Laves phase,
TiFeSb Half-Heusler phase and the TiFe15Sb phase.

Fe x(Ti) Ti

Figure 2: Isothermal sections of the Ti-Fe-Sb thernary phase diagram at 970-1070 K.
1(purple) — Fe + TiFe15Sb; 2(yellow) - Fe + FeaTi + TiFe1.5Sb; 3(cyan) - FeoTi + TiFeSb +
TiFe15Sb.



Experimental characterization of Fe2TiSn by XRD and EDS methods indicated that
a single-phase sample in the powder form was produced after milling for 90 minutes.
Since the phase formation requires high-energy impacts between the balls and the walls
of the jar, the phase composition of the powder after ball-milling was not changed and
corresponded to the starting elements. In order to obtain polycrystalline bulk materials,
the obtained powders were consolidated by SPS. Temperature dependence of the
electrical conductivity, o(7), and the Seebeck coefficient, S(7), were measured by a
standard dc four-probe method and a differential method, respectively. Measurements
of thermal conductivity revealed that the total thermal conductivity of the samples
prepared by the melting-annealing approach is higher than that for our samples.
Combining the results of the electrical conductivity and the Seebeck coefficient, the
thermoelectric power factor was calculated and is shown in Fig. 3a. The power factor of
the ball-milled sample reached a maximum of ~2 pW ecm-! K-2 at 250 K, comparable to
that fabricated by conventional technique. Consequently, the obtained z7 value is
comparable to those for the Fe2TiSn prepared by the conventional inductive melting
technique (Fig. 3b).
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Figure 3: Temperature dependence of (a) the power factor and (b) the figure of merit of
Fe2TiSn prepared by various ball milling regime followed by SPS and annealing. Data
from some previous reports are also given for comparison.

4. Summaries and future plans

Influence of Sn and Y doping on thermoelectric properties of the Heusler-based
Fe15TiSb semiconductor was studied. The highest z7'=0.14 (at 473 K), was found for
the composition Fe1sTiSb. Phase diagrams for the ternary Ti-Fe-Sb system were
obtained using the CALPHAD method. The existence of the thermoelectric Heusler
TiFe15Sb phase was revealed in a temperature range from 970 to 1070 K. It was shown
that bulk FezTiSn-can be successfully fabricated by a combination of mechanochemical
synthesis and spark plasma sintering. Such synthesis technique can be considered as
the easily scalable and straightforward route that allows fabrication of fine powder in
large quantities with actual stoichiometry close to the nominal one since there is no
evaporative loss during synthesis as it occurs in solid-state or arc/induction/levitation
melting synthesis approaches.

Future plan is to develop nanocomposites based on full and half-Heulser alloys and
to study so called double half-Heusler alloys. In the framework of the first approach, it
is proposed to form in situ nanoscale coherent inclusions of the magnetic Heusler alloy
Co2VSn in the nonmagnetic matrix of semiconducting FeVSb via its doping with cobalt
and tin. The second approach is based on alloying of two half-Heuslers XY'Z with



valence electron concentration VEC = 17 and XY"Z with VEC = 19. Thus designed
X2Y'Y"Z2 double half-Heusler compound will have typical for thermoelectric
half-Heusler VEC = 18 per formula unit.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
*[1] A. Tukmakova, A. Novotelnova, S. Taskaev, H. Miki and V. Khovaylo: Simulation

of Fe-Ti-Sb Thernary Phase Diagram at Temperatures above 900 K, Key Eng.
Mater., 877, (2021), pp. 114-119, doi: 10.4028/www.scientific.net/KEM.877.114.

and thermoelectric properties of TiFe2Sn Heusler alloy, Intermetallics, 133,
(2021), 107135 (8 pages), doi: 10.1016/j.intermet.2021.107195.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Not applicable.
3) Patent, award, press release etc.
Not applicable.
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Purpose of the project

The goal of the project is to perform fundamental research, which allows
understanding the mechanisms of interaction of ecosystems with turbulent motion
of the environment, which will improve the accuracy of productivity forecasts and
the assessment of marine bio-resources, in particularly, populations of plankton. In
this study, using the “predator-prey” model as an example, we introduce the concept
of the normal propagation speed of the population front, which depends on the
problem parameters such as the diffusion coefficients, the plankton growth rates,
the mortality and the predation rates. Using numerical modeling, the features of
the populations front propagation in a system with diffusion instability are
investigated, the propagation velocities of the population’s front with sporadic
structure are determined, and the regularities are revealed that make it possible to
estimate the propagation velocities for a given set of problem parameters.

Details of program implement

All project participants were engaged in numerical modeling related to the subject of
the project. In 2020, we had web-based meetings to discuss the results and future
direction. The online meetings were held 6 times (23 April, 22 May, 15 June, 9
September, 25 December 2020, and 5 March, 2021).

Achievements

The structure and propagation velocity of one and two-dimensional population’s
waves are numerically investigated in the framework of the “predator-prey” model
with the Arditi-Ginzburg trophic function:
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where p(x,y,t), z(x,y,t) are the densities of prey and predator populations, a is
the predation rate of predator, s is the food conversion efficiency, m is the
mortality rate of predator d is the ratio of predator and prey diffusion.

The propagation of population’s wave of living organisms occurs due to the growth
of an already formed colony in an area where living organisms are absent, and there



are conditions for their reproduction. Inside the colony, the distribution of the living
organism’s concentrations corresponds to a stationary or quasi-stationary state of
the system. In the case of propagation of only a prey population in the absence of
predators or distribution of only predators over an area with a constant
concentration of prey, the equations describing wave propagation are similar to the
Kolmogorov-Petrovsky-Piskunov-Fisher equation. In these cases, the wave
propagation speed is the same as in these classical models. The dynamics of wave
propagation becomes more complex when the populations of the prey and predator
behind the wave front are in an unstable, quasi-equilibrium state. In this case,
changes in the concentration of prey and predator in the wave are interrelated, and
the two-dimensional wave sometimes assumes cellular shape with unstable
chaotically moving cells (Fig. 1).

Figure 1: The prey distribution behind the propagating wave. The parameters are
the following: (a) a=19, d =10, s=1, m=0.6, t=1200.(b) a=2.1, d =10, s=1,
m=0.6, t=1400, (c) a=2.1, d=5, s=1, m=0.6, t=1200.

Calculations have shown that the spatial instability of the wave front, at which cells
are formed, is observed in a wider range of parameters, compared with the range of
parameters that determine the instability of a state homogeneous in space. The
propagation of a joint wave of a predator and a prey can be non-monotonic, with a
speed periodically varying in time. It is shown (Fig 2) that the average propagation
speed of a combined wave is a well definite value, even in the case of the formation
of cellular wave front. The simulation results showed (Fig. 3) that the radial growth
rate of the diverging circular population at large colony radii is equal to the
propagation speed of plane populations' wave. This allows applying the concept of
normal propagation velocity to estimate the mass growth of organisms in a large
colony with an arbitrary initial shape.
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Figure 2. The propagation velocity of the joint populations wave evaluated for
a=21, d=5, s=1, m=0.6. The concentration distributions corresponding to this
case is shown at Fig. 1 (¢). Mean value of propagation velocity is V ~0.58.
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Figure 3. The dependency of propagation velocity on the wave radius, evaluated for
a=21, d=5, s=1, m=0.6, V~0.58. The red dashed curve is the approximate
dependency V=V(1+ y/r) with »=11.24.

Summaries and future plans
The propagation of one and two-dimensional waves of populations are numerically
investigated in the framework of the “predator-prey” model with the Arditi -
Ginzburg trophic function. The propagation of prey and predator population waves
and the propagation of co-existing population’s waves are considered. The
simulations demonstrate that even in the case of an unstable quasi-equilibrium
state of the system, which is established behind the front of a traveling wave, the
propagation velocity of the joint population wave is a well-defined function. The
calculated average propagation velocity of a cellular non-stationary wave front is
determined uniquely for a given set of problem parameters. The estimations of the
wave propagation velocity is obtained for both the case of a plane and cellular wave
fronts of populations. The structure and velocity of outward propagating circular
cellular wave are investigated to clarify the local curvature and scaling effects on
the wave dynamics.

We note that the data on the normal velocity and the structure of the
population’s wave can be conveniently used to verify and to refine the model
parameters by comparing the theoretical values with experimental data. Further



research within the project is related to the study of influence the turbulent flow on
the population dynamics.

5. Research results

1) Journal
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Spatiotemporal Patterns in a Plankton Model, Proceedings of the Twentieth

International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-71,
pp. 123-124.

3) Patent, awards, press release etc.
Not applicable.
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Chenguang Lai*t, Shigeru Obayashi**§t, Yuting Zhou***, Bin Zhao*
Yi Chen*, Haitao Bai*
* Chongqing Institute of Automobile, Chongqing University of Technology
**Institute of Fluid Science, Tohoku University
*** Institute of Chemical Engineering, Chongqing University of Technology
TApplicant, T+IFS responsible member

1. Purpose of the project

The purpose of the project is to understand the mechanism of coupling wall-effect on
multidirectional wings, and provide the key theoretical direction and basis for the
further study and development of the innovative aero-train system.

2. Details of program implement

To investigate the control mechanism and verify the application effect of active flow
control in vehicle aerodynamics, the control effect on the airflow separation at the rear
of the notch-back by using the phenomenological numerical simulation method of
plasma flow control. Firstly, the plasma actuator is arranged separately on the rear end
of the roof, c-pillar, upper and side of the trunk to study the control effect of airflow
separation. After that, the plasma actuators at each position are combined and actuated
simultaneously. We try to observe the control effect of airflow separation and select the
combination with the best drag reduction effect. In the third stage, an efficient global
optimization (EGO) algorithm based on Kriging response surface is applied to optimize
the supply voltage of the best combination that has been obtained before and obtain the
driving voltage parameter of each actuator optimized under this combination. The
plasma generated by surface dielectric barrier discharge is utilized to produce a blue
plasma as shown in Fig. 1, and the actuators were arranged on the roof and c-pillar, top
and side of the trunk lid of a MIRA model where the flow separation is serious, as shown
in Fig. 2.
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Fig. 1: Surface dielectric barrier discharge  Fig. 2: Schematic of the vehicle with the
(SDBD) plasma actuator structure. plasma actuator



3. Achievements

The results illustrate that only the actuation at the side of the trunk can reduce the
drag, and when the plasma actuation was applied at each position separately, the drag
reduction rate reached 5.35%. The flow field structure at the rear of the vehicle can be
enhanced in most cases when the actuation is applied simultaneously at two or more
positions. Particularly, the drag reduction effect is best performed as high as 8.76%
when the actuation is applied simultaneously at all positions. Meanwhile, the actuation
voltage 1s optimized by an efficient global optimization algorithm, and the drag
reduction rate reaches 13.17%. This suggests that the plasma jet can obviously inhibit
the flow separation in the tail of the vehicle and strengthen the aerodynamic
characteristics of the vehicle as long as the appropriate plasma intensity is applied at
the appropriate position. The latest research trends demonstrate the influence of the
output voltage of the actuator on the control effect to some extent, but other parameters
of the plasma actuator have not been considered, such as the influence of actuation
frequency, electrode width and thickness and dielectric thickness on the control effect.
Fig. 3 shows the influence of different positions and voltages on the drag coefficient, and
Table 1 lists the drag coefficients with different flow velocities when the actuation is
arranged on place A.

These results help us to further understand the flow theory of the complex wake flow of
a vehicle and give enlightenment to build the theory model of boundary layer flow for
unidirectional wing.
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Fig. 3: Influence of different positions and voltages on the drag coefficient

Table 1: Drag coefficients with different flow velocities when the actuation is arranged
on place A

0kV 14kV | 16kV | 18kV | 20kV | 22kV | 24kV
10m/s | 0.3471 | 0.3331 | 0.3304 | 0.3272 | 0.3223 | 0.3262 | 0.3279
15m/s | 0.3240 | 0.3162 | 0.3138 | 0.3114 | 0.3082 | 0.3067 | 0.3091
20m/s | 0.3053 | 0.3013 | 0.3004 | 0.2982 | 0.2947 | 0.2921 | 0.2908
25m/s | 0.2968 | 0.2962 | 0.2948 | 0.2931 | 0.2913 | 0.2905 | 0.2883

4. Summaries and future plans

In this study, the plasma active flow control technology is applied to vehicle drag
reduction through numerical simulation methods, which promotes its development in
the field of vehicle aerodynamics, and accumulates experience and data foundation for
the practical application of active flow control technology to vehicle aerodynamics, as



well as to help us to further understand the flow theory of the complex wake flow of a
vehicle.

Future work will involve studying the control effect of the flow field of the vehicle via
the latest plasma numerical simulation methods, and verifying the numerical
simulation results by wind tunnel test on the account of the influence of more actuator
parameters on the control effect.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Optimization of MIRA Model Based on Plasma Actuator, Actuators, Vol. 9, No.3,
(2020), 64 (16 pages), doi: 10.3390/act9030064.
backward facing step flow based on plasma actuator, Machine Tool & Hydraulics,
48 (24): (2020), pp. 101-108, doi: 10.3969/j.issn.1001-3881.2020.24.015
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Backward-facing Step Flow Separation Control by SDBD Plasma Aerodynamic
Actuation, Proceedings of the Twentieth International Symposium on Advanced
Fluid Information, Sendai (2020), CRF 35, pp. 58-59.

3) Patent, award, press release etc.
Not applicable.
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3)

Molecules on Interfaces of Nanostructures using Molecular Dynamics Analysis,
Proceedings of the Twentieth International Symposium on Advanced Fluid Information,
Sendai, (2020), CRF-93, p. 162.
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Development of Pressure Measurement Method in Laser—Cavitation Bubbles

Takehiko Sato *, Mohamed Farhat **++
Outi Supponen ***  Kiyonobu Ohtani *, Tomoki Nakajima *, Satoshi Uehara *
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1. Purpose of the project

Cavitation bubble dynamics is still a
major issue for a variety of industrial
applications, including hydraulic
machines, marine propellers and space
rocket inducers among others. We have
clarified that hydrogen gas is included in
a plasma generated bubble and jetting
dynamics from cavitation bubble
through the previous IFS collaboration
research project. We strongly believe
that the complementary skills developed
by the research groups led by Prof.
Farhat (EPFL) and Prof. Sato (Tohoku
University) will greatly help achieving
the project goals.

2. Details of program implement

Figure 1 shows an experimental
setup. The microbubbles of around 2 pm
in diameter, which were generated by an
ultrasound agent, were grown by tension
waves. The quasi-planar tension waves
were generated by reflection of the
spark-generated shockwave at water
surface through a flat alumina plate of
0.2-mm-thick. The images of bubble
behaviors were captured by an
ultra-high speed camera with the frame
rate of 10 Mfps.

Figure 2 shows temporal change of
the bubble radius (a) and temporal
change of the bubble center position (b).
Circle symbols show the experimental
data and lines show the computational
results. The trends of temporal change of
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Pure water High-Voltage
contrast agents
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Fig. 1 Experimental setup.
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Fig. 2 (a) The temporal change of the bubble
radius of the cavitation bubble produced from the
coated bubble. (b) The temporal change of the
bubble center position of the cavitation bubble
produced from the coated bubble at y axis. The
lines in light, intermediate, dark green show the
calculations with Ri,= 0.4, 1.2, 25 [um],
respectively. The solid and dashed lines show the
cavitation bubbles before and after the total
collapse, respectively. The dotted line shows



the bubble radius obtained by computational method correspond to the experimental
data, especially, at the time of compression and tension wave passing. The center
location shows similar trends between the experimental and computational methods
before the first collapse. However, after collapse, the trends show the opposite
directions.

3. Achievements

In this study, we have found that the movement of center locations of the cavitation
bubbles show different directions after the collapse and the computational analysis does
not correspond with the experimental data after collapse. We observed cavitation bubble
behavior generated by expansion wave by constructing the ultra-high speed camera
system. It is found that there is a linear relation of maximum radius Fmax and collapse
time 7%

4. Summaries and future plans
We investigated the cavitation jetting characteristics in this year and aim at the
clarification of detail mechanism of movement of jetting cavitation bubbles.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Sato: Characteristics of Jetting from Micro Cavitation Bubbles, Proceedings of the
20th International Symposium on Advanced Fluid Information (AFI2020), Sendai,
F 4 B, (2020), CRF-15, p. 25.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Fig. 1 A schematic of the experimental setup for
observation of growth and collapse process of the
laser-induced bubble and the discharge emission in
the bubbles.
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Fig. 2 The ratio of the bubble radii at the
breakdown and the maximum of the primary
bubble against the electric field strength.
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Pressure Measurement Method in a Laser-Induced Cavitation Bubble, Proceedings of
the 20th International Symposium on Advanced Fluid Information (AFI-2020), Sendai,
I T4 B, (2020), CRF-16, p. 26.
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Purpose of the project

The key objectives of the proposed approach are twofold. First, we aim to gain a
fundamental understanding on how the assumptions, model structure selection,
and hyperparameter derivation in kriging construction affect the effectiveness of
kriging model. This insight would be useful to systematically study the suitability
of different kriging variants to approximate function profiles with different
characteristics. Second, we would derive a systematic and computationally rigorous
method to select the optimum model structure and parameters of the kriging model
for the specific problem at hand. This task would involve characterizing the
function profiles based on sample data (.e., to “learn” about the function
characteristics), which would be achieved by incorporating machine learning
techniques in the kriging derivation procedure. Our research efforts will lead the
way to seamlessly integrate data-intelligence and surrogate modeling techniques to
improve approximation accuracy via “customized” kriging models.

Details of program implement

Kriging has been demonstrated successfully in various applications, including those
in the context of aerospace engineering applications performed by the project
leaders and the team members. The complexity of the physical system that needs to
be modeled, however, could quickly surpass the modeling capability of the
conventional kriging models. As an example, an aircraft design problem that
considers all mission phases from takeoff to landing would require a more complex
aerodynamic performance modeling than, say, when we only focus on the cruise
portion of the flight. A kriging model is typically defined by its model structure (e.g.,
the correlation function), model parameters (e.g., the global model coefficients), and
hyperparameters (e.g., correlation parameters). The model parameters and
hyperparameters are typically derived to maximize the likelihood function, to find
the “best fit” with respect to the available sample data. The selection of model
structure, on the other hand, is usually not as rigorous, and sometimes subjective
or empirical. This procedure limits the flexibility of the model, in particular when
the problem is highly nonlinear and has a heterogeneous function profile. These
challenging function characteristics are inevitable when we wish to model the
aircraft design problem as realistic as possible.



2)

3)

The main purposes of the proposed research are twofold. First, we would
investigate the relationship between problem characteristics (e.g., dimensionality,
nonlinearity, multi-modality, function gradients), and kriging structures and
parameters. As an example, previous works by our team members have shown that
using multiple kernels in kriging can improve the approximation accuracy for some
problems, which can justify the increased computational complexity. However, the
studies have been empirical and it is not yet understood, from the mathematical
perspective, why and when using multiple kernels should be preferred than using a
single kernel. We would start this study by generating an ensemble of “tunable”
analytical functions, i.e., where we can explicitly specify the model characteristics.
The proper selection of analytical functions to be studied is critical to the success of
this work, since we wish to use these functions to analyze the different model
structures and inherent assumptions in kriging derivation. This task thus requires
a strong understanding of the fundamental theory and derivation of kriging,
including all assumptions involved in the derivation. Such assumptions have been
taken for granted and are often overlooked; while this might work well for simple
problems, these assumptions might impede the effectiveness of using kriging
models to model complex problems. The model accuracy, and its correlation with
the model characteristics, would then be analyzed by employing data analytics
techniques. The results of this research phase would help gain intuition and insight
into the effectiveness of kriging, which would be used in the next phase. Second, we
would develop kriging variants that offer more flexibility and thus are more
suitable for modeling complex aerospace problems. The variants would include, but
not limited to, using multiple kernels in the model structures, and incorporating
the machine learning ensemble approach to derive the mixture of experts model.
Such approaches are aimed to combine the strength of each expert in order to boost
the approximation accuracy of the derived surrogate models. The final deliverable
would be a computationally rigorous technique to use sample data to select the
optimum kriging variant in addition to deriving the models.

Achievements
Due to the disruption brought about by the Covid-19 pandemic, we could not travel
to have research meetings, and progress in the collaboration has been slow.

Summaries and future plans

We still wish to continue our close collaborations and produce more research
outputs (e.g., conference papers and journal articles). When the situation allows, we
will resume our travels for research meetings and continue our discussion. We will
also apply for another IFS Collaborative Research Project fund in the future.

Research results

Journal (included international conference with peer review and tutorial
paper)

Not applicable.

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Not applicable.

Patent, award, press release etc

Not applicable.
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Development of Deep Gaussian Processes for Complex Fluid-Structure Interaction
Problems

Lavi Rizki Zuhal*}, Muhammad Faiz Izzatturahman**
Pramudita Satria Palar***, Koji Shimoyama**{t
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1. Purpose of the project

This research aims to develop a set of surrogate modeling methods, with emphasis
on deep Gaussian Process (DGP), to solve complex fluid-structure interaction (FSI)
problems frequently encountered in aerospace and civil engineering. The responses
in FSI problems are highly non-linear and non-stationary; thus, special treatments
are needed to handle such problems. A variety of surrogate models, which include
support vector regression, DGP, and gradient-enhanced polynomial chaos Kriging,
was developed. The methods were applied on a set of aerostructural problems and
the results show the high capability of the proposed methods in approximating the
complex input-output relationships.

2. Details of program implementation

Three models were developed in parallel and started from the gradient-enhanced
polynomial chaos-Kriging method (GEPCK). GEPCK utilizes polynomial chaos in
the trend function and stochastic part of Kriging to create highly accurate models.
The application on a 17-dimensional wing aerostructural problem reveals that the
method outperformed state-of-the-art surrogate modeling methods (see Fig. 1).
Beside aerostructural problem, the method is applicable for other complex aerospace
problem, e.g. mission analysis and uncertainty quantification problem.
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Figure 1 : Results for the aerostructural problem. The proposed methods (GEPCK-GLS
and GEPCK-LAR) yielded the best accuracy.
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2)

Besides, the support vector regression (SVR) was developed first to handle flutter
boundary detection in a two-dimensional Isogai problem. The objective in the Isogai
problem is to accurately capture the flutter boundary with as few simulation calls as
possible. As shown in Fig. 2, SVR accurately captured the non-linear trend in the
Isogai problem with limited calls of CFD simulation. The unsteady CFD simulation
used to model the Isogai problem is highly expensive; thus, SVR greatly helps in
reducing the computational burden to solve this particular task.

Next, we developed a surrogate modeling framework based on DGP and tested it on
Isogai problem. The development is still ongoing

Achievements

The method was successfully used to model the relationship between Mach number
and flutter speed index (i.e., the input variables) with the damping coefficient G.e.,
the output variable). Based on this surrogate model, the flutter boundary is
extracted by locating the contour of zero damping coefficient. Designers can then use
this information to draw the safe flight envelope according to the flutter boundary.

Damping Surface

Figure 2: The application of SVR on the Isogai problem.

Summaries and future plans

In this research, a set of advanced surrogate modeling methodology was developed
to tackle non-linear problems, with emphasis on fluid-structure interaction problem
which is known for its highly nonlinear response. The three methods are GEPCK,
SVR, and DGP, in which each method relies on different working mechanism and
principle to build the approximation model. The methods were applied mainly on
aerostructural and aeroelastic problems, including wing aerostructural and Isogai
problems. The errors yielded by the three methods are lower than conventional and
state-of-the-art methods, indicating high efficiency of the proposed techniques.

For future works, we plan to investigate DGP more for an even more complex FSI
problem. For example, the method can be applied for problems with higher
dimensionality of the input variables.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)



Flutter Boundary in Aeroelasticity via a Support Vector Machine, Proceedings of
the Twentieth International Symposium on Advanced Fluid Information, Sendai,
(2020), CRF-19, pp. 30-31.

Process and Support Vector Regression for Uncertainty Quantification in
Aerodynamics, AIAA Scitech Forum 2021, (2021), AIAA 2021-0181, pp. 181-193.
https://doi.org/10.2514/6.2021-0181.

3) Patent, award, press release etc.
Not applicable.
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Solid Oxide Fuel Cells Replacement of a Traditional Catalytic Converter

Jeongmin Ahn*¥, Hisashi Nakamura**{+}
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Purpose of Project

Study the characteristics of combustion of typical automotive fuels, such as gasoline
and diesel, and how they relate to performance characteristics of solid oxide fuel
cells (SOFCs). The eventual objective is to integrate SOFCs into automotive exhaust
to increase efficiency and decrease emissions.

Details of Program

It was discovered that the primary concern that needed to be addressed was the
ability of a SOFC to reduce automotive emissions to successfully replace a
traditional catalytic converter. A Ni-gadolinium doped ceria (Ni-GDC) SOFC was
compared against a section of commercially available catalytic converter. The anode
of the SOFC was made via dry pellet pressing of 60% by weight NiO and 40% by
weight GDC powder. The anodes were then pre-sintered at 1000°C. A GDC
electrolyte was then wet-powder sprayed onto the anode layer. The anode and
electrolyte layers were then co-sintered to 1400°C. Finally, a lanthanum strontium
cobalt ferrite (LSFC: Lao.60Sro.40)0.95Coo0.20Fe0.s003x), GDC cathode layer was
wet-powder sprayed onto the electrolyte.

A test was constructed in order to investigate the fundamental mechanism by which
the cathode layer of the electrochemical-catalytic membrane was able to
significantly breakdown NO. The new electrochemical-catalytic membrane, with
0.81 cm? of reactive surface area, is tested for NO reduction against: 1. VAG catalytic
converter with 0.81 c¢m2 of vreactive surface area; 2. The same
electrochemical-catalytic membrane with the anode and cathode wired together to
resemble a short circuit condition (hereafter referred to as an external short circuit
or short circuited); and 3. The same electrochemical-catalytic membrane with an
external 3 V, 8,000 ps (4 % duty cycle) pulse width modulation (PWM) signal with
0.81 cm? of reactive surface area. Each specimen was held at 600 °C and subject to 5
ml/min flow of a certified premixed gas cylinder of 10 vol% NO and 90 vol% Naz. All
testing equipment was cleaned, dried, and flushed with Ar for 1 hour within the
furnace at 600 °C prior to testing, to ensure no contamination of results. Only Ne
and NO were supplied to the testing apparatus. During each test, the internal
furnace environment surrounding the testing equipment was flooded with Ar, in
order to ensure an external inert environment and to detect any leakage. For the
electro-chemical catalyst, the NO flow was sent to the cathode side of the membrane.
The voltage signal for both the electro-chemical catalytic membrane and the
short-circuited membrane were recorded with a 100 MHz oscilloscope.



3. Achievements

) NO Percel.lt
Specimen A Reduction
Sample Concentratml‘l. in from
Effluent (vol %) Baseline (%)
Baseline 10.0 -
PGM Catalytic 7.08 292
Converter
Short Circuited
Electro-chemical 7.01 29.9
Catalytic Membrane
Electro-chemical
Catalytic Membrane 310 690
Electro-chemical
Catalytic Membrane 2.07 79.3
with 3V PWM Signal

Figure 1: Comparison of Exhaust Effluent after Interacting with Each Specimen at
600 ° C and Subject to 5 ml/min Flow of 10 vol% NO and 90 vol% N,.

4. Summaries and future plans

The electro-chemical catalytic membrane shows significant deviations from all other
specimens in the mass spectrum at 17, 18, 30, 32 and 44 amu. The large peak at 18
amu, followed by sub-peaks at 17 and 16 amu indicates lone and charged oxygen.
The peak at 44 amu indicates a concentration of N2O. The decrease in magnitude at
18 amu and the substantial peak at 44 amu represents a significant deviation from
the majority of literature for NO breakdown. Formation of N20 is seen in the mass
spectrum analysis of the electrochemical catalytic membrane and more
predominately in the electrochemical catalytic membrane with forced electrical
oscillations. It is not as evident in the effluent of the traditional PGM catalyst, nor
the electrochemical catalytic membrane with an electrical connection between the
anode and cathode. The deposition, removal, and rearrangement of electrons
from/on the catalytic surface is believed to be the key in altering the probability of
reaction pathways. The unique configuration of a metal-based catalytic surface
connected through a dielectric membrane to another metal-based electrode allows
for the potential of surface charging and charge communication without significant
internal current flow or internal charge balancing. This charging and discharging of
the catalytic surface allows for the altered chemical reaction pathways
demonstrated in this work.

5. Research results
1) Journal

electrochemical nitric oxide control phenomenon, Sei Rep., Vol. 10, (2020), 18750.
https://doi.org/10.1038/s41598-020-75360-7.
2) International and domestic conferences, meeting, oral presentation etc.

replacement for enhanced emission control and power generation in automotive
exhaust, Proceedings of the SAE, 20PFL-0379, (2020).

traditional catalytic converter”, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-37, p. 62.
3) Patent, award, press release etc
Not applicable.
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1. Purpose of the project

Provide quantitative insight into mechanisms of formation and development of
transient plasmas generated by high voltage, ns pulse duration electric discharges in
atmospheric pressure flames and atmospheric pressure plasma jets. Such insight is
critical to predictive analysis of plasma-assisted combustion and flameholding, and
applications of plasmas in biology and medicine.

2. Details of program implement

Ionization wave development during ns pulse breakdown in nitrogen between two
parallel plate, dielectric-covered electrodes is studied by ps Electric Field Induced
Second Harmonic (EFISH) generation and kinetic modeling. The results indicate
formation of two well-defined ionization waves in the discharge gap, which requires a
relatively high initial electron density. Both the measurements and the modeling
predictions exhibit a transient electric field overshoot in the center of the gap, caused by
the anode-directed front of the second

wave. The electron density and n.;:cm
coupled energy distributions predicted | et
by the model at the end of the 10" i
discharge pulse are nearly uniform, |

except near the cathode-adjacent wall, l“"'i
where the applicability of the present ?
model is uncertain and which is not
accessible to the EFISH

measurements.

3. Achievements A.

The measurements and modeling D 01 02 03 04 05 06 07 08 09 1
calculations are done in pure nitrogen x4

at P=100 Torr and discharge pulse Fig. 1. Electron density distributions predicted by
repetition rate of 10 kHz. Both the the model, for the initial electron density of no =

measurement results and the kinetic ~ 0.710' cm™. Cathode is on the left, anode is on the
modeling predictions, as well as the right. Electron density is plotted for every 4 ns (t<70

L ) .. ns) and every 1 ns (t>70 ns). Formation of second
plasmg emission images, indicate ionization wave with two well-defined fronts
formation of two  well-defined propagating in opposite directions is apparent.
lonization waves in the discharge gap,



which occurs only at a relatively high
initial electron density in the gap (.e. at
a high pulse repetition rate). The first,
anode-directed, wave is produced by
“sweeping” the initial electrons by the
applied voltage pulse. The second wave
originates between the cathode and the
first wave front, due to the field
enhancement in this region, generating
two wave fronts propagating in opposite
directions (see Fig. 1). Only the
anode-directed front of the second wave
1s detected by the EFISH
measurements, most likely due to the

proximity of the cathode-directed front
to the cathode-adjacent wall. The
measurements exhibit a strong electric
field overshoot on the discharge
centerline, caused by the
anode-directed front of the second wave
(see Fig. 2).

4. Summaries and future plans

The electron density and coupled
energy distributions predicted by the
model at the end of the discharge pulse
are nearly uniform, except near the
cathode-adjacent wall, where the
applicability of the present model is
uncertain and which is not readily
accessible to the EFISH measurements.
This suggests that the distributions o
generated in the discharge gap at the pr
justifying the use of the reduced order
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Fig. 2. Time-resolved electric field measured during
the discharge pulse on the centerline of the cell.
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Fig. 3. Kinetic modeling predictions for the electric
field and current on the discharge centerline.
f the number densities of the excited species
esent conditions are also close to being uniform,
analytic models. The present results yield the

data for the validation of higher fidelity, fully kinetic models incorporating the
Boltzmann equation for plasma electrons and non-local ionization.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)

Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Formation and Propagation of Ionization Waves During Ns Pulse Breakdown in
Plane-to-Plane Geometry, Proceedings of 20th International Symposium on
Advanced Fluid Information (AFI-2020), Sendai, (2020), CRF-48, pp. 83-84.

Pulse / RF Plasmas, AIAA Aerospace Sciences Meeting (SciTech 2021), (2021),

ATAA Paper 2021-0683.
3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

Based on the eddy current testing (ECT) systems and numerical simulation codes of
both sides, the aim of this collaboration project is to develop a numerical method/code
for forward and inversion analysis of ECT signals due to fiber broken defect in a CFRP
material of anisotropic electric property and to experimentally evaluate the feasibility of
high frequency ECT technique for quantitative NDT of CFRP structures.

2. Details of program implement

In this FY year’s project, for quantitative ECT of structures of the carbon fiber
reinforced polymer (CFRP) material, numerical schemes for forward and inverse
analysis of eddy current testing signals are proposed, implemented and validated for
the high frequency eddy current testing of the CFRP structures. At first, an efficient
forward solver based on the database approach is updated to treat anisotropic eddy
current problem for efficient simulation of the eddy current testing signals due to cracks
in a plate of the CFRP material, and an inversion scheme based on the conjugate
gradient method is developed using the updated fast forward solver for sizing defect in
the CFRP plate. Second, a hybrid inverse analysis scheme is proposed and implemented
to improve the sizing accuracy of defect in the CFRP plate using the eddy current
testing signals of high frequency. Third, eddy current testing signals due to artificial
cracks in CFRP plates are measured and adopted to reconstruct the profile of the cracks.
A good agreement between the true and the reconstructed defect sizes demonstrated the
validity of both the fast forward solver and the new inversion scheme for sizing defects
in the CFRP plate from high frequency eddy current testing signals.

In practice, the fast forward simulation scheme is developed based on the
FEM-BEM hybrid code of A-¢ formulation and the databases approach. An upgraded
code is developed and experimentally validated for the rapid and high precision
simulation of the high frequency ECT signals due to defects in a CFRP plate.
Comparison of numerical results of the present method with those of the conventional
full anisotropic FEM-BEM code and the experimental results for artificial cracks in
CFRP laminate plates indicates that the proposed novel fast forward scheme can
predict ECT signals over 100 times faster but without worsening numerical accuracy,
which enables it to be applied in the efficient reconstruction of cracks in CFRP plates
and for probe optimization. On the other hand, the conjugate gradient optimization
algorithm was adopted to predict the size of the fiber broken defect, which is modeled as
a crack in an anisotropic homogenous plate. This inversion scheme can give good
reconstruction results of crack sizes with a reasonable computational burden.
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Figure 1: An example of inversion results with experimental signals for a crack in a
CFRP plate. (a) Crack profile, (b) Related ECT signals, (c) Viewgraph of the specimen

3. Achievements

In this year’s project, an efficient forward solver based on the database approach is
updated to treat anisotropic eddy current problem for efficient simulation of the ECT
signals due to crack in a plate of the CFRP material at first. A hybrid inversion scheme
based on the conjugate gradient method and the genetic algorithm is developed with use
of the updated fast forward solver for sizing defect in a CFRP plate. Both inversions
with simulated and measured ECT signals were conducted and found very efficient and
of high precision. Figure 1 gives an example of the inversion results and a CFRP
specimen with crack. The crack profile and signals were properly reconstructed.

4. Summaries and future plans

In this year’s project, the numerical methods and codes were developed for both the
forward and inverse analyses of the high frequency ECT signals for the fiber broken
defect which is modeled as a crack in an anisotropic CFRP plate. The validity was
proved by using both the simulated signals and experimental signals due a slit crack in
the laboratory environment. As the future plan, the numerical schemes and codes will
be further updated and validated for more realistic defect profile and structure
configurations. Experiments and reconstructions for defects of different configuration
will be conducted to demonstrate their feasibility for practical applications.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Method of Nonlinear Magnetic Flux Leakage Testing Signals for Nondestructive
Evaluation of Plastic Deformation in a Ferromagnetic Material, Mechanical
Systems and Signal Processing, Vol. 155 (2021), 107670 (12 pages).

Reconstruction of Complex Shaped Crack from ECT Signals Based on a Fast
Forward Solver Using an Advanced Multi-Media Element, Int. J Applied
Electromagn. Mech., Vol. 64 (2020), pp. 621-629.

Method for the Numerical Simulation of Magnetomechanical Coupled Problem with
Both Inductive and Conductive Current Excitations Aiming to Application to
Tokamak In-Vessel Structures, JEEE Trans. on Plasma Science, Vol. 48 (2020), pp.
2902-2907.

2) International and domestic conferences, meeting, oral presentation etc.
Not applicable.

3) Patent, award, press release etc.

Not applicable.
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1. Purpose of the project

This project 1s aimed at developing and testing new, practical parameterization schemes
for uncertainty quantification of geothermal models to characterize geothermal
reservoirs better. We especially target more flexible schemes for describing the energy
sources that feed geothermal reservoirs.

2. Details of program implement

Parameterization schemes currently used in the geothermal industry are commonly too
inflexible to provide a good representation of geothermal reservoirs. Applying current
industry standard schemes to uncertainty quantification of a geothermal reservoir can,
therefore, result in biased estimates which underestimate model uncertainty. We target
developing parameterization schemes which can better characterize geothermal
reservoirs and reduce underestimation of model uncertainty.

Our focus has been on developing parameterization schemes for use along with
ensemble-based uncertainty estimation methods to characterize geothermal reservoirs.
Our prior parameter schemes mainly use Gaussian parameter distributions and
thresholding to generate parameter samples. When developing our schemes, we have
used state-of-the-art geothermal reservoir models (Fig. 1) as references, which we can
compare our parameter proposals against (Fig. 2).

Figure 1 : Example model domain (left). In geothermal reservoir models, sources
supplying geothermal energy from deep within the Earth are accounted for by assigning
mass fluxes (center) and heat fluxes (right) to the bottom boundary. The parameters
depicted here are representative of parameters used in a state-of-the-art model
(developed over many years) of the Wairakei geothermal field.



Figure 2 : For the bottom boundary, mass-flux regions can be sampled by using Gaussian
distributions, which promote smoothness, and level-sets (left figures). Heat-fluxes can be
represented by choosing appropriately smooth Gaussian prior parameters (right figures).

3. Achievements

We have developed a better understanding of what types of parameterization schemes
are suitable for geothermal reservoir modeling. Furthermore, we have proposed novel
parameterization schemes for geothermal models and presented our results at two
conferences [1,2]. Our approaches include ways of representing parameters for
formation permeabilities and porosities, and bottom boundary conditions controlling the
upflow of geothermal energy inside the Earth. Importantly, our schemes allow us to
assign prior knowledge in a flexible way for a large number of model parameters. Thus,
our expectations are that those schemes can be more adaptable and facilitate more
reliable uncertainty quantification than schemes currently used in the geothermal
industry. However, we have yet to complete uncertainty quantification experiments to
showcase our parameter representation schemes.

4. Summaries and future plans

We have considered various representations for unknown parameters in geothermal
models and demonstrated that Gaussian distributions can be used, along with
additional processing such as thresholding, to generate parameter samples having
features which resemble what we might expect for geothermal settings. The
parameterization schemes proposed here could prove to be more flexible and useful than
standard geothermal parameterization schemes. In future work, we aim to refine our
parameterization methods further and demonstrate their applicability by carrying out
uncertainty quantification experiments. Those experiments are aimed at highlighting
the effectiveness of our schemes, such as our novel schemes for describing deep
geothermal energy sources.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

*[1] E. K. Bjarkason, R._ Nicholson, O. J. Maclaren and A. Suzuki: New
parameterization methods for uncertainty quantification of geothermal models,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-45, pp. 77-78.

Bjarkason: Representation of unknown parameters in geothermal model
calibration, Proceedings of the 42nd New Zealand Geothermal Workshop, Waitangi,
New Zealand, (2020), 8 pages.

3) Patent, award, press release etc.
Not applicable.
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Qualitative Density Measurement of Wake Region Behind Re-Entry Capsule
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Capsule: Improvements in Accuracy of 3D Reconstruction by Evaluating the View-Angle
of Measurement System, Proceedings of the Twentieth International Symposium on
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Development of Multi—Color PSP Technique for Ballistic Range Experiments
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Purpose of the project

A Dbetter understanding of the phenomenology underlying the transition in
high-speed boundary layer (HBL) flows is of crucial importance from the
fundamental as well as practical points of view. It is known that at high freestream
disturbance level or large surface non-uniformities, streamwise oriented vortices
and the accompanying streaks in pre-transitional boundary layers play a major role
in the transition onset. The main objectives of this project are to: i) study boundary
layer streak initiation and development in HBLs (both along at and concave
surfaces); ii) establish the framework of active control in high-speed boundary layers
on at and curved surfaces; iii) investigate theoretically and numerically the viability
of active control via absorptive coatings, wall cooling/heating, or gas injection in
HBLs.

Details of program implement

In the third year, progress has been made on the derivation and testing of the
adjoint boundary region equations. We also studied the effect of the wall heating
and cooling on Gortler vortices for various flow regimes, covering both supersonic
and hypersonic boundary layers. Figure 1 show a result from the optimal control
applied to a Mach 4 boundary layer; several iterations are shown to reveal the
reduction of both the vortex energy and the wall shear stress. In figure 2, the wall
temperature effect on the development of mushroom shapes is revealed through
contour plots of temperature.

a) b)
Figure 1: a) vortex energy; b) wall shear stress for several control iterations



a)

b)
Figure 2: The effect of wall temperature on the development of mushroom shapes: a)
Tw=100K; b) Tw=900K.

3. Achievements

For the first time, an optimal control approach based on the adjoint equations has
been derived and tested in the context of high-speed boundary layers, for Mach
numbers that covers both supersonic and hypersonic regimes. The effect of wall
transpiration and wall cooling on streamwise vortices and the associated streaks was
investigated using boundary region equations (BRE). It was shown that BRE can be
an efficient and accurate model able to predict streamwise vortices that evolve in
high-speed boundary layers.

4. Summaries and future plans

The results from this research showed that it is possible to derive an optimal control
algorithm in the context of compressible boundary layers. The mathematical model
was represented by the boundary region equations set which is an asymptotic
extension of the full Navier-Stokes equations; the parabolic character of these
equations allowed us to develop a much more efficient control algorithm. We plan to
wrap up the final results of the research project and disseminate the findings in
journal articles and peer-reviewed conference papers. We already have two journal
articles under review and work on another article that will be submitted soon.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
B:e;igi_n_g_ on streaks ;n_ﬂl_g_kl_gr_)(;(;(i boundary layers, AIAA Scitech Forum, (2021),
Virtual Event, AIAA Paper 2021-0853, doi.org/10.2514/6.2021-0853.

2) International and domestic conferences, meeting, oral presentation etc.
E)_p_tIr;l;t_l_aor;t_I{)l_ _Al_ai);(;a_c—}l_ ‘in the Context of Compressible Boundary Region
Equations, Bulletin of the 73rd Annual Meeting of the APS Division of Fluid
Dynamics, Chicago, IL, (2020).

B;;Ei_ll_g_br_l_s_t}(_éé_ll_{g ‘and streamwise vortices developing in compressible boundary
layers, Bulletin of the 73rd Annual Meeting of the APS Division of Fluid Dynamics,
Chicago, IL, (2020).

Turbulence _M;);igli}l_g_ _P:I;I;ro_a_cil for Jet Noise Prediction, Bulletin of the 73rd
Annual Meeting of the APS Division of Fluid Dynamics, Chicago, IL, (2020).
Vortices _b_e\;e;laf)i_r;g_ in _(_Jz)_n;};;e_ssible Boundary Layers, Proceedings of the
Seventeenth International Conference on Flow Dynamics (ICFD2020), Sendai,
Japan, (2020), 0S16-2, pp. 464-465.



LES-Synthetic Turbulence Method, Proceedings of the Seventeenth International

Conference on Flow Dynamics (ICFD2020), Sendai, Japan, (2020), OS15-8, pp.
434-435.

Hirota: Active Control of _H_i:gil_-g};ejéd _155111_1{1555; _I:;;§;e_r Flows, Proceedings of the

Twentieth International Symposium on Advanced Fluid Information, Sendai,
(2020), CRF-79, pp. 136-137.

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

The development of wind turbine farms raises the problem of wake/turbine interaction
and encourages in-depth studies on the vortices that develop behind rotors. These
vortices produced at the blade tips and roots have a helical shape and develop
instabilities under the influence of the air-stream fluctuations. Theoretical studies
predict that helical vortices are prone to long-wave instabilities and also to two types of
short-wavelength instabilities that affect vortex cores: the elliptic instability which is a
resonance between two waves and the elliptical deformation of streamlines (Kerswell
2002), and the curvature instability which involves two waves and the deformation
induced by vortex curvature (Fukumoto & Hattori 2005). This project aims at
simulating and understanding the linear and nonlinear growth of both types of
instabilities in idealized helical vortex configurations, since they probably cause the
eventual disintegration of the vortex structure in actual rotor wakes, and thus favour
wake recovery.

2. Details of program implement

2.1 Linear stability of helical vortex

The linear stability analysis of a helical vortex was performed by solving the linearized
Navier-Stokes equations in the cylindrical coordinate system. For the spatial
discretization, the sixth-order accurate compact scheme is used in the radial direction,
while the Fourier spectral method is used in the azimuthal and axial directions, in
which the periodic boundary conditions are imposed. The parameters of the base flow
are set to £=0.1, W_0<0.2, L /R=0.3, N=1, Re=10000. As a result, the curvature
instability mode of (-1,0,[2,4]), k=1.829 is captured. The structure of the mode is
similar to that found for a vortex ring with similar values of parameters.

2.2 Nonlinear time evolution of helical vortex

Next, nonlinear dynamics of a helical vortex disturbed by an elliptic instability mode
was studied by DNS. The nonlinear Navier--Stokes equations were solved by the same
methods as in the linear stability analysis. The parameters of the base flow are set to
£~0.15, W_0=0, L/R=0.3, N=1, Re=796 and 2500. When Re=796, the elliptic instability
added initially saturates as the vortex core becomes thick and the resonance condition
for the instability is lost. However, a different elliptic instability mode appears after a
while and grows into a nonlinear stage. Then interaction between adjacent spirals
occurs and the helical vortex breaks down eventually. When Re=2500, on the other
hand, the first elliptic instability mode grows into a nonlinear stage and the core



becomes turbulent. The turbulence decays gradually. After a while interaction
between the adjacent spirals occurs and the helical vortex breaks down eventually.
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Figure 1 : Time evolution of (left) energy of disturbance and (right) total energy.

3. Achievements

Our final goal is to explore mechanism of turbulent transition of helical vortices. The
results should contribute to prediction of the wake flow in the wind farm and
establishing a method for real-time prediction of the electric power and optimization of
the wind rotor placement. This year we performed DNS of helical vortices using the
code developed last year and showed that the process leading to transition to turbulence
depends on the Reynolds number. The project has achieved this year’s objectives.

4. Summaries and future plans

We have performed direct numerical simulation of helical vortices. A curvature
instability mode was captured by linear stability analysis. Nonlinear time evolution of
a helical vortex disturbed by an elliptic instability mode was studied. The future plans
include:

- To clarify how the stability properties depend on the parameters of the base flow and
the types of disturbances;

- To further explore nonlinear dynamics.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Vortices, Proceedings of the Twentieth International Symposium on Advanced
Fluid Information, Sendai, (2020), CRF-99, pp. 173-174.

ARy 2020 FRKEE RS, (20200, A0 T A .
3) Patent, award, press release etc.
Not applicable.
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Experimental and Numerical Study of Shock Wave Attenuation
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*[1] K. Sakamoto, Y. Sato, T. Sakai and K. Ohtani: Experimental and Numerical Study of
Shock Wave Attenuation in a Shock Tube, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-27, pp. 44-45.
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Development of Accurate Temperature Measurement Method by Infrared Camera
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Numerical Simulation of Flowfields over Mars Entry Capsules
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Table 1 Freestream conditions and the predicted heat
flux (P. Papadopuolos, et. al., AIAA-98-0272(1998), P.
Palmer, et. al., JSR5, 37(2000), 747-752) )

Case Ve P q [Wicm?]
[m/s]  [kg/m?] Present Ref.
1 6041 5.35e-5 14 13 Papadopuolos
2 62785 1.9568e-4 28 90  P.Palmer
3 6136.3 4.0276e-4 26 105 P Palmer
4 5362.7 6.053%-4 21 100 P Palmer

Fig.1 Temperature distributions (Case 4)

Fig.2 Example of intrinsic reaction coordinate of CO2+O — CO+ O; reaction channel
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simulation od flowfield over Mars entry capsules II, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-58, p.
103.
3) oMt FFEF, RE, YTARAIIHRRH)
7L



PR J201036

X5 — LR
PR | BREE .m0
hFFEIAR 2020.4 ~ 2021.3

ke 1H GER)

BRMEDHLHEMZHE L= MADZE HNEIZRET SERAR
Improvement of Aerodynamic Performance of Flying Object Clothed with Fabrics of Air
Permeabi | ity

RA)ARIExt, KRR e tt, MR fuske, R i, e HER
TR R, P RALREERARIARIIERT, ***ITER:
THGEE, TTHTPTISEE

1. #EEs
AL, AF—Tx T A=Y OAEMDBREEZ 2L S HTERIZ, AR OWi gz
DY, WK IHRHE, ZE RIS RIE TR TR AN LN T 5 Z s 2 ARV & T
L. M AFEMREICHTE L, BMER, EREIIREL, Shtkt, Rt~ DB A G~ 5.
SRR L OWIRE 5 OFnGE, BKEORETAE U DN SLEFHET 5729,
IRER51 PIV COMIEZFEMT 5. EOREFEE b EISAMTET, FRE OGO 25
BB, TOFERE S LIC, T E TV RIEE N ~OmEH b e 5.

2. HAEREORE

AWFZETIE, AU PFAOAEME 4 D L OEROIREED S PO AR, HIhnX
V= DA A A V-, 4 O oA OESR RN 43.4 Umdls, HEINSH
72 EHIORSREIL 65.8L/IMYs Th D . AMFZE TR L=y FU—7 & Fu i iR o s
X% 1123, FEMFERTE D 50%DEEAEEIME L7 D% Case3-1, F5MFEEZ)
5 50% DR EA N L7-b D% Casel-3 & L7, £, @K EABIIN U255 O mfkl i
FDIr—ATHELNDOT, TNENOAMAEKRLE L TOmKEIIED 20,

2 1%, 3FREDOAMAEX T2 Re = 2.0 x 105123517 HFEMAEOE RS thR: & Hi %
B CTH 5. Case3-1 TIHOAER & LbA_TRIA OB HERIN KX < 7o TWND. Fz,
RREIIRE S KIBIZKRE  7eoTWd. Hike%k (K 2(b) Tid, Case3-1 DfEAML 2D
L b/ NS UVER E e o T

HOTRIERE A BN U 72 A 2B W TEMERNE O A U2 B 25 72018, 5
FAEE Y ot g PIV JIEIC L 0 sl L7z, X 3 1384 a = 31° (281 HAEMFEE Y o
R OFIIG TH S, RBBVDNEE, TR OBER G NPRKEN EZ2ERT 5. X
FORFHRIE, ATHUEGHE) L7882 LT 5. FERAED SIS HID T A
WrlE T, case3-1 TliXb T2 Tlddh HHEMHEIEI/NE < 725> T DX O BHVWFEHERS).
cased-1 Tl¥, HMHEORIHFANCEREO R VWVEMZ AW TWA 2D, A EFEMHEE D
NN, EHFERER O LTz E Wz b, 29 LR E O 0 oo
DGR DIE NI o T2 EHERI S L5 23, S MERIOMER), FAREISEODA T HEEH O
A E TIEE LR o7, AHIEKEDBENTE U AT, AFEEE RN Oy N )
CELDBENE 72D Z ENEZ LD, SRITEE CHNDENE RDH TETH L.



Fabric

Case3-1 Casel-3
1: FHLI Ny T U= AMOMIEX ( : BKEEEINLE557)

1.2

0.8 -
0.7 casel 1 ;//"/
0.6 -e-case3-1 0.8 f'//
o 0.5 -s-casel-3 Q / F
. Qe =)
v >t casel
0.3 0.4 e 4/),*"/
¥ " ~—case3-1
0.2 0.2
‘ ——casel-3
0.1 /
0
0 0 10 20 30 40 50 60
0 10 20 30 40 50 60 al]
al]
(CVREZPALES 4 (YREAWALES 4
2 1 ZEIREL
Visualizati -
Flow 1sualization range Flow

=N

Elliptic cylinder

(a) Case3-1 (b) Casel-3
X 3 : FEMEEDL Y oy (B a=31" )

3. WIRBZDOZERKR
HOTHN R ED R D EM A A G DY D Z & T, EIREGEVDRAE T D Z &R
ST Ty Lo —E, BT RIS OZERERITE T, KOEMLIC Ko GRAR RS,
FDT=DITELDIE DI L Ry F U — 7 OMAE D LTS 5 = L CRERREE
OFFEMEZ /MR TE 2. ZOZ DR EETER TE . L, BREEEIC
AL S HTBEDZE S DENE TN OE DD BITHA LN TE T, SR%IGRENE -7

4 FEHESEDEFEE

AWFZETIY, o FU—T A FWS 2 & TR ZE IR GEDNNE LD 2 L 2B
EMITL, Vv v S—DOTREEHEE R OIS Z D72 N D A REM 255 Z L v TE 2. Ll



MRS EAEZD Z L TEAEDSD EWEHIET D S D, BB FUEHE TSR
B XA 7DD ITE S 2o 7.

A TAEHOBREDENTA U DTHAVB OB 21T 5 Z LI X > THIIRE B OB RE O
SDHFEWTE 2D FBE TSRS Z EETH 5.

5 HIREE
1) it &R OTERRE MBRFEEET)

[1] Y. Kataoka, H. Hasegawa, M. Murakami, K. Seo and S. Obayashi: Flow Behavior Caused
by Air Permeability of Ski Jumping Suit Fabric, Proceedings of the 13th Conference of the
International Sports Engineering Association, Online, 49 (1), (2020), 109.
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[3] Y. Arata, T. Harada, D. Ohori, S. Samukawa, T. Ikari, A. Fukuyama: Theoretical study

3)

on the photothermal signal of the multilayer structure and application to the
Si-nanopillar/SiGe composite films, # 41 [FEEEH =LV 7 ~a=27 2O & IGHICET
HYURT TN, AT A, (2020), 3J5-2.
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Tensile Effect by Wall Shear Stress around Stagnation Point and Flow Instability
by Wall Elasticity in Full-Scale Patient-Specific Aneurysm Model

Gaku Tanaka*t, Ryuhei Yamaguchi**, Makoto Ohta**+
*Graduate School of Engineering, Chiba University
**Institute of Fluid Science, Tohoku University
TApplicant, +1IFS responsible member

1. Purpose of Project

A lot of researchers in CFD assume to be rigid for cerebral aneurysm wall. Few
experimental approaches are carried out for the elastic wall model. Particularly, there
were few experimental studies with respect to hemodynamics using cerebral aneurysm
model with elastic wall. The effect of wall elasticity on wall shear stress, tension force
and flow instability was examined for the comparison of elastic with rigid models in
pulsatile blood flow wave In vitro. In the present study, the authors have tried to
fabricate a full-scale patient-specific elastic cerebral aneurysm phantom using special
technology. And the authors are examined to measure flow behavior, i.e. wall shear stress,
tensile effect and flow instability.

d;=2.8 mm

2. Content of Research Achievement =
2.1 Model r
The morphology of phantom
constructed from a human patient-
specific aneurysm at the bifurcation
of the middle cerebral artery (MCA) a . 2
in full-scale size is shown in Fig.1. ' i
Two outlet vessels M2 and M3 | 026mm [ig £
bifurcate from the inlet vessel M1. v‘
The current phantom model was ] 1 _
fabricated in silicone elastomer. The : J 2
wall elasticity is E = 0.67 MPa. - |®=23mm d=18mpa. . |

Figure. 1 Front and right-side views of cerebral aneurysm
2.2 Measurement

The working fluid is aqueous glycerol with potassium iodide solution. The physical
properties are the same as those of blood and the refractive index is n=1.411. The mean
Reynolds numbers is 310. The velocity vector was measured by 5W continuous Yag Laser
(Dantec SYSTEM, Skovlunde, Denmark) with a SpeedSense M camera (Dantec,
SYSTEM 8; 1280x800 pixels).

2.3 Results and Discussion

Comparison of rigid of velocity vectors including contour with elastic models is shown
in Fig. 2 at early- and peak-systole at median plane (xy plane in Fig. 1). The main flow
through the inlet vessel collided at the stagnation point, and then divided and circulated



clockwise in the left wide region and
anti-clockwise in the right narrow
region throughout the cardiac cycle.
The large circulation flow then
separated around C near vortex
core. The velocity vectors in elastic
is similar to that of rigid models.
Only, there is a little difference,
with a slightly smaller main flow
colliding at stagnation point in
elastic model compared with rigid
models, which was related to
dilatation of the aneurysm. The
distribution of WSS and WSSD
along the aneurysm wall at the
median plane is shown in Fig. 3(a)

#T=0.000 (Early %s;}ie)uw

a. t/T=0.000 (Early-systole)
b. Elastic model

#1=0.280 (Peak-systole)

t/T=0.280 (Peak systole) °

Fig.2 Comparison of velocity contour in rigid with elastic models

and (b). WSS steeply increased from the left to right side along distance Sk (around the
stagnation point 0). This positive WSSG represents the tensile effect around the
stagnation point. The line with the arrow denotes the direction of the tensile effect.
Current findings indicate a large tensile effect around the stagnation point, which may

be closely associated to initiation and growth of the aneurysm.
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Fig.3 Distribution of WSS and WSSG at median plane
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Fig.4(a) Kinetic energy cascade around point C in Fig.2

Fig.4(b) Kinetic energy cascade around point S.



We found a great difference in KEC between the elastic and rigid models as shown in
Fig. 4. As shown KEC (m2/s?) around the circulation point C after collision linearly
decreased in both models. At low frequency range, the gradient of KEC in elastic (-2.6)
was larger than that in rigid models (-1.7) in Fig. 4(a). At high frequency range, KEC in
elastic is attenuated by 10-fold smaller than that in rigid models.

3. Achievement of Research Target

In the present research the final gargets are the clarification of WSS, WSSG, tensile
effect and Flow instability in 3-dimension. Final target is the “revolution” against the
aneurysm world of rigid model in CFD. Currently, we established the behavior of WSS,
WSSG in 2-dimension. In another 2 years, I can clarify the tensile effect and the flow
instability in 3-dimension. The achievement level will be estimated to be 50 %.

4. Summaries and Future plans

From WSS along aneurysm wall estimated from velocity, the elasticity of the aneurysm
wall may attenuate the absolute temporally- and spatially-averaged WSS, and WSSG
influences on progress as tension force. Furthermore, elastic model attenuates flow
instability. Future, when the velocity and the elongation of phantom are measured three-
dimensionally, another phenomena and new insights will be found. These results will be
published in Medical Engineering & Physics, Physics of Fluids or Nature.

5. Research results
1) Journal

Prediction of Middle Cerebral Artery Aneurysm, ARASET Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences, Vol. 79, No.1, (2021), pp. 1-16.
Makoto Ohta: Flow characteristics in a deformable full-scale patient-specific model
cerebral aneurysm, (2020), ASME SB3C, (2020), #159.

2) International and domestic conferences, meeting, oral presentation etc.

Kahar Osman, Makoto Ohta: Hemodynamics of Full-Scale Patient-Specific
Aneurysm Model in Cerebral Artery, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-5, pp. 8-9.

[4] Naoki Tkeya, Tomoaki Yamazaki, Gaku Tanaka, Ryuhei Yamaguchi, Makoto Ohta:
Behavior of flow in a middle cerebral aneurysm with deformation, JSME 31th Bio-
frontier Conference, (2020), 1B15.

[5] Tomoaki Yamazaki, Yodai Okazaki, Gaku Tanaka, Makoto Ohta, Fujimaro Ishida,
Ryuhei Yamaguchi: Numerical simulation of flow behavior in basilar bifurcation
artery aneurysms based on 4D-CTA, JSME 31th Bio-frontier Conference, (2020),
1B19.

Frequency Characteristics in Patient-Specific Aneurysm in MCA, 2ND
International Symposium on Computational Biofluid in Malaysia, (2020), pp. 12-15.
3) Patent, award, press release etc.
Not applicable.
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Modelling Core Scale: Investigation of Multiscale Porosity Using 3D Printed
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1. Purpose of the project

Sustainable low-carbon energy production is one of the main challenges that society
is facing today. The Intergovernmental Panel on Climate Change (IPCC) has stated that
negative emissions via carbon capture and storage is necessary to mitigate the
dangerous effects of global climate change. However, these underground storage
reservoirs are composed of porous rock (matrix) that are highly non-uniform structures
with intricately connected pores of varying shapes and sizes. Furthermore, these rock
matrices are often riddled with networks of cracks that allow fluids to move at
extremely high speed through the reservoir and possibly leak out, which would
undermine CO2 storage efforts. We must thus be able to predict these fluid movements
in order to ensure permanent storage of CO2. When there is only water present in the
reservoir our predictions of this fluid movement are highly accurate. However, when
CO2 is introduced, the two fluids (water and CO2) have different densities that change
as a function of depth making the interaction between CO2 density, movement of CO2,
and the fracture network very difficult to predict. We will use a combination of new 3D
printing technology, advanced visual experiments, and state-of-the-art simulations to
tackle this challenge. We have three key objectives: (1) to design a variety of 3D printed
models of rock matrix with fractures of many different shapes and sizes; (2) to perform a
series of experiments where water and gas or analogue fluid is injected into the printed
models and the displacement of each fluid through fractures and rock matrix is
recorded; (3) to compare these images to the predictions of our simulations to ascertain
the scenarios in which our predictions are correct (or incorrect). The results from this
project will then be used inform simulation development and improve our future
predictive capacity and thus the likelihood of successful outcomes of CO2 storage
projects around the world.

2. Details of program implement

Each of the three objectives outlined above will be addressed in this research
programme, which is divided into three tasks:
Task 1
We will use the expertise developed at the Institute of GeoEnergy Engineering (IGE)
during an EPSRC-funded project (total value £587k) to create microfluidic devices
representing two-scale porosity structures. We will also use the expertise developed at
the Institute of Fluid Sciences (IFS) to manufacture complex 3D fracture networks
(Suzuki et al., 2017). Micromodels consisting of monodisperse disc-packing (Mehmani et
al., 2017) with pore sizes between 50 and 300 microns will be printed using the Form2



3D printer at IGE, and a superimposed fracture network with aperture between 50 and
1000 microns will be printed with the AGILISTA 3D printer at IFS.

Task 2

These custom 3D printed micromodels will then be used for multiphase flow
experiments. By varying the structure of the matrix and the fracture size and shape,
and by changing the injection from matrix to fracture and from fracture to matrix, we
can investigate their impact on the fluid movement through the model. The results of
these experiments can then be compared with numerical simulation.

Task 3

The simulations will be conducted using an open source simulation toolbox. An existing
numerical approach (Soulaine 2019) will be used and compare with the experimental
results. This approach can be used to simulate flow between rock matrix and fracture;
However, several parameters must be tuned (i.e. contact angle between fluid/fluid and
fracture/matrix interfaces, capillary pressure within the matrix). This tuning is always
undesirable because it does not use the underlying fundamental physics to predict the
fluid movement. However, once the match between experiments and simulation is
successful, analysis can be done in order to further understand these interactions and
then develop a simulator where those parameters will not have to be tuned and the
simulation will predict the experimental output using fundamental physics.

3. Achievements

A fractured micromodel has been designed by superimposing a monodisperse
disc-packing (Mehmani et al., 2017) with a fracture. First, a 3D micro-CT image of a
fracture  (Fig. la) was obtained from the digital rocks portal
(www.digitalrocksportal.org). A 2D slice has been selected and segmented (Fig. 1b). The
image was then extruded to obtain a 2D single-layered model (Fig. 1c). The domain was
then superimposed onto a monodisperse disc-packing. The full domain is 100 mm x 100
mm x 0.3 mm. The fracture as a minimum aperture of Ilmm. The discs have a diameter
of 600 microns, giving throat size of 200 microns. The model was save as a CAD image
and printed using the Form2 3D printer at IGE.




Figure 1 : An example of multiscale porosity model representing fracture-matrix
interaction.

A dye was injected at the bottom left of the model in the fracture at a rate of 0.008
mL/min, and the invasion was recorded with a high resolution camera. The dye invades
the fracture and the matrix at two different time-scale.

T=450 s T=850s

Figure 2 : Injection of dye in a fractured model

The velocity field in the model has been calculated first by a fully resolved pore-scale



simulation with a mesh resolution of 50 microns. The simulation takes 5182 s. Then the
results were compared with a multiscale Darcy-Brinkman-Stokes (DBS) simulation.
The permeability of the matrix was first calculated by performing a simulation on a 5x5
disc packing domain with the same structure (Representative Elementary Volume).
Then the permeability was reinjected in a DBS simulation performed with a mesh
resolution of 300 microns. The full procedure takes 32 s to run.

Full pore-scale DBS

:
g
2

Figure 3 : Comparison of velocity fields obtained with pore-scale and DBS simulation

4. Summaries and future plans

The project is expected to result in two main deliverable: (1) a series of flow
experiments with high resolution images representing various scenario where water
and gas and/or analogue fluid are flowed through 3D printed models of rock matrix with
fractures of many different shapes and sizes and (2) a series of numerical simulations
with direct comparison with the experimental data. The next step is to compare the
transport of the dye between (1) experiment (2) full pore-scale simulation and (3) a DBS
transport simulation. The results from this project will help us to better understand the
shortfalls of current simulation techniques and improve their accuracy.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

using 3D printed micromodels, Proceedings of the 20th International Symposium
on Advanced Fluid Information, Sendai, Online, (2020), CRF-31, pp. 50-51.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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1. Purpose of the project

The development of blood mimicking fluids (BMFs) for particle image velocimetry
(PIV) studies is a difficult and time-consuming process. Such fluids are produced by
mixing several chemicals to reproduce the rheological properties of blood (i.e. density
and viscosity) while adjusting the refractive index of the arterial model. Recipes
reported in the literature are valid only for specific materials (e.g., acrylic or PDMS),
delaying the use of new materials (e.g., PVA-hydrogels).

The goal of this project was to develop a method to easily produce BMFs valid for a
wide range of refractive indices and different rheological models.

2. Details of program implement

Among the different BMFs found in the literature, 3-components fluids composed of
a mixture of water, glycerol and sodium iodide (Nal) are the most common. Glycerol is
used to adjust the viscosity of the mixture, while sodium iodide is used to adjust its
refractive index.

Based on previous experimental studies, an analytical model that describes the
evolution of optical and rheological properties of Water-Nal-Glycerol mixtures was
developed. Figure 1 present the concept of the method, which is composed of two steps:
a) fixing the refractive index, b) tuning the viscosity.
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Figure 1 : Concept of the developed method: (left) selection of aqueous solutions of Nal
and Glycerol exhibiting the refractive of index of interest, (right) determination of
stoichiometric ratio that achieve the kinematic viscosity of interest.



Using this method, the refractive index can vary from 1.33 to 1.47, while the
kinematic viscosity changes by 2 scales (Figure 2).

Experimental validation was conducted in testing 15 mixtures using an
electromagnetically spinning viscometer and a refractometer. The error in all
parameters was within 15%.

Meanwhile, preliminary equilibrium molecular dynamics simulations were
conducted in conjunction with a Green-Kubo integral of the pressure tensor
autocorrelation to calculate the shear viscosity of fluids.
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Figure 2 : Map of kinematic viscosity covered by method developed in this project.

3. Achievements

At the end of the first year of the project, the expected results are achieved. An
analytical model has been successfully developed. Experimental validation has been
carried out. Preliminary atomistic simulations have been carried out to test their ability
to predict viscosity and will be completed in the near future.

4. Summaries and future plans

A method to easily produce BMFs was proposed and experimentally validated. The
important range of viscosity and refractive index achievable makes it appealing to the
experimental flow dynamics community.

Based on current results, we will focus next on the addition of Xanthan gum in the
mixture to develop of non-Newtonian fluids that better mimic actual haemorheology.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Rheological Properties, Proceedings of the Twentieth International Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-1, p. 2.

3) Patent, award, press release etc.
Not applicable.
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Towards Next Generation CFD Models of Intracranial Aneurysm (NX-CFD): In-vitro
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1. Purpose of the project

Recent research findings confirmed the existence of transitional flow in intracranial
aneurysm (IA). Transitional flow is linked to aneurysm formation and rupture via
pro-inflammatory responses of endothelial cells. The characteristics of transitional flow,
and its relationship with arterial geometry and aneurysm morphology is unknown until
the present day. Current Computational Flow Dynamics (CFD) models and methods are
not sufficient to study the transitional flow in aneurysm and link it with clinical and
biological implications.

This project aims at conducting in vitro and in silico investigations of transitional
flow in cerebral aneurysms and establish a verification and validation database. The
focus of this second year was to develop more anatomically realistic geometries to
expand the V&V database.

2. Details of program implement

The proposed model development method is based on a careful analysis of the
parent artery centerline geometry and the aneurysm shape and position. A 3D averaged
centerline is created from a group of patients’ data, and used to reconstruct a 3D model
(figure 1).

Two averaged models representing aneurysms located in the internal carotid artery
(ICA) and the middle cerebral artery (MCA) bifurcation were produced based on
aneurysmal geometries provided by Dr Sugiyama (Kohnan Hospital, Sendai).

(b)

Figure 1 : Overview of the averaging method (ICA model): (a) set of aneurysmal data, (b)
averaging of the centerlines geometry, and (c) final 3D model.



Those geometries were then manufactured in silicone models, and intra-aneurysmal
flow velocity was evaluated using PIV (figure 2.a) under steady and pulsatile conditions.
Preliminary coarse CFD simulations presented good agreement with the experimental
results.

[s/wiw] Ayoojapn

Figure 2 : Cmparison of the velocity in the aneurysm of the ICA model: (a) cross-section
of the silicone model illuminated by the laser, (b) PIV results and (¢c) CFD results.

3. Achievements

This year achievements are in line with the expected results. The new models
significantly expand the NX-CFD project database and will be made available to the
research community to validate their in sifico methods.

4. Summaries and future plans

A method to create anatomically realistic models from patient-specific geometries
was proposed. Particle image velocimetry experiments were performed to investigate
the intra-aneurysmal flow, and preliminary CFD simulations conducted.

Using the developed models, we will then focus on studying the influence of blood
viscosity models (i.e., Newtonian vs. non-Newtonian) on transitional flow.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
multiharmonic _p_u_lgf:u:iie; flow in idealized cerebral aneurysm models: comparative
PIV experiments, Experiments in Fluids, Vol. 61 (2020), 164 (11 pages), doi:
10.1007/s00348-020-02998-4.
'i’e_zi_ji_ 7I‘_o_n;i_n_a_g_a and Makoto Ohta: Physiologic blood flow is turbulent, Scientific
Reports, 10 (2020), 15492 (12 pages), doi: 10.1038/s41598-020-72309-8.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Benchmarking of Intracranial Aneurysmal Flow, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-2, p.
3.

3) Patent, award, press release etc.
Not applicable.
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Purpose of the project

This study proposed a detail analysis on severity of the IA rupture risk
prediction with a hypothesis proposed in this study is that the hypertension would
increase the rupture risk as blood flow is reduced while the anti-coagulant would
lower the rupture potential due to the increased flow from reduced viscosity.

Details of program implement

By understanding the nature and causes of the aneurysm rupture, preventive
measure could be taken in avoiding rupture and proper treatment can be suggested.
However, till today there is no specific standard in defining the IA rupture risk
behavior due to the effect of hypertension and anticoagulant reaction. Thus, in this
study the patient specific of IA will be remodeled and hemodynamic analysis. The
experimental expertise was provided by Prof Makoto Ohta and Prof Yamaguchi
Ryuhei from Institute of Fluid Science, Tohoku University Japan. Fluid structure
interaction (FSI) method will be used in achieving higher accuracy.

The CFD result of real model was validated by comparing the velocity
distribution on XZ plane in the middle of the model on previous year reports also the
structural effects. Most of the recent studies focus on the morphological parameters
statistically to assess the risk of rupture and also the effect of hemodynamic
parameters to the condition of the walls. This study focus on one model of MCA
aneurysm with hypertension and anticoagulant effect before proceed simulation for
another few actual models.

Achievements

Flow complexity inside the aneurysm can be assessed through observations of
the velocity flow distribution inside the aneurysm. Figure 1 shows front and side
view of the velocity contour at the median plane of the aneurysm. These results
were analyzed at peak value during systolic condition which is at time 0.3625s.
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Fig 1. (a) Front view (b) Side view of median plane

From the distribution of velocity in Figure 1, flow recirculation can be seen
clearly at the middle area of the aneurysm. There was not much difference between
normal and pre hypertension condition. However, for hypertension condition, a
larger stagnation region was observed as in in Figure 1(b) due to the lower velocity
compared to the others two conditions. This could result in low WSS.

Pre -
Hypertension
=

Normal Hypertension

Fig 2: The Id&ﬂwsgﬁdistribution f%ront View).

Figure 2 shows the WSS distribution below the threshold value of 1 Pa. Wall
Shear Stress (WSS) is commonly used as a predictor of performance for medical
devices towards the vascular wall. Recent studies reported that aneurysm will
rupture with larger the area with low WSS below 1Pa [6]. The low WSS area in
hypertension condition has larger pockets of low WSS region as compared to normal
and pre-hypertension condition. The same could be said from the perspective of
maximum WSS, there is just small difference between normal and pre hypertension
pressure, 275Pa and 255Pa and low max WSS for hypertension condition, 143Pa.
Thus, hypertension flow condition would contribute to higher risk of aneurysm
rupture due to larger areas of low WSS.

The second aspect of the study is the effects of anti-coagulants such as aspirin
in affecting rupture risk. This was simulated by altering the viscosity condition
matching the flow conditions induced by anti-coagulant. Generally, consuming the
anti-coagulant would affect in reduced low WSS (<1 Pa) areas by about 0.28% as
shown in Figure 3 which may decrease the rupture risk.
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WSS less than 1Pa for HBP | WSS less than 1Pa HBP
with Anticoagulant
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Fig 3. Anticoagulant effect to WSS

4. Summaries and future plans
From this study hypertension flow conditions would increase the risk of MCA
aneurysm rupture due to inducing larger areas of low wall shear stress. However,
anti-coagulants flow conditions were able to reduce about 0.28 percent risk of
rupture. Therefore, MCA aneurysm with hypertension would slightly reduce the
rupturing risks with anti-coagulant treatment.
The future plans are as follows
1. The simulation for different actual models will be continue 3.
2.  The results from the FSI simulation will be collected to determine the
correlation for each parameter using the multiple regression method.
3. Then, a guideline support system will be established based on analyzed result
of hypertension and anticoagulant effect to the rupture risk in IA.

5. Research results
1) Journal

Recirculation Effect on Rupture Prediction of Middle Cerebral Artery Aneurysm,
Journal of Advanced Research in Fluid Mechanic and Thermal Sciences, Vol. 79,
Issue 1 (2021), pp. 1-16.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Not applicable.
3) Patent, award, press release etc.
Not applicable.
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Purpose of the project

Vascular endothelial cells (ECs) which cover inside vascular lumen form a
monolayer. Collective migration of ECs is essential for vasculogenesis and
angiogenesis as well as for maintenance of vascular homeostasis. The cell motility
changes when ECs are exposed to different external fields, moreover, cell response
and morphology vary with the external fields. The aim of the project is to study
changes in permeability and cell motility of ECs due to different mechanical stresses,
imposed through variation of frequency and amplitude of external forcing.

Details of program implement

We will study the effect of mechanical imposition of dynamic stresses to endothelial
monolayers by controlling pulsatile fluid flow in contact with cells. By integrating
UNAM experimental methods and IFS in-house microchip, we will observe of ECs
and evaluate their permeability (Fig. 1). UNAM group has a technique to generate
pulsatile flow in a microcapillary, in the frequency range of 0.5-300 Hz, by using a
piezoelectric actuator. IF'S group has a cell culture technique that uses a microfluidic
device to control a microenvironment. The integration of these techniques will enable
us to evaluate behaviors and characteristics of ECs, while controlling oscillatory
shear stress and pressure in a microchannel.

Oscillation Video and Pressure Recording
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=
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Figure 1: Microfluidic experimental setup to generate pulsatile flows (left) and a
microfluidic device for cellular experiment controlling microenvironment (right)

Theoretically, we will use the model of reference (Vazquez-Vergara P., et al., Phys.
Rev. Fluids., 6(2), 2021) to make predictions about the dynamics of a pulsatile
culture-medium slug. We will extend the model to analytically compute shear rates
at different distances from the wall and at the wall, which would be the one felt by a
cultured endothelial monolayer. Furthermore, we will characterize our experimental
and theoretical results in terms of characteristic frequencies of the system.
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3. Achievements

This was the first year for our collaborative research project. Due to the pandemic,
all collaborative research has been done remotely. Right now, we are implementing
the experimental methods developed at UNAM to the IFS original microchip. We will
experimentally characterize the dynamic permeability of the microchannel, filled
with a slug of cell culture medium, by visualization of one of the fluid interfaces, and
control the shear stress felt by cells by changing the frequency of the pulsatile
pressure drop. We then will investigate the cellular dynamics when the slug of cell
culture medium flows over a monolayer of endothelial cells. We will observe changes
in cell motility and cell morphology.

We have characterized the rheological properties of water and culture medium at
physiological temperature in a conventional viscosimeter. Density and viscosity are
shown in Table 1.

Table 1: Rheological properties of water and culture medium

. p 7
71Cl [kg/m?] | [mPa s]
Culture medium 37 979 0.757
Water 37 99] 0.717

We have computed theoretically the dynamic permeability, which is a
frequency-dependent response function, for culture medium and water at
physiological temperature (37°C). Figure 2 shows the magnitude of the dynamic
permeability as a function of radial frequency for a fluid slug made of each one of
three fluids: water at room temperature (20°C) with black line (used for reference),
water at physiological temperature with green line, culture medium at physiological
temperature with magenta line. We can observe that the theoretical model predicts a
tinny difference in the dynamic permeability at physiological temperature between a
water slug and culture medium slug. This is a useful feature since water, which is
much cheaper that culture medium, could be used for preliminary experiments.

K| (m?)

10'8'5'
107° %

107" %

10" %

10712 b2 (4 (radls]
1 10 10? 10°
Figure 2: Dynamic permeability for a fluid slug formed of each one of three fluids:
water at room temperature, used as reference, with black line, water at physiological
temperature with green line, culture medium at physiological temperature with
magenta line.
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The magnitude of the dynamic permeability, K, is related linearly with the amplitude
of the pulsatile slug velocity, v, for a given pressure drop amplitude, Ap, as K= vIL/Ap,
where L is the slug length. As the figure shows, this one grows linearly with the
imposed frequency for over two decades of the log scale. This implies that for a
constant pressure drop amplitude; doubling or tripling the frequency will double or
triple the amplitude of flow velocity. This will certainly be true close to physiological
frequencies. Similarly, it can be proven that shear rate grows linearly with the
imposed frequency in a wide frequency range. These results will allow us to impose a
range of shear rates to the endothelial cell monolayer to cover physiological and
non-physiological conditions, solely by tuning the frequency of the imposed pulsatile
driving. To linear order, both the dynamic permeability and the shear rate should be
independent of the amplitude of the pulsatile pressure drop. This feature will allow
us to know the range of validity of the imposed amplitude of external forcing when
comparing with our model.

4. Summaries and future plans

Experimental implementation to study pulsatile dynamic response of culture
medium and the effect that this one has on the motility and morphology of
endothelial monolayer, is under way. We have rheologically characterized culture
medium and water at physiological temperature. We have computed the dynamic
permeability for water and culture medium at physiological temperature, which is
the conditions at which the experiments will take place, and find that the dynamic
permeability is almost identical in a wide frequency range. This feature will allow
doing preliminary experiments with water. We have derived equations for shear rate
at different distances from the wall and at the wall. We have found that shear rate
grows linearly with the frequency of the external driving. This feature will allow us
to apply a wide shear stress range solely by changing the frequency of the pulsatile
pressure drop. We have computed the characteristic frequencies of the system, which
will be useful to analyze experimental data.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Proceedings of the Twentieth International Symposium on Advanced Fluid
Information (AFI-2020), Sendai, (2020), CRF-10, pp. 16-17.

3) Patent, award, press release etc.
Not applicable.
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[1] Kadowaki, S., Thwe Thwe Aung, Furuyama, T., Kawata, K., Katsumi, T., and Kobayashi,
H.: Effects of pressure and heat loss on the unstable motion of cellular-flame fronts
caused by intrinsic instability in hydrogen-air lean premixed flames, Journal of Thermal
Science and Technology, Vol. 16, No. 2, 20-00491, (2021).
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*[2] Kadowaki, S., Furuyama, T., Kawata, K., Katsumi, T., and Kobayashi, H.: Heat-loss
effects on the dynamic behavior of hydrogen-air lean premixed flames under the high-
pressure conditions, Proceedings of the 20th International Symposium on Advanced
Fluid Information, Sendai, (2020) , CRF-63, pp. 112-113.
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nano-composite coatings acting as thermo-sensor in the sliding interface under severe
corrosive conditions, Proceedings of the Twentieth International Symposium on
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1. Purpose of the project

Bush-like microstructures called glycocalyx are present on endothelial cell
membranes covering a blood vessel wall. Previous studies reported that damage to the
vascular endothelia including the glycocalyx is strongly related to circulatory diseases
such as an arterial aneurysm, and many blood flow analyses have been performed for
the elucidation of the initiation and development of the diseases and the early
prediction. However, most of the blood flow analyses ignored the glycocalyx, and the
stress acting on the blood vessel wall has not been evaluated accurately. In recent years,
large-scale molecular dynamics analysis has been performed on the interaction between
glycocalyx and blood flow.

The purpose of this project is to propose a mathematical continuum model of flow
resistance by the glycocalyx based on the molecular dynamics analysis results.

2. Details of program implement

We performed two molecular dynamics analyses as the preliminary study:
equilibrium calculation and non-equilibrium calculation, in which the Couette flow was
reproduced between the two lipid membranes. Visual Molecular Dynamics (VMD) and
Nanoscale Molecular Dynamics Program (NAMD) were used for the modeling of the
molecular system and the molecular dynamics analysis, respectively. As the
computational setup, two POPC membranes were set in a certain distance in parallel,
and water molecules were filled in spaces between, above and below the membranes.
For the equilibration, NPT ensembles were performed for 10 ns. After the equilibration,
to reproduce the Couette flow, the moving harmonic constant feature in NAMD was
applied to one POPC membrane, and the other membrane was fixed.

For confirming the equilibration of the system, the time variations of the membrane
thickness and membrane area per lipid were investigated (Fig. 1). In both figures, the
numerical results are close to or within the experimental results at 10 ns, although
more computational time might be needed.

For the non-equilibrium computation, the velocity profile and the distribution of the
number of atoms of water molecules were investigated (Fig. 2). The nearly Couette flow
profile was reproduced between the two membranes for the high speed of the membrane
(U= 25 m/s), but not reproduced for slow speed case (U=0.5 m/s). In the slow case, the
effect of the moving membrane would be hidden by the thermal fluctuation. No
difference was seen for number of atoms between the two cases.
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Figure 1 Time variations of the membrane thickness and the area per lipid. Dashed
lines indicate the standard deviation.
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Figure 2 The velocity profile and distribution of the number of atoms for water
molecules. Left: membrane velocity U = 0.5m/s. Right: U= 25 m/s. Circle and triangle
symbols are velocity and number of atoms, respectively.

3. Achievements

The preliminary study on the molecular system including moving lipid membrane
has been completed.

4. Summaries and future plans
As the preliminary study, methods for equilibration and membrane-driven flow,
which occurs the Couette flow between the two lipid membranes, were established. The

computation for the glycocalyx and the development of the mathematical model are
future study.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Glycocalyx Based on the Molecular Dynamics for Blood Flow Analysis Considering
Microstructures on Blood Vessel Walls: Fundamental Analysis for a Couette Flow
between Lipid Membranes, Proceedings of the Twentieth International Symposium
on Advanced Fluid Information, Sendai, (2020), CRF-7, p. 12.

3) Patent, award, press release etc.
Not applicable.
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*[1] H. Gonome, T. Nagao, Y. Takagi, M. Ono, T. Kogawa, S. Moriya and J. Okajima:
Protection from thermal radiation of hazardous fires: Optimizing microscale droplet
size in mist barriers using radiative transfer analysis, Process Safety and
Environmental Protection Vol. 143, (2020), pp. 114-120.
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*[2] H. Gonome, Y. Takagi T. Nagao, M. Ono, T. Kogawa, and J. Okajima: Radiative
transfer analysis in soot smoke and water mist for development of thermal barrier fire
extinguishing devices, Proceedings of the Twentieth International Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-72, pp. 125-126.
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1. Purpose of the project

Surface texturing has been studied for improvement in tribological performance of
sliding surfaces. Recently, the applicant clarified the mechanism of high gas pressure
generation induced by a textured surface in micro/nanoscale, and revealed that thanks
to high gas pressure generation, sliding surfaces are separated, and therefore, the
friction coefficient is drastically reduced. Up to now, we mainly investigated high
pressure generation due to one dimple surrounded by periodic boundaries. Namely, it
was assumed that the dimples were repeated periodically. But, considering the practical
use of surface dimples for lubrication, the collective function of a group of dimples for
pressure generation of gas to the atmospheric air are important. We investigate those in
the present study by 3D DSMC simulations.

2. Details of program implement

The boundary condition for DSMC simulation is to give the condition of incoming
molecules to the computational domain, i.e., the sliding region, through the boundary,
1.e., the edge of the sliding region, such as the number and the velocities of incoming
molecules. However, the molecules which constitute the flow at the boundary is
composed of two kinds of molecules; one is a group of molecules which enter the
computational domain, and the other is a group of molecules which come out of the
computational domain. In the case of supersonic flow, the latter group can be neglected.
But, in the case of slow gas flow considered here, the influence of the latter group of
molecules is significant. Even if the boundary condition for incoming molecules to the
computational domain is set based on a considered flow condition at the boundary,
molecules coming out of the computational domain will make the flow condition at the
boundary different from the considered condition.

To avoid this problem, in our DSMC simulations from previous years, we considered
not only the sliding region between two sliding surfaces but also “buffer” regions outside
the inlet, outlet and side of the sliding region, which was connected to stationary
ambient atmospheric air. But, there is a trade-off in determining the size of the buffer
regions: a larger buffer region is more preferable to reproduce the number and the
velocities of incoming molecules to the slider region but requires huge computational
load. Therefore, this year, we implemented “implicit boundary condition”, in which the
boundary condition which gives the number and the velocities of incoming molecules is
updated considering the condition of the resultant molecular gas flow inside the
computational domain.

The operation of the implemented technique was tested in the current sliding
problem shown in Fig. 1. Here, the lower flat plate is moving in the direction of the
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yellow arrow at a speed of 10m/s. On the other hand, the upper surface is stationary and
has 4 dimples which have a length of 10pm, a width of 1um and a depth of 0.9um and
are arranged at equal interval of 10um along the sliding direction. The minimum
clearance between the two surfaces is 0.1um. The computational domain is bounded by
the two symmetry planes in the horizontal direction normal to the sliding direction. Due
to these symmetry planes, the obtained computational result is the same as the one for
the case when this 4 dimples pattern is repeated in the traverse direction.
Two computations were carried out.
The first one is that of our former
method and the buffer region was
considered. The second one is that of
our “implicit boundary condition” and
the buffer region was not considered.
Figure 2 shows the pressure
distributions along the centerline of the
dimples for the two computations. Fig. 1 Schematic of the sliding problem
The result (blue line) for low-cost method using the “implicit boundary condition”
shows good agreement with the result (red line) for our previous high-cost method in the
latter half of the sliding region. But the pressure at the inlet resulted in a bit lower than
the intended setting value of 1 and hence the pressure distribution in the first half
became a bit lower than our previous high-cost method.
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Figure 2: Pressure distribution in the microchannel

3. Summaries and future plans

We successfully implemented the “implicit boundary condition”. Thanks to the low
cost of this method, we can investigate the gas lubrication much more efficiently from
now. But, the value obtained at the boundary is a bit lower than the intended setting
value. Further work is required to improve the new method implemented here.

4. Research results
1) Journal
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.

Investigation of Pressure Distribution in a Microchannel by the DSMC Method,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-95, pp. 165-166.
3) Patent, award, press release etc.
Not applicable.
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*[1] M. Kawaguchi, T. Fukui, K. Funamoto, M. Tanaka, M. Tanaka, S. Murata, S. Miyauchi,

3)

and T. Hayase: Experimental Study on the Radial Particle Distributions of Neutrally
Buoyant Spheres in a Dilute Suspension Flow through a Circular Microchannel,
Proceedings of the Twentieth International Symposium on Advanced Fluid Information,
Online, (2020), CRF-96, pp. 167-168.
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Project code J201062

Classification General collaborative research
Subject area Fundamentals

Research period | April 2020 ~ March 2021
Project status 2nd year

Unsteady Aerodynamics of Axially Oriented Low Fineness Ratio Cylinders

Colin P. Britcher*¥, Shigeru Obayashi**tt
Keisuke Asai***, Taku Nonomura ***
*Department of Mechanical and Aerospace Engineering, Old Dominion University
**Institute of Fluid Science, ***Faculty of Engineering, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project
Exploration of steady and wunsteady aerodynamics of low fineness ratio
axially-oriented circular cylinders using CFD and wind tunnel testing.

Details of program implementation

Due to COVID-19, access to the NASA/ODU 6-inch MSBS was not possible during
nearly all of the reporting period. Access to the ODU low-speed wind tunnel was also
restricted until late Fall 2020. Therefore, the main emphasis has been CFD analysis,
coupled with verification in the ODU low-speed wind tunnel. This work is the focus
of this report. Laboratory activity is currently restarting at NASA and being
expanded at ODU so experimental work will be re-emphasized for the near future.

A computational campaign was performed using the Software Cradle (now Ansys)
package SCFlow on the Old Dominion University high performance computing
(HPC) Turing cluster. A graduate student, Forrest Miller, carried out the work.
SCFlow is a commercial CFD code based on the core polyhedral-mesh preprocessor
with an intuitive user-interface, a robust solver, and a built-in post processor. A
cylinder model with a diameter of 0.0445m (1.75inches) was used as the
computational model so as to match the size of the NASA LaRC MSBS models
rather than the 6in diameter used in the ODU low-speed tunnel. Computations
were performed with a solid boundary representing the actual NASA/ODU 6-inch
MSBS test section and with a far-field boundary, in order to permit subsequent
assessment of boundary interference corrections. RANS computations are unable to
capture accurate forces in this case owing to the highly unsteady flowfields
characteristic of these cylinder geometries, so LES calculations were also performed,
although computationally expensive.

Wind tunnel tests were performed at the ODU subsonic wind tunnel in order to take
advantage of PIV measurement capabilities and to permit direct force and moment
measurements with a six-component internal balance (ATI Mini-40). The test
matrix for the tunnel runs included angles-of-attack from -10° to +10° in 5°
increments, then 35° to 55° and 80° to 90° likewise. Limited base pressure data was
also recorded. Flow velocities ranged from 5 to 30 m/s for force and moment
measurements, with 15 and 30 m/s chosen for PIV measurements. Figure 1 shows
the model in the wind tunnel test section.
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==
Figure 1 — 6 inch dia. 1:1 L/D cylinder model in the ODU low-speed wind tunnel

3. Achievements

Drag and lift coefficients from CFD and experimental tests are shown in the Figures
below. Agreement between experiment and RANS calculations is not very good, with
RANS consistently underpredicting drag forces. Although only limited runs have
been completed so far owing to the computational cost, agreement between LES and
experiment is fair, aside from drag at 90° angle-of-attack.
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Figure 2 — CFD and Experimental Drag and Lift Coefficnets Compared

PIV results focus on the separated shear layer and again confirm that LES
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calculations agree more closely with experiment than RANS, where shear layer
reattachment points are consistently predicted too early.

(a) PIV time-averaged flow field. (b} LES time-averaged flow field. (¢) Steady-state RANS flow field.

Figure 3 — Comparison of PIV and computational identification of the shear layer
(0 degree angle-of-attack - cylinder axis aligned with flow)

(a) PIV time-averaged flow field. (b) LES time-averaged flow field. (c) Steady-state RANS flow field.

Figure 4 — Comparison of PIV and computational identification of the shear layer
(-10 degree angle-of-attack)

4. Summaries and future plans
The extensive results obtained from the wind tunnel campaign are not yet fully
analyzed. It is intended to study the following aspects:

a. Wind tunnel boundary corrections based on computational results. This will
shed light on the accuracy of the Maskell method for this geometry,

b. CFD analysis (LES) with an enforced pitch rate. This will provide an ability to
compare to the existing MSBS results where tumbling (self-generated and
self-sustaining continuous pitching motion) has been observed.

c. Comparison of experimental and CFD results with MSBS tests conducted by
IFS and Tohoku researchers. This will include drag and lift/drag at small
angles of attack, as well as unsteady characteristics of the near wake.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc.

[1] F. Miller, C. P. Britcher : Studies of Unsteady Aerodynamics of Axially Oriented

Low Fineness Ratio Cylinders. Proceedings of the Seventeenth International
Conference on Flow Dynamics, Sendai, (2020), virtually, 0S6-2, pp. 236-237.

3) Patent, award, press release etc.
Not applicable.
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Project code J201064

Classification General collaborative research
Subject area Fundamentals

Research period | April 2020 ~ March 2021
Project status 1st year

Buoyant Magnetic Filaments

Stefan Llewellyn Smith*¥, Yuji Hattori**++
*Department of Mechanical and Aerospace Engineering and Scripps Institution of
Oceanography, University of California
**Institute of Fluid Science, Tohoku University
TApplicant, 1IFS responsible member

1. Purpose of the project

The Sun consists of an electrically conducting fluid in motion. The immense scales
mean that it is a high-Reynolds number flow, dominated by concentrated vortex
filaments. Gravity is also present, and hence density differences lead to buoyancy
effects. The dynamics of thin vortex filaments is a classical problem in fluid
mechanics. The effects of magnetic field and buoyancy have been considered
separately previously, but have not been combined to date. This is the goal of the
present project.

2. Details of program implement
Because of the continuing COVID-19 pandemic, no physical visit to Sendai took place.
The PI attended the Seventeenth International Conference on Flow Dynamics
virtually and presented a talk at the Conference.

3. Achievements

A new model integrating the buoyant vortex filament model of Chang and Llewellyn
Smith (2018) and the current-vortex filament model of Yatsuyanagi (1996) was
investigated. A numerical calculation using the new buoyant current filament model
was carried out for circular thin rings, and the result was been reported oat the ICDF
Conference in Sendai, However, careful investigation shows that this new
buoyancy-current model can lead to the creation of bulk current at O(1/curvature).
This has some similarities to the two-dimensional calculation of Llewellyn Smith and
Hattori (2019). This issue limits the utility of the model in the case of general vortex
filaments. This work is consistent with the expected results of the application
filament, although it shows that the applicability of the model is limited.

4. Summaries and future plans

We are delaying the next application until 2022 to allow COVID-19 to subside. The
results above and those of Llewellyn Smith and Hattori (2018) show the limitations
of vortex-current sheet models. However, bulk calculations produce useful results
for short times. One approach is to examine the validity of calculations compare to
DNS results. Another is examine thin vortex patches as they approach building on
work by Baker and Shelley (2018). The applicant is currently examining dipole
sheets as the limit of thin patches, and combining these with current is an
interesting extension.
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5. Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)

Buoyancy, Proceedings of the 20th International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-82, pp. 141-142.
3) Patent, award, press release etc.

Not applicable.
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Classification General collaborative research
Subject area Fundamentals

Research period | April 2020 ~ March 2021
Project status 3rd year

Numerical Simulation of GaN-Based High-Electron-Mobility Transistors Fabricated by
Neutral Beam Etching

Yiming Li*t, Seiji Samukawa**{+f
*Department of Electrical and Computer Engineering, National Chiao Tung
University
**Institute of Fluid Science, Tohoku University
TApplicant, +1IFS responsible member

1. Purpose of the project

High-electron-mobility transistors (HEMTs) fabricated by the neutral beam etching
are feasible for advanced communication technologies. Structural optimization of
HEMTs produces diverse fascinating electrical and physical properties; by applying
advanced transport models and numerical simulation techniques, in this project,
based on the achieved results of the collaborative research projects in years
2015-2020, we explore the advanced characteristics of GaN-based HEMTs for
high-speed and high-power devices.

2. Details of program implement
The AlInGaN/GaN HEMT used to validate the simulation results is shown in Fig.
1(a). The details of adopted device parameters are listed in Table 1. The calibrated
parameters of the physical models are used to study the electrical characteristic of
the single barrier Alo.3sIno.0sGaossN/GaN HEMT (Sample I), and the proposed double
barrier Alo.72Ino.16Gao.12N/Alo.1sIno.04Gao.7sN/GaN HEMT with a 9-nm-thick recess
gate (Sample II) which are shown in Figs. 1(b) and (c), respectively.

Calibrated ~ Sample I Sample 11
|Tab|e I | Sample

0
Al composition % 73 31 %
4 (1* barrier)

16 (2" barrier)

Gate Length (nm) 160 160 160

In composition % 12 7

Gate drain space (pum) 2 2 2
5 (1* barri
Barrier thickness (nm) 8.5 8.5 %
Recess depth (nm) -
GaN thickness (jum) 19 1.9 1.9

Spacer layer thickness (nm) 1.24 1.24 1.24

Cap layer thickness (nm) 2 2 2

Figure 1 : (a) Schematic plots of (a) calibrated AlInGaN/AIN/GaN, (b) the single
barrier HEMT (Sample I), and (c) the double barrier HEMT (Sample II).
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Figure 2 : Plots of the measured and simulated (a) transfer characteristics at Vps =5
V. (b) Output characteristics of the calibrated structure. (c) Ins — Vas at Vps =10 V.
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Fig. 2(a) shows the simulated and measured transfer characteristics at Vbs = 5 V of
the AlInGaN/GaN HEMT. The transport and physical models properly account for
the physical phenomena of device. Fig. 2(b) is the output characteristics with respect
to different gate voltages. The simulated Ips of the proposed double barrier AllInGaN
/ GaN HEMT is shown in Fig. 2(c). The results shows that the simulated Ipsmax of
Sample II were 1149 mA/mm (at Vps = 10 V and Vas = 4 V), which was 94% larger
than that of Sample I with a shift of Vth from —1.2 V to 0.2 V. The Ion/Iof ratios of
both devices are in the order of 107 which is remarkable for GaN-based HEMTs.

3. Achievements
The recess gate and double barrier of the proposed device can achieve a maximum
drain current density of 1149 mA/mm and a maximum transconductance of 358
mS/mm. The maximum drain current density in the double barrier HEMT at high
gate bias condition is due to injection of electrons from upper 2DEG. The outcome of
this study suggests that the proposed device will be beneficial for high-frequency and
high-power electronic applications.

4. Summaries and future plans
In this project, we have proposed and analyzed a novel lattice matched double
barrier Alo.72Ino.16Gao.12N/Alo.18Ine.04Gao.7sN/GaN normally-off HEMT by solving a set
of thermodynamic transport equations. These results are very new and useful for
advanced communication systems and electric vehicle technologies. We will continue
the collaboration with IFS of Tohoku University.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
and S. Samukawa: High Electron Mobility Germanium FinFET Fabricated by

Atomic Layer Defect-Free and Roughness-Free Etching, IEEE Open Journal of

Nanotechnology, Vol. 2, (2021), pp. 26-30, doi: 10.1109/0JNANO.2021.3055150.

Samukawa: Surface wettability of silicon nanopillar array structures fabricated by
biotemplate ultimate top-down processes, Journal of Vacuum Science & Technology
A, Vol. 39, (2021), 023202 (9pp), doi: 10.1116/6.0000770.

simulation of neutral-beam-etched silicon nanopillars, Vacuum, Vol. 181, (2020),
109577 (5pp), doi: 10.1016/j.vacuum.2020.109577.

Samukawa: Design and Simulation of High Performance Lattice Matched Double
Barrier Normally Off AlinGaN/GaN HEMTs, /IEEFE Journal of the Electron Devices
Society, Vol. 8, (2020), pp. 873-878, doi: 10.1109/JEDS.2020.3014252.
_O_v_e}l_z;ﬁpe_d__S;)u}zé_o_f_l_\/h_ﬂti-Channel Line Tunnel FETs, IEEE Open Journal of
Nanotechnology, Vol. 2, (2020), pp. 38-46, 10.1109/0JNANO.2020.2998939.

of Thermal Conductivity of SiNW-SiGe0.3 Composite for Thermoelectric
Applications, IEEE Transactions on Electron Devices, Vol. 67, (2020), pp. 2088-2092,
doi: 10.1109/TED.2020.2975079.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
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Yeh: First Demonstration of heterogenous Complementary FETs utilizing
Low-Temperature (200 °C) Hetero-Layers Bonding Technique (LT-HBT), Zéch. Dig.
IEEE IEDM, (2020), pp. 319-322.

[8] N. Thoti, Y. Li, S. R. Kola, and S. Samukawa: High-Performance
Metal-Ferroeletric-Semiconductor Nanosheet Line Tunneling Field Effect
Transistors with Strained SiGe, Proc. IEEFE Int’] Conf Simulation of Semiconductor

Processes and Devices, (2020), pp. 375-378.

Samukawa: Electrical Characteristics of Double Barrier AlInGaN/GaN HEMTs,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-66, pp. 117-118.

3) Patent, award, press release etc.
Not applicable.
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Detecting and Locating Microseismic Events at Groningen as a Natural Laboratory
for Understanding Induced Seismicity Mechanisms

Norimitsu Nakata*¥, Yusuke Mukuhira**f}, Sun Jingyi**
*Earth, Atmosphere and Planetary Sciences, Massachusetts Institute of Technology
**Institute of Fluid Science, Tohoku University
TApplicant, 1IFS responsible member

Purpose of the project

Induced seismicity has been a hot topic for at least a decade and intensively studied
their mechanisms, relation with human activities, and hazard mitigation. The
Groningen gas field at the Netherlands has a history of gas production and
geophysical data observation including seismic, geodesy, and borehole measurements.
Here, we propose to mainly use seismic datasets to detect and locate small
earthquake events, which is key to obtain comprehensive view of the mechanisms of
induced seismicity related to existing faults and injected/produced fluid. From
continuous seismic data, detecting small events that have comparable energy to
background noise is not trivial. Finding the location of their hypocenter is also
problematic. The Groningen site has very dense borehole network (60 boreholes in a
40x60 km2 area), and application of our developed processing techniques to such
datasets can potentially provide much higher accuracy for detection and location.
With the detected events, we can visualize the subsurface dynamics related to human
activities and seismicity, which strengths the security and reliability of subsurface
fluid resource production and operation.

Details of program implement

The particle motion of the noise before the direct P-wave is random as shown in Fig.
1. For direct P-waves, particle motion is linear. The feature of direct S-wave particle
motion is that all point links appear nearly flat. In coda part, the particles motion
shows random again.

We need to detect the particle motion characteristics of S-wave, which is flat shape.
We apply the spectral matrix (SPM) analysis to characterize the 3D particle motion
in time and frequency domain, so as to extract the arrival of S-wave more accurately.
The following equation (1) is the SPM representation of the complex function of time
and frequency.

Ssx () f) Sxy (@ f) Sz (8, f)
Sp(t:f) = Syx(tt f) Syy(tt f) Syz(t' f) (1)
Sax (&) Syt f) Sz (6 f)

where Siic (¢, /) (i = x, y; z) are the power spectra; Sy (¢, /) (1, j = x, y; z' 1 # J) are the
cross-spectra calculated using short-time Fourier transform (STFT) on each moving
time window.

We introduce the eigen decomposition of the spectral matrix to characterize the 3D
particle motion and evaluate the arrival features of P-wave and S-wave, as following
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equation (2).
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0 0 A

where A;(t,f)(i =1, 2, 3) are the eigenvalues for SPM; V. (t,f)(k =1, 2, 3) are the
eigenvectors for SPM.

Achievements

We have developed the signal processing method to detect the characteristics of
particle motion behavior of direct S-wave arrival, which is the planarly shape and
perpendicular relation to the direction of P-wave polarization. The introduction of
the 3D particle motion and detection of flat shape particle motion can better measure
the direct S-wave of low signal-to-noise ratio events.

Summaries and future plans

Compared with the traditional methods mentioned above, 3D particle motion is very
useful to help us extract P-waves and S-waves which might be hidden in noise. In
addition, SPM contains features of polarization of waves, apply SPM to 3D particle
motion enhance the sensitivity to low SNR wave, and do not need to depend on source
type. Now our work is to introduce the function to evaluate the planarity of the 3D
particle motion and apply it to synthetic and real microseismic data set.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Event using Polarization, Proceedings of the Twentieth International Symposium
on Advanced Fluid Information, Sendai, (2020), CRF-69, p. 121.
Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.

(Press release) Not applicable.
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INA A AR OARL (200 nm FEE) % wTHE & DRSS 2 FIH L728Rl7e CO2 sy HEmlY
Bl & 1258 LSRNt 2 D T E T2, — 05T, #EMEBEOTZOICENNT 28R OMS (B
J£) & A T ARTEEROERZIBR, £7-A A KRS L CO2 DWITGEREE DD E ERIBIFRIC
TR TH D, TS OBURMEDOIFER BN ZEDET Y 71, #ErEs
KOA Az R LIz CO2 [EMXEA O FRULICRE S EMT 2D EERD.

Z 2T, ABETIE, WEHEERTICE L TE < DI E AT D FUR ORI & OILF b
FEUTL Y, A A RIAFFEEFEC LD CO ORI T 2 WL 7 /L 288 L, FINEE
(T DWRIAEFEZ A DN 5 Z 82k Y, KT vb A ekt d 5 2 L2 A ET 5.

2. HERROAR

AR & IO LT A A U RIREFEIEZEC L D CO2 WIGEARIC X 2T T L %
W, Bl I 2 b—a v B TH 2 TAT O A AR T A Z LITREI LT, Bl 3
2 b—3 3 KV SO N Rl O T CIREFEBR AT, A A RIAERFEEZEIC L D
CO2 /7B DERN R A S0 Uie., RSEREFEBRIZIHWL L, K 1IDRT L D1, HiE
99.5 %M CO2 TEHAS AR 62.8 cm3 DT 7 U VLT v L S—INTA A AT B
ATV, T UN—NEOIE B L ONRE 2G5 Z & T, BEEFICE 5 CO W ES
Kbz, 7ok, A A UEIRIZIE 1-ethyl-3-methylimidazolium acetate ([emiml]lAc]) %
W, YU URCAICR R LT

BELETRE DU BB E AT 527 0 VNV AT ha A—2 | Z K D5FH G, A
T ARABEHE R KR E <, HITEENE NG EHEMEEC L DIEH oA N5 2 &
ARENTZ (K2). £, WTFNOSKHZBOCTHEHUTFIMETH 5 260 nm (23 TR
TRAEBP IR E 72D Z LD, MEFERREIL 260 nm LA FCTHH Z ENBH LM E o7z,

A A RIKFENETE 2 60 ST 728800 COWRINEE, 6.2 kV EUINERC B THEEE ST
XL TK 60%M ELTHY, A A ARKFHEEEC L DB CO WIURERIRD VR S 4L
7= (X 3).
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5 HAREER
1) PiMES EROSERRE MERFEE0)

[1] H. Takana, K. Yamamoto, T. Makino and M. Kanakubo: Improvement of COz absorption

by ionic liquid electrospray, ZPL (Europhysics Letters), Vol. 131, No. 3, (2020), 34002
doi.org/10. 1209/0295-507 5/131/34002.

2) EF&:E - ERNER - iRE - OEXRF

[2] H. Takana and T. Fujino, Development of Numerical Modeling on Enhancement of CO2

Absorption by Ionic Liquid Electrospray, Proceedings of the 20th Int. Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-49, pp. 85-86

3) T (FFEF RE, YR IHRRF)
7L
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Project code J20I1070

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2020 ~ March 2021

Project status 1st year

Novel| Experimental-Computational Research Framework for In-Depth Understanding of
Cancer Mechanobiology

Ryo Torii*f, Kenichi Funamoto**{+f
*Department of Mechanical Engineering, University College London
**Institute of Fluid Science, Tohoku University
TApplicant, §{IFS responsible member

1. Purpose of the project

Mechanobiological interaction between cells and surrounding tissue is known to play an
important role in the development of cancer tumour. Our aim is to develop a novel
platform to investigate this mechanism in-depth, by integrating state-of-the-art
experimental microfluidic model and computational modelling by the synergistic
expertise existing in Tohoku University and University College London (UCL). Such a
‘virtual experimental environment’ will expedite hypothesis-testing research and allow
reduction of cost as well as the use of animal in laboratory experiments.

2. Details of program implement

In this project, an integration of microfluidic experiments and computational modelling
was attempted based on experimental expertise at Tohoku University Institute of Fluid
Science (IFS) and computational modelling expertise at UCL.

2.1 Computational Model

The computational model is to predict the behavior of simple in vitro tumor model based
on the existing cell-tissue interaction computational model of musculoskeletal
tissue-engineered construct. This computational model is developed by combining finite
element method (FEM) to handle macroscopic phenomena in the tissue such as its
deformation and agent-based model (ABM) to incorporate the presence of cells and their
response to the changes of mechanical and chemical environment in the tissue.
Development of ABM part was conducted first in the project period.

2.2 Experimental Setup

Experimental set up existing at IFS, to monitor development of vascular networks in a
hydrogel and transport of cancer cells in the network, was developed further. In this
set-up, microfluidic channels are placed in a stage incubator for the development of
tissue model that can be monitored with a spinning disk microscope with high spatial
and temporal resolutions. The set-up also allows measurement of oxygen concentration
and matrix metalloprotease (MMP) distributions in the hydrogel, which are crucial
factors for the development of tissue models.

In the 1st year of project, each of those components was developed separately through
interactive online discussion.
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3. Achievements

Initial in silico (computational) and in vitro models of vessel network generation in a
hydrogel culture in a microfluidic experimental set up have been established, which are
shown in Figure 1.

Figure 1 : Generation of vessel network. Agent-based computational angiogenesis model
(left) and experimental observation of vasculogenesis (right).

4. Summaries and future plans

Despite challenges in exchanging information efficiently, due to COVID-19 related
travel restriction, we have established the initial models to describe vascular network
generation in microfluidic experimental environment.

In the future, information from the experimental observation, e.g., cell migration speed,
etc. will be integrated in the computational model. After the “calibration” of the model
based on experimentally-acquired information, the computational results will be
compared against an independent set of experiments for validation of the model.

5. Research results
1) Journal
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc.

*[1] R._Torii and K. Funamoto: Novel Experimental-Computational Research
Framework for In-depth Understanding of Cancer Mechanobiology, Proceedings
of the Seventeenth International Symposium of Flow Dynamics, Sendai, (2020),
CRF-30, pp. 48-49.

3) Patent, award, press release etc.

Not applicable.
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Theoretical Simulation on Epitaxial Growth of Functioning Thin Film
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*[1] Satoru Kaneko, Rieko Sudo, Shigeo Yasuhara, Tamio Endo, Manabu Yasui, Masahito

3)

Miyake, Takashi Tokumasu: Lattice constant between Magnesium Oxide Thin Film
deposited on Silicon Substrate, Proceedings of the Twentieth International Symposium
on Advanced Fluid Information, Sendai, (2020), CRF-92, pp. 160-161.

ZT0M (HEF, RE, YAIIHRFH)
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HINEAERE I ZEE T SR EDETRENFARI BT 5K
Study of Hydrothermal Behaviors of Impinging Droplets on a Heated Wall
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*[1] T. Okabe, Y. Akiyama, J. Okajima, M. Shirota: Study of Hydrothermal Behaviors of
Impinging Droplets on a Heated Wall, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-75, p. 129.

3) i (FEF ZE, YR IHRFH)
L

— 144 —



Project code J201074

Classification General Collaborative Research

Subject area Multi-scale mobility of human and materials
Research period | April 2020 ~ March 2021

Project status 1st year

Ultra-Fine Surface Roughness Effect on Boundary Layer Transition

Aiko Yakeno*t, Bagus Nugroho**+
“Institute of Fluid Science, Tohoku University
“The University of Melbourne
TApplicant, fnon-IFS responsible member

1. Purpose of the project

Wall bounded turbulent flow over rough surfaces has attracted plenty of interest in
the last eight decades due to its complexity and importance in various practical flows
1.e.: ship hull roughness due to biofouling rivets roughness on aircraft fuselage, canopy
flows, etc. Although surface roughness is generally associated with an increase in drag
penalty, recent studies (including by the applicants) have shown that by arranging a
surface roughness in a unique configuration, for example, different roughness height,
slope, and wavelength, the flow would behave differently than that of a traditional
roughness. This project aims (i) to understand the turbulent boundary layer flow over
surface roughness and (ii) to provide a methodology and technology that can reduce the
drag penalty, particularly by exploiting controlled roughness patterns as a flow control
mechanism. For practical engineering applications, this will lead to lower emissions and
operating costs for a large engineering system.

Fig. 1 The progress of the project; transition-delay-effect
was confirmed also in the three-dimensional flat plate DNS.
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2. Details of program implement

The investigation is structured around a collaboration between Australia’s and
Japan's leading turbulent flow research institutions with a shared interest in boundary
layer research and roughness. The investigation is performed both in Australia and
Japan, and it is divided into two strands. The first is a numerical simulation using the
Implicit Large Eddy Simulation (Implicit LES) method (which was conducted in Japan
by Dr. Aiko Yakeno), which advanced from that of 2D transition to that of 3D (figure 1).
And the second is a laboratory experiment using a wind tunnel (which is conducted in
Australia by Dr. Bagus Nugroho).

Tameike et a/(2019), showed that by arranging the height and slope of a 2D roughness
pattern to a certain ratio, it could delay flow transition from laminar to turbulent. In
other words, it would reduce the drag penalty. We performed the three-dimensional
simulation for the same pattern. The roughness height was fixed, and the wavelength
was varied. Our 3D DNS shows that the T-S wave growth is almost identical to with our
2D DNS. The phenomenon considerably depends on the roughness shape. We confirmed
that the entire transition-delay performance seemed to depend on the primary mode
growth.

3. Achievements

The study has just been launched in April 2020. The experiment at the University of
Melbourne has been postponed to prevent corona infection, and little results have been
obtained. On the other hand, the details of the flow field are obtained by large-scale
numerical calculation at Tohoku University, it is expected to obtain the new findings.

4. Summaries and future plans

We analyzed the effect of two-dimensional wavy roughness of less than half the
boundary layer thickness on the T-S wave transition, and obtained certain results. In the
future, we plan to analyze the turbulent inflow conditions and the effect on the bypass
transition. Furthermore, we are considering optimizing the roughness of the three-
dimensional shape that delays the transition most or reduce the friction drag.

b. Research results
1) Journal (included international conference with peer review and tutorial paper)
[1] Hiroki Tameike, Aiko Yakeno, Shigeru Obayashi: Influence of small wavy
roughness on flat plate boundary layer natural transition, Journal of Fluid Science
and Technology (JFST), Vol. 16, No. 1, (2021), JFST0008, % &t £ ¥ DOI:
https://doi.org/10.1299/jfst.2021;jfst0008.
2) International and domestic conferences, meeting, oral presentation etc
[2] Shingo Hamada, Aiko Yakeno, Shigeru Obayashi, Bagus Nugroho: Small wavy
roughness effect on T-S wave and three-dimensional transition by Direct
Numerical Simulation, 73rd Annual Meeting of the APS Division of Fluid
Dynamics, (2020).

*[3] Shingo Hamada, Aiko Yakeno, Bagus Nugroho, Shigeru Obayashi: Ultra-fine
surface roughness effect on boundary layer transition, Proceedings of the
Twentieth International Symposium on Advanced Fluid Information (AFI-2020),
Sendai, (2020), CRF-37, p. 62

(4] BEEFEE -« BEELIRORRFHEIERAED X A F I 7 A & THIHNAE, KK MMDS €7
U THMY —r vay 7 TR EHFO#EREZRD T, (2020), RFRF#EEE.
3) Patent, award, press release etc
Not applicable.
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Control of Reaction Field in Cavitation Plasma for High-Speed and Eco-Friendly Synthesis
of Carbon Catalysts
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2) EF%E - BRNFER - RS - OBERRE

[1] N. Takeuchi, S. Yamazaki, S. Imaizumi, and H. Takana: Cavitation Flow to Generate
Plasma in Organic Solvent for Carbon Particle Synthesis, Proceedings of the
Seventeenth International Conference on Flow Dynamics, Sendai, (2020), OS5-7, pp.
216-217.

*[2] N. Takeuchi, S. Yamazaki, S. Imaizumi, and H. Takana: Control of Reaction Field in
Cavitation Plasma for High-speed and Eco-friendly Synthesis of Carbon Catalysts,
Proceedings of the Twentieth International Symposium on Advanced Fluid Information,
Sendai, (2020), CRF-47, pp. 81-82.

(8] [WEHR, MTNA, AARFBE BTy B 75— a3 v & 7T X~ &0 LT kB
Bk, # 68 BIS MBS R AIGEES TRE, V=74, (2021), 18p-Z18-11, p.
07-076.
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Project code J201076

Classification General collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 3rd year

Estimation of Fracture Permeability by Integrating Microseismic Observational

Data and Reservoir Engineering Modeling

Yusuke Mukuhira*y, Justin Rubinstein**+
Jack Norback*** Meihua Yang*. **** Kangnan Yang*, ****
*Institute of Fluid Science, Tohoku University
**Earthquake Science Center, United States Geological Survey
***Knergy Technologies Area, Berkeley Lab
****Chendu University of Technology
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Purpose of the project

Effective utilization of geothermal resources is crucial to realize a sustainable
society. Geothermal resources are widely present in Japan and the western United
States, and the usage of geothermal resources are gradually increasing with many
efforts. One of the challenges in conventional/next generation geothermal
development (Enhanced/Engineered Geothermal System: EGS) is to understand the
hydraulic properties of the geothermal reservoir. We often attempt to measure the
hydraulic property (permeability or diffusivity) by wellbore tests or by using
indicators such as migration of microseismicity. However, these quantities are often
interpreted as representative value of hydraulic property for the entire reservoir.
Meanwhile, geothermal fluid circulates or flows in the existing/nucleated fracture
system where permeability varies depending on condition of each fracture.
Geothermal fluid is extracted from those permeable fractures very locally
throughout production well drilled into the specific part of reservoir. Also the fluid
flow occurring the geothermal reservoir governs the shape of microseismic cloud,
which directly connect to the ability of the heat exchange and geothermal fluid
production i.e. the capacity of the reservoir.

Therefore, we need to have the best estimates of permeability for each fracture (local
permeability) as well as representative permeability (global permeability). Also the
relationship between the distribution of permeabilities of each fracture and shape of
the microseismic cloud. The clarifications of local permeability of each fracture and
its connection to the entire artificial reservoir creation process is beneficial for
design of geothermal energy extraction system and understanding of hydrology in
the reservoir.

Details of program implement

Forecasting the shape of a microseismic cloud is essential to pre-design an energy
extraction system. The microseismic cloud produced after hydraulic stimulation is
empirically known to extend to the maximum principal stress direction. However,
this empirical relationship is inconsistent with the results of some studies, and the
cloud growth process has not been fully understood. This study investigates the
microseismic cloud growth process using microseismic data derived from a
stimulation in Basel, Switzerland and considering its correlation with in-situ stress.
We applied principal component analysis to a time series of microseismic
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distribution for macroscopic characterization of microseismic cloud growth. The
least orientation of the microseismic cloud was stable and almost identical to
minimum horizontal stress. The most extensive orientation experienced some dip
angle during stimulation, although it had become almost vertical following injection.
This suggests that microseismic cloud growth behavior was different before and
after stimulation, owing to the dynamic and static permeability tensor. There was
radial growth in the cross-sectional microseismic cloud along with the maximum
horizontal stress orientation. This is consistent with the nearly identical maximum
horizontal and vertical stresses. Microseismic clouds did not grow in the least
principal stress direction due to low permeability. However, the microseismic cloud
extended between the orientation of the maximum and intermediate stresses,
reflecting their magnitude. These findings suggest that microseismic cloud growth
is mainly controlled by in-situ stress when various existing faults exist. They also
suggest the feasibility of forecasting microseismic reservoir shape from in-situ stress
before stimulation.
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Figure 1 : Correlation between MS cloud shape and in-situ stress. a) Circles corresponds
to the gravity depth of the MS cloud, and the error bar corresponds to the upper and
lower limits of the MS cloud. Red dots show the aspect ratio of the 1st and 2nd
components of MS cloud. b) stress profile and stress ratio between vertical and
maximum horizontal stress. ¢) inclination of 1st and 2nd component. Downdip is
negative in this figure.

3. Achievements
This study precisely investigated how microseismic clouds grow during hydraulic
stimulation by applying PCA to a time series of microseismic hypocenter
distribution. PCA derived the orientation of MS cloud growth both quantitatively
and statistically. The MS cloud behavior characterized by PCA in several aspects
was compared and discussed as it relates to in-situ stress information.

4. Summaries and future plans
We conclude that MS cloud shape is mainly controlled by in-situ stress, particularly
in where various existing fractures exist, such as was the case in Basel. This study
has advanced the understanding of the reservoir creation process. There are still
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knowledge gaps that need to be addressed for a complete understanding of the
reservoir creation process. These include understand how the MS cloud shape may
be roughly scaled by the stress ratio. The findings from this study also emphasize
the importance of reliable stress measurements that provide more meaningful
information on the reservoir creation process.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Process Mainly Controlled by In-Situ Stress During Hydraulic Stimulation, Journal
of Geophysical Research, (in revision), Published Online: 6 Jan. 2021.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Mechanisms of Large Number of Induced Seismicity to Understand Fracture
System in the Geothermal Reservoir, Proceedings of the 20th International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-68, p. 120.
3) Patent, award, press release etc.
(Patent)
Not applicable.
(Award)
Not applicable.
(Press release)
Not applicable.
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Classification General collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 2nd year

Experimental and Chemical Kinetics Model ing Study of Nitromethane in Shock Tubes and
a Micro—-Flow Reactor with a Controlled Temperature Profile

Olivier Mathieu*t, Hisashi Nakamura**j+t
*J. Mike Walker ’66 Department of Mechanical Engineering, Texas A&M University
**Institute of Fluid Science, Tohoku University
TApplicant, 1IFS responsible member

1. Purpose of the project
The project is a continuation of last year’s international collaboration between the
IFS and the TEES Turbomachinery Laboratory at Texas A&M University (TAMU)
on nitromethane (NM, formula CH3sNO2). Nitromethane pyrolysis was studied
during the first year of the project while the oxidation part was investigated this
year.
The project aims at taking new experimental data (Micro Flow Reactor with a
controlled temperature profile (MFR) at IFS, and laser absorption measurements in
shock tubes and a laminar flame speed measurements at TAMU), with the
development of an accurate detailed kinetics model being the end goal.
Studying NM is important for several reasons. First it is a gasoline additive which,
increases octane sensitivity (RON-MON), a beneficial property for preventing knock
in modern, boosted gasoline engines. Nitromethane is also a fuel for model and
racecar engines and is often used as a reference component to understand the
combustion mechanism of solid propellants (plus it is itself a candidate liquid
monopropellant). Finally, it is also worth mentioning that the proposed effort will
allow for a better understanding of the interactions between CHi4, the main
component of natural gas, and NOx, since nitromethane will primarily dissociate
into CHs, a dominant and early radical of CHs+ combustion, and NOz. This is of
interest for Japan as blends of ammonia and CH4 are considered a possible way to
obtain low-carbon fuels with a higher reactivity than that of ammonia, with the
combustion of ammonia being source of high NOx emissions.

2. Details of program implement
During this program, experimental results have been successfully produced at the
IFS using their MFR for three equivalence ratios (0.5, 1.0, and 2.0). Examples of
results, obtained at stoichiometric conditions, are visible in Fig. 1, along with the
comparison with modern detailed kinetics mechanisms. As one can see, models are
not fully capable of predicting the experimental results.

— 1556 —



1400 0.00012

0.016 4 CH,NO,/O, in 98.5% Ar, ¢ =1.0
2., —————— ~o
* ~
] ~s L 1200 8E-005
S 0.012 el |
',,3 ] ‘ CH,NO, sl 1000
S + o
L 0.008 NO b
————— Temperature (K) |
% E ” Brequigny et al., 2015 800
E Vi Mathieu et al., 2016
0.0044 .~ Glarborg et al., 2018 g
Shresthaetal., 2020 | 600 b=}
1 8
[
0+ La00
5 6 7 8 E°
Distance (cm)
(a) A cH,

Brequigny et al., 2015
Mathieu et al., 2016
Glarborg et al., 2018
Shrestha et al., 2020

Figure 1: CH3NOgz, Oz, NO (a) and C2Ha, |
C2H4, and CzHs (b) mole fraction profiles 0.001 4
during the stoichiometric oxidation of

nitromethane into a micro flow reactor with Y L N e
a controlled temperature profile (IFS 5 6 7 8

Distance (cm)
results). ®)

Similar equivalence ratios were investigated on the TAMU side, and results for the
CO (a) and Hz20 (b) laser absorption results are visible in Figure 2. Once again, the
results demonstrate the modern kinetics mechanisms are not suitable to model NM

combustion chemistry.
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Figure 2: CO (a) and H20 (b) mole fraction as function of time for a stoichiometric
mixture of nitromethane in 99% Ar.

Finally, laminar flame speed experiments have been conducted at TAMU and the
results are visible in Fig. 3. As can be seen, when taken at similar conditions, some
variation in the results can be observed depending on the experimental method.
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Figure 3: Current nitromethane laminar flame speed data compared to the data
available in the literature. All data were collected at an initial pressure of 1 atm.
Different experimental methods and initial temperatures are indicated.

3.

2)

Achievements

On the experimental side, all targets have been met and high-quality results have
been produced. Comparison with models from the literatures were made in most
cases (work on the flame speed results in progress). The final goal of providing a
detailed kinetics model remain a work in progress and a journal paper will be written
jointly by the two groups when this model will be ready. Results from this fiscal’s
year were presented to domestic conferences while the paper written using last
year’s results was accepted for publication in the Proceedings of the Combustion
institute (https://doi.org/10.1016/j.proci.2020.07.132). An oral presentation was
delivered on this paper during this fiscal’s year.

Summaries and future plans

Future plans involve finalizing the model comparison with the laminar flame speed
experiments at Texas A&M University, and finalizing a detailed kinetics model, so
the results can be published in a journal. A detailed kinetics model should be
assembled this year and initial work on this task has been made, which is proven
more difficult than anticipated.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

[1] Y. Yamamoto, H. Nakamura, T. Tezuka: Investigation on Pyrolysis and Oxidation of

Nitromethane using a Micro Flow Reactor with a Controlled Temperature Profile,
Thermal Engineering Conference 2020, The Japan Society of Mechanical Engineers,
(2020), Oct. 10-11, 2020, online (in Japanese).
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Experimental and Chemical Kinetics Modeling Study of Nitromethane Oxidation in
Shock Tubes and a Micro-Flow Reactor with a Controlled Temperature Profile,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-78, pp. 134-135.

and a Micro Flow Reactor With a Controlled Temperature Profile, 38th
International Symposium on Combustion, (2021), 24 — 29 January 2021, Adelaide
Convention Centre, Australia (Oral presentation).

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

The air intake constitutes a key component of airbreathing engines for economical high-
speed transport. Thorough understanding of intake physics and performance is of crucial
importance for efficient engine operation and reliable intake start. Shock wave
interactions play a principal role in intake flow compression. Unique characteristics and
flow behaviour including a toroidal vortex ring structure and potential hysteresis have
been observed for the shock reflection on the symmetry axis in our preceding studies,
suggesting considerable impact they may cause on the supersonic engine performance.

However, the understanding and in-depth investigation of such phenomena practically
represent a challenge due to multiple factors; (a) Mach reflection must occur at the focal
point on the centreline where the incident shock impinges, as the occurrence of centreline
regular reflection is prohibited by theory; (b) Such Mach reflection resembling regular
reflection is characterised by a minuscular Mach disc (stem), which poses a significant
challenge due to the limitations in mesh resolution in simulation and the difficulties in
using optical apparatus and measuring the centreline flow properties in experiment in
traditional approaches. Further, the presence of flow viscosity and curvature of the
incident shock can have manifold effects on the shock structure and their prediction.

This project aims to gain detailed insights into the characteristics and behaviour of
centreline shock reflection in supersonic flow and elucidate the underlying physics by
means of state-of-the-art approaches including; (a) high-fidelity numerical simulation
with local mesh adaption to the order of the shock wave thickness; (b) theoretical
analysis based on curved shock and Guderley singularity theories as well as the method
of characteristics; and (c) experimental testing using free flight in a ballistic range.

2. Details of program implement

The research project is undertaken, following the studies in the preceding two phases,
which (1) investigated the characteristics of centreline Mach reflection in computational
and analytical approaches, utilising a high-fidelity CFD (computational fluid dynamics)
solver with adaptive meshing and the method of characteristics (MOC) in J181042; and
(2) examined the detailed characteristics of centreline shock reflection and the effects of
viscosity on the shock structures via the Euler and Naveir-Stokes simulations and flow
visualisation in the ballistic range, in conjunction with theoretical methods in J191001.
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This research, in particular, focussed on the
incident shock and shock structure in the
vicinity of the triple point, aiming at
prediction of its characteristics and occurrence
in supersonic ring wedge intakes. The study is
conducted in an analytical approach coupling
with the three-shock theory (Fig. 1) and the
Guderley analogy (Fig. 2), which represents
the incident shock shape as a generalised
hyperbola, along with the curved shock theory

and high-resolution numerical simulation. Figure 1 : Mach reflection shock system

with three curved shock components.
3. Achievements

The flow properties in the four flow regions

surrounding the triple point divided by the

shock waves and the slip line (Fig. 1) are

assessed by applying the three-shock theory to

the incident shock from inviscid simulation.

The coefficients for the Guderley analogy (Fig.

2) have been determined by curve fitting to

minimise the mean squared error between the

shapes of the hyperbola and the incident

shock from inviscid simulation (Fig. 3), along

with the triple point height for ring wedges Figure 2 : Incident shock and hyperbola
with various leading-edge angles at M. = 2.5. for Guderley analogy in a ring wedge.

4. Summaries and future plans

The characteristics of Mach reflection in
supersonic ring wedge intakes have been
investigated by numerical simulation using
mesh adaption in conjunction with the three-
shock theory. Results are described in Ref. [3].

ring

v .
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0
-0.06 -0.
Future plans include the assessment of the x [m]

Mach stream with respect to the choking Figure 3:Mach number distribution
criterion at its throat in the light of the curved with an incident shock represented
shock theory to enable the prediction of the by a hyperbola (M = 2.5, 6 = 10°).
Mach stem height (disk radius) as well as flow

visualisation in the IFS ballistic range and the supersonic wind tunnel for verification.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

[1] Fujio, C., Brahmachary, S. and Ogawa, H.: Numerical Investigation of Axisymmetric
Intake Flowfield and Performance for Scramjet-Powered Ascent Flight, Aerosp. Sci.
Technol., Vol. 111, (2021), 106531.

[2] Brahmachary, S., Fujio, C. and Ogawa, H.: Multi-point design optimization of a high-
performance intake for scramjet-powered ascent flight, Aerosp. Seci. Technol., Vol.
107, (2020), 106362.

2) International and domestic conferences, meeting, oral presentation etc.

K.: Centreline Reflection of Axisymmetric Shock Waves in Supersonic Ring Wedge
Intakes, Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-24, pp. 38-39.

3) Patent, award, press release etc.

Not applicable.
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[1] Satoshi Uchida: Numerical Modeling of Molecular Interactions between Plasma Species
and Biological Membrane, The 8th International Conférence on Microelectronics and
Plasma Technology and The 9th International Symposium on Functional Materials (The
Sth ICMAP & The 9th ISFM), Online, (2021), MC1-1, Invited.
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Project code J201082

Classification General collaborative research
Subject area Fundamentals
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Project status 1st year

An Innovative Method of Generating Plasma Microbubbles in Flowing Water

Jong-Shinn Wu *, Takehiko Sato **{+
Mu-Chien Wu ***  Po-Shien Chiu *
*National Chiao Tung University
**Institute of Fluid Science, Tohoku University
tApplicant, ¥+IFS responsible member

1. Purpose of the project

1. To build an experimental setup combining ultra-high speed camera and laser sheet
for visualizing the motion of the plasma microbubbles.

2. To develop a method for obtaining the microbubble size distribution and the
microbubble concentration in water.

3. To measure the absolute concentration of some specific reactive species in water
based on the light absorption technique.

2. Details of program implement

In this study, we aimed at improving the plasma activated water (PAW) device which
was originally developed in NCTU. The PAW device has an advantage for sterilization
and treatment of waste because it is able to generate reactive oxygen/nitrogen species
(RONS) in bubbles. The specific surface increases if the size of bubbles decreases.
Therefore we developed a generation method of microbubbles using PAW to increase
efficiency of dissolution of RONS. Figure 1(a) shows the PAW device and (b) shows the
improved device. The PAW device consists of a rod type electrode, a quartz tube, a
grounded electrode surrounding the tube, a RF power source and gas injection system. A
non-thermal atmospheric-pressure plasma jet (APPJ) is generated around in a quartz
tube and generating millimeter bubbles including the generated plasma gas by issuing
from the exit of the quartz tube as shown in Fig. 1(a). To generate microbubbles instead

Power supply Ocsillascope Powe: . Ocsillascope
(a) pply (b) Power supply

p———f——

coil i coil A
I—"%. - | T
0 'l 1 ‘\ -
High voltage High voltage
PMMA container Plasma jet i probe PMMA container Plasma jet probe
I | 4‘ I~ _Automatically
T 1 | o entrained gas
= ®
(o]
O
(o)
7™~ Millimeter Air
bubble -
pump Water pump

Fig. 1 (a) A schematic diagram of the experimental setup of generation system of Plasma Activated
Water (PAW) which is the original device of NCTU. (b) A schematic diagram of the experimental
setup of generation system of Plasma Activated Micro Bubbles (PAMBs) water which is the
improved device in Tohoku Univ.

of millimeter bubbles, a water pump was used to supply the water flow into a pipe with
an open end as shown in Fig. 1(b). When the water flew through the constricted part as
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formed by the same plasma jet staying close to the open exit of the pipe vertically, the
ambient air would be automatically entrained into plasma jet and discharged because of
the lower-pressure region generated by the horizontally immersed water jet. Afterwards,
the plasma activated gas would be broken into a group of small bubbles forming
so-called PAMBs jet. In addition, the flow circulated the water in the
polymethylmethacrylate (PMMA) container to distribute RONS uniformly in the water.
Finally we obtained results that the improved PAMBs device increase the dissolved
concentration of ozone and nitrogen oxides up to twice as the original PAW device.

3. Achievements
We succeeded in generating microbubbles using the original PAW device and

increase the dissolved concentrations of ozone and nitrogen oxides. We also named the
new device Plasma-Activated MicroBubbles (PAMBs).

4. Summaries and future plans

We need to increase the amount of microbubbles to enhance sterilization and water
treatment efficacies. To increase bubbles, we plan to observe the generation processes of
microbubbles to understand the generation mechanism.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
enhancement of reactive chemical species by plasma-activated microbubbles jet in
water, Journal of Physics D: Applied Physics, Vol. 53, No. 48 (2020), Article No.
485201 (12 pages), DOI: 10.1088/1361-6463/abae96.

2) International and domestic conferences, meeting, oral presentation etc.

TR A T aNTVERT SA AL HKEEAL, 5 30 BIERE L Ra T v ARY Y
L2020, AT A B, (2020), FEEAE S 307.

of Reactive Chemical Species by Plasma-activated Microbubbles Jet in a Water
Recirculation System, Proceedings of the 20th International Symposium on
Advanced Fluid Information (AFI-2020), Sendai, 4> 7 A » Bifé&, (2020), CRF-12,
pp. 19-20.

Concentration of Reactive Chemical Species in Water _by Plasma dJet and
Plasma-activated Microbubbles dJet, Proceedings of the 17th International
Conference on Flow Dynamics (ICFD2020), Sendai, 7> 7 1 »BifE, (2020), OS8-7,

pp. 274-275.
3) Patent, award, press release etc.
(Patent)

Takehiko Sato, May 28, 2020, apply (Application Number: 16885300).

(Award)
Student Best Presentation Award, “Comparison of the Concentration of Reactive
Chemical Species in Water by Plasma Jet and Plasma-activated Microbubbles Jet”,

Dynamics (ICFD2020).
(Press release)
Not applicable.
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Individual Effects of Plasma—Generated Electrical Field, Short-Life Species, and
Long-Life Species on Cell

Po-Chien Chien*, Chia-Hsing Chang**, Takehiko Sato**{}, Yun-Chien Cheng*¥
* Department of Mechanical Engineering, National Chiao Tung University
** Institute of Fluid Science, Tohoku University

TApplicant, $¥IFS responsible member

1. Purpose of the project

The purpose of this research is to investigate the effects of atmospheric-pressure cold
plasma (APCP) generated electrical field, short-life species and long-life species on
cancer cells. We believe that the study of the electric-field effect on cells by the Prof.
Sato group (Tohoku University) and the effects of plasma-generated RONS on cells
studied by our group will perfectly accomplish the project goals.

2. Details of program implement
Recently, some studies have shown that plasma treatments can eliminate the tumors
in vivo or selectively kill cancer cells, but the mechanism is still not clear yet. To
investigate the key factor which can induce cancer cells apoptosis, we treat cells with
three main factors of plasma, including electric field, short-life species and long-life
species. Our experimental setup is shown in Fig.1. Short-life species have limited
penetration thickness due to their life-span. Therefore, in order to treat cells with
short-life species, we will investigate the penetration thickness of short-life species,
which we defined as ¥. When the distance
between cells and surface is less than ¥, the
cell will be treated by short-life, long-life
species and electric field, as shown in Fig.1
(a). When the distance is large than ¥, the
cell will be treated by long-life species and
electric field, as shown in Fig.1 (b). Fig.1 (c)
shows an experimental setup which is used
to investigate the effects of electric field.
Reactive species cannot penetrate agarose
gel and the agarose gel with proper
electrical permittivity will not change the
electrical field inside the PBS. Hence,
adding an agarose gel on PBS surface can

treat the cells with the plasma electrical
field only. By comparing these three
experiments, we can get which factors
have the most significant impact on the
cancer cells.

Figure 1 : Illustration of the experimental
setup. (a) Controlling the distance between
the cells and plasma-liquid interface
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within the penetration depth of the short-lived species, making the cells treated with
short-lived RONS, long-lived RONS, and an electric field generated by the plasma. (b)
Cells were placed beyond the penetration depth of the short-lived species, so the cells
were treated with long-lived RONS and an electric field. (c) By adding PBS-agarose gel,
the RONS could not enter the liquid and the cells were treated with the electric field
only.

3. Achievements

We built an experimental setup, which was used to investigate the effects of
plasma-generated electric field, short-life species, and long-life species on cell. The
maximum penetration depth of -OH is about 0.6mm. Agarose gel can block reactive
species passing through and will not change the voltage inside the liquid. The electrical
field does not change significantly after adding PBS agarose jet (Fig. 2). The cell
viability at difference treatment depth is shown in Fig. 3.

3000
10-
F1500 —~
& 2 Figure 2: Voltage difference in the PBS
0 0 S  solution without the PBS-agarose gel
£ £ (black line); voltage difference in the PBS
> 5] L1 ©  with the PBS-agarose gel (red line);
104 voltage applied to the plasma source
15 3000 (blue dashed line).

-50 0 50

Fig. 3: Cell viability of normal skin cells (a) and cancer cells (b) after the treatments via
plasma and the electric field. The distances between the cells and plasma-liquid
interface for the plasma treatments were 0.2, 0.5, and 1.4 mm. Data shown is the mean
and SD (n = 3). *P<0.05 (Student’s t test).

4. Summaries and future plans

Our results showed that short life RONS inhibits skin cancer cells, but not healthy
skin cells. Besides, electrical field shows no significant influence on cells. We will
further use Annexin V and PI to observe the cell apoptosis and death.
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5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)

Plasma Generated Short-Life Species and Long-Life Species on Skin Cells,
ISPlasma, Nagoya, (2021).

Atmospheric-pressure Cold Plasma Generated Electrical Field, Short-life Species,

and Long-life Species on Cancer Cells, Proceedings of the Twentieth International

Symposium on Advanced Fluid Information, Sendai, (2020), CRF-13, pp. 21-22.
3) Patent, award, press release etc.

Not applicable.
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Fig. 2: Thickness profile of the deposited
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Motion, International Journal of Aeroacoustics, (2021), First published 24 Mar 2021 (34
pages).
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Air-Jet Instrument’s Sound Sources by Compressible Direct Numerical, Proceedings of
17th International Conference on Flow Dynamics, Sendai, (2020), 0S16-6, pp. 472-473.
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Development of Sonic Boom Evaluation Function under Real Meteorological Conditions

Hiroshi Yamashita*f{, Bastian Kern*

Shigeru Obayashi**j+, Takashi Misaka*** Takahiro Ukai****
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1. Purpose of the project

Sonic boom mitigation remains a key issue for a commercial supersonic aircraft.
Concorde experience has shown that sonic boom impact changes every flight
because of atmospheric conditions changing from moment to moment. The project
SEIRA (Sonic-boom Evaluation In Realistic Atmospheres) has been kicked-off in
June 2020. The aim of the SEIRA project is twofold: to examine relationships
between sonic boom impact and atmospheric conditions, and to develop a surrogate
model for sonic boom evaluation.

2. Details of program implement

A large number of supersonic flights were simulated for a representative flight
route in the chemistry-climate model EMAC (v2.54) coupled with the air traffic
simulation model AirTraf (v2.0). The simulation setup consists of the following: for
westbound flights, the Concorde departs from Heathrow airport (LHR) at 10:30
(UTC) and flies to John F. Kennedy (JFK) airport along the great circle route at M=
2.0 at 15.3 km; for eastbound flights, it departs from JFK at 13:30 (UTC) and flies to
LHR (Fig. 1). The near-field pressure waveform of the pseudo Concorde model was
employed (the waveform data were provided by courtesy of JAXA); the simulation
period was set from December 2008 to March 2019. Many atmospheric profiles along
the flight route were obtained successfully (Fig. 2). Our preliminary sonic boom
simulations clearly showed that ground sonic boom waveforms vary as a result of
the variation in the atmospheric profiles: the overpressure ranges from 91.8 to 100.9
Pa under representative atmospheric conditions.

Figure 1 : Exemplary temperature (contours) and wind vectors at 15.3 km in summer
(left) and in winter (right). The thick solid line shows the great circle (LHR-JFK).
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(b)

Figure 2 @ Daily change in atmospheric profiles along the flight route for a year: (a)
temperature, (b) relative humidity, (¢) u-wind and (d) v-wind components. Eastbound:
black lines; westbound: red lines.

3. Achievements

The research activity of WP1 (work package) has been performed in the first
year and a post processing of the obtained data are implemented (on going). Those
data are provided to WP2 as input data for sonic boom simulations, as we planned.
The SEIRA project was introduced and our preliminary results were presented at
the 20th ICFD in Sendai (virtual conference). A student of Osaka Institute of
Technology (Dr. Takahiro Ukai was his supervisor) has submitted bachelor thesis
related to the SEIRA project successfully.

4. Summaries and future plans

The planned EMAC simulations (WP1) have been performed successfully and
the expected atmospheric profiles were obtained in the first year. With those data,
sonic boom evaluations are carried out by using the Integrated Supercomputation
System of AFI Research Center, IFS, Tohoku University (WP2). Furthermore, a
surrogate model for sonic boom impact will be constructed from a data set of flight
conditions, atmospheric data and sonic boom evaluations, and its validation will be
performed (WP3). A scientific paper will be submitted in the second year, which
reports some relationships between sonic boom impact and atmospheric conditions.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.
in Realistic Atmospheres: Introduction of the SEIRA Project, Proceedings of the
Twentieth International Symposium on Advanced Fluid Information, Sendai,
(2020), CRF-29, p. 47.
3) Patent, award, press release etc.
(Patent) (Award) (Press release) Not applicable.
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1. #ZEE8

JR 1% BRI BIRE O AR ) = R /L — DRI 5 ONS MV2 §ilfElD7-12, [Flfh— &M
fai MHD =% /L — 28 MG 2 i3 5. ASEE ORI L ZSHE802 1 L 2 28R (R
TOREE LTAC =—#%2FH) MOBRIFEENTWA., LL, S%OFERIFIZLD
FEREMFZEIZ AT, EAUT R A > 7o Al E M ER MHD =)L X — 28 @& OREHIIE, [
LEBEN O BRI ROBRN VIR K THDH. L Vbi, a—L Yk st
L2 o TSy, ZOBROMEE AT, IMEDR, BEmEE )70, #haliD kL7 HlEECE
RN RE 225 B8% 5. 2 e ARBIZUC B LT, £ 6 OIEIRS MK 50, 7
AR FRERENS VIR L 72 D

Z 2T, AL, AR A MHD —p L — S E OB GHES 2 E L 7200
FEET — 2 OB T 5L, RIS HEERE N O FBRGIT IRBIR O F BRI L2 5 1 IR
JCEERRAENT 72 & ONT 8 ROTERRIEET 6525 Z L 2 B & T 5.

HERREORE

X 1 /212, [ —EMES MHD =L X — 2 gatm@m o &X 279, NERER, 2>
AR pue S HIZ E FEERL CHE -k BRI EM 2H T DA B 25 AT 5. W
[F#Ed% 2 & CHETMPICHINAEE S 5. s mIcHINSn RS L~ Tr—L 2y
INFIRAE SREATENCAER L, izl 5. 2ok 9572 MV s kilEEEiEd 52 & T
SRR S EhEEREE & ERGHE IR D, RIS Y 7 77 — OERGFHEOIENI TR AT
W%, MR EANMFERICARERITA B < 2 & THNRICERD

PNFIfE & AT O %N (= Rip/Rowe) & L, BEEOTRSIZHAIT 5L b~ FHa &
ERTAL SNV EBIR TR ENDH/RT A—FK(= Ha? ) ZEAT 5. £, F85m 1K
JEOBERRARNTIZ K O, B 7T A—2 KA RETLT-. X1 iz, K = 0 COJEEE
AR ERT. DR E VT Y, HEOARI TR CORER TAEE & 705, K1 A
\Z, n = 0.25 TOFRREDKIEIFMEEZRT. KINKREL R0, EREEE OMEIERNKE L A
Z L EEEILRAE T D Z E o T, WRITEY KB 2D SE DD T, FEED)
Ram ET 5720120, TEXAETWRAEZ LW ETHZ ENEETHY, MLy
FIEOBLENSIE, RN REWVIEZIN M7 2 REELTEDLZ E bbb

77, 3 WITEUEMATIC X Dt athD, EINERAM 1 IRSTHERRART & O % B
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BLTWDESZD.

4 FEDHESEDEE
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(1] Verx A5z, BREFEEE, WAFKE, IMZF : MHD FHALER N Colnlixmh — &M PN EbT
OB, BERFESE L B, Vol 141, No. 3 (2021), pp. 280-286, doi:
10.1541/ieejpes.141.280.
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[2] Ryo Sasaki, Takayasu Fujino, Hidemasa Takana, Hiromichi Kobayashi: Study on MHD
Annular Flows Driven by Rotating Co-axial Cylinder, Proceedings of the Seventeenth
International Conference on Flow Dynamics ICFD2020), Sendai, (2020), 0S5-9, pp. 220-
221.

*[3] Hiromichi Kobayashi, Hidemasa Takana, Ryo Sasaki, Takayasu Fujino: Study on MHD
phenomena in Co-axial Energy Conversion Device, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information (AFI-2020), Sendai, (2020),
CRF-5, pp. 8-9.
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Effects of the Turbulence Interaction on the Rise Time of a Sonic Boom Pressure Signature
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)1l FErE*
FRIR TRERZE TR, HALR AR e
THIEEE, TETPRIGER

1. #EEs
WEITHIEREE DT, KV =y 7 7 —LEETHD N H RV RO RWE )
DELFENRE 2 T D BN LRI DAFGERER 2 2817 7= (APPL ACOUST 114, pp. 179-190, 2016).
UL, o6 ERDEREOR SDELRIREZZITFIZ W L2 ET H7-0121F, 6725
FEIROOND. 2T, N2H BN RFRORWEI R & —ii 7 — LB, R
AT — Iz 725 Z b, B ORH/ RS A —/MIER L, AT, JE/EE
DI A 7 —)v L ELG DR S /R A 7 — /L OBHREZ B H NS 5.

2. HRARDAE
AR, S TS (325 BN 0 BRIO RO ) IZIET TR 2 B aF
il U7z, SLRSARAEARAT T, FET DR O(a & SLf 350 i © & 2 KZK TiEa vz,
FETT 3R % TomEO—ARELI Sl S 7 (1), 22T, CIFEETHD.

K1 SLH ORI

Case ELHTES OE: W AL TR
[mm] tinn =W /C [ms]
1 40 0.117
2 60 0.175
3 120 0.351
4 150 0.526
5 250 0.730
6 300 0.764

1 1Z1E 40 mm OELES, 2t U 7= BEO DB 2 3. L 2 @it L TN E S
B L UC, I35 EAY 0 R ORWETIEIE ] OFRSGEFEITEN 2 FRREEMm L. —J,
SEH ER D RFORWEIE ] T, BOREEIEOEE DR, JEIEBIRIEE AL E
AT BRI EE 51T, 18 40 mm OELTES: & EIETEOTHERZ1T->TH Y,

26 EAN Y RO RWESEIE ) DSELRTHOREAE T WKER 2R Uiz, AHEf#
HricBW\WTh, Fr L AR R A2 HITE TV 5. X212 189 EDE IR D R EIE
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DORFEFHE CTOME & FEHERZS) 2787, Puo lTELIE T L QR REEO IR KIBRIETH Y,
P/Puwo=1 DEETE, SLIE TN X » TIRAKERIENZ(L L TWRWZ L2 EKRT 5. 325
AV B OBEWEEIE] TIE, SLIE TR X o THEYDORESGERIEIMEL 720, ELES
& OTPHRERIA BN L CHEEI T2 <, FHORIGRRIEITR MEAHERF L. —F5, 51
HERNVREHORWEDEF] T, 72 & 2GR TR L CH AR TR X > TF
BIOBRREBRIEIXIE E A EZL L o7, 7=, N5 B0 B OEWEDIIE ] T,
BRERIEDOMERFRAENKE < o7z, SEH BNV ORWERIZ) 1%, 1FEAE
AL Uienotz. ©F 0, =& 2B TR L T 325 B30 BER DR E S
1%, LR T OB EZ I LV ynoTz. L LRNS, JeA TR DFERAIISE
T, ELES & O TR O K > TR OERBERIEME T L TEBY, KRR TIE
AT DORER L —B L TR, ERLTHENLETHS.

—— w/o turbulence interaction
—— with turbulence interaction

Short rise-time signature

/

Long rise-time signature

AP [kPa]

t [ms]

1 : 40 mm $EOBELITES 2 18t U 72 =% & ELIR T O 72WET IR & Dbk

—— Long rise time
————— Short rise time

o
=
o
~~
o
W [mm]
(2) “FHfE
—— Long rise time
————— Short rise time
=
D-IIJ

W [mm]

(b) 1FHERE
2 ¢ BRI L D SRR D2,
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KRN EBIEDORFRIA 7 — /v LB O & /R A 7 — VOB Z 6N TE D 2
ERHIFTE .

4 FEDHESEDEE
ALERL, BUEFHRIZ L > T ISH B D RFHORWENBIE] & EL TR OBR %
A LT, ZORER, 326 B30 KRORWEDBI) 13, Bl & KR L TH LR
FUWOFELZTITS NI L ZALNT L. A1%1F, ZOBIEERRE RO ZS A EET
LIz, FHERREATO TETH D, £z, FELEDNBIBORHHA 7 —v LELGOR &/
IKFfi] 2 r— /L OBURZ RIS 5728, IBINOIEF RIS L OFERE1T 5.

5. HAERER
1) ZFisS ESEOTEESE MREEsS)
L

2) EFRE - ENER - IRR - OBERKRE
*[1] T. Ukai, H. Nakagawa, K. Ohtani : A Numerical Investigation of the Turbulence Effect
on Pressure Rise Time, Proceedings of the Twentieth International Symposium on
Advanced Fluid Information, Sendai, (2020), CRF-32, pp. 52-53.
(2] #BEAZE . FEHIY7e Time resolved 3DBOS IEIZBIT 25, 2020 FE@HER > LRy Y
L, (2021).
3) oMt BFEF, RE, TRAIIHRH)
7L

— 180 —



A J201092

<57 — BRI
FRREAYER | BREE - L —0EF
WFEAH] 2020.4 ~ 2021.3
HRTET2E 14EH

BEAE S FRARHEMIZH 1T DA EER - LR T 01 R D5 FRrIERHT
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1. #EEs

AR E S T RRER R (PEFC) Ot CLI, EHOAN IS ORREEIERE 2
PR % ECHFICEE R TH D, — 5T, CL O E oS LD NI 2> T
BHT, FA—HI—TCTORITERRFERE L THREDBELNTWADONRBURTH 5.

PEFC OEtEREILIZ 7= > TOREBEIZIIN OB 528, filfllo o 7 Sk EOFREOR A7
Lo LT, CL T 27 /— K« B Y— RN Ok v (Pt) L& 1B
(7 4 AU OEfREORIN, K - BED AERHEESREOUGE, KFEA A ORI EE
(Vehicle Mechanism, Grotthus Mechanism) (25577 b AREEOM |, AlEHHEEHAROM:
- IR, PR - EOFEE LR E LW ol iAEIT b D,

F7z, CL OoFpfbEhike L, ERERICiE1 > 7 (g mk 2 & A7 7 12
—/L - KERIR) AAn U CREBR S T2 515, T APRBIE I Tt > 7 28340 L TGRS AU T 7k
% EARENR A D71k, il 7 3 Sz PTFE 72 EOERG. L — b5 B - fil
B ARG 550, RENHD. L, RoOBEE Uil v 7 2% - R L CiThh
HHRG L — NGEIZRBWNT, BT ot ADFER, DX sy fARED RN LD T
DWTCIILT LS 2V OB TH 5

Z ZTCAMIZETIE, BEORE TROBREIZER L, fllr o7 2840 - iS5 TRRICE
WTC, BARRID T L3 — VIR & it O ReRIEOBIR %, M by rEIF I a L
—a EEUTHLMNIT S Z AR — L35, L ITKRBEERETIL, BT
il o 7 DERIRETH DK « T3 — )L ORFIEERRIKIR ALY, K - T a—VIRiEOH
BULETAVEZFIH LIS FEFS I 2 L—3a UERT, W bt 22 861F 55 F-258faaT
ZEUT, MEULET VDI RT A —52 L BEETHEOIREREICLE R AT E /R E D~ 7 v
rRERE L ORMRE FTHOLMNNCT .

2. HIEBRREORNE

21 M2 aL—Y a3 ETILOEE

ARG TIE, T8 I2—va Y7 F 27O LAMMPS %W CEHE AT 7.
fifles o 7 DEIET )V a— U, KT & TV a— LS ORTHEREIND LIREL, HFET
UL, RERRHE LS E7 /L Ths MARTINI €5 /L&, o= GROMOS /135
(Version.54A7) z i fH L7- 25 +(full atom)ET VA& U008 15t CO L 217> 7=,
TIVaA—) I H ) —)VETEIR LTz, Bl B 38— DT )b o — VBRI CRGIEE 4T O 720,
KEBLO=Y ) — N1 T VETURBEAEIRIZRT T2 7 v a—VREN 0, 25, 50, T5wt%lZ7e

— 181 —



% XK ORI T45% Table 1 DIV E®D, ZNHEHANTY I 2 b—ra U &2{To 7.
EHCHRE LTI TEEDN SO NVT 7o 7L, NPT 7o TG R T =—
U > TUEREAT, TONEEREAFBET VOYMIEE U TR L.

R HBIT DFFERIL, FEED (2018) DFEASBITHEE L. BAMIZITHERRENH >
Ral—Ya Ryl A% L HFENCENEN. O DE S L7225 X HITHE L. fLEIC4S -5
CHRERTOEIBEAR_EICEIE ST FIEE AR E < BB 572 0HIBR L, & 512 Borges
5 DOFE Borges, 2015) Z5E(Z, 9-3L] RT3 v /L CHBL U IRERE A I AL E LT-.
F D%, KREHHT 578, 7 HAINZ 6.5~9. 0nm OFEIKIC —E RGO % YT 2 408 455
AL, EROTNETHED S L Fig 1LICEEOORTFERERD, ZOREZHANTYI2b—
varEfToTn.

FHKIEOFHROIFEL LTIE, NVT 7 2 o 7 0% FUNCEEEROOT S % BRI il L Cngh
T AEGHE L. BAIIE, QOEIERE TIEL, ¥HEEITHY AT v 7 L QiR AMER Ly
FHEERBEEDHLAT T D 2BBENT T I 2 b— 3 VA DT, RO UL 70 AR T
ETNERWZEEORE AT v T OFMHILL T D@D Tho.

Q) IEAART

HERE NVT 7232770 T 290K 725 500K F THIER

« BERIA 208 - dstep 247- 0 0.5fs

< K&AT 75 . 10000step

- JNENRERE : Sps

Q) ZFHAT T

AT 7 DME T LT2IREEDS S NVT 7 090 7L C 500K A HERE

« W% 2008 dstep 2470 0.2fs

cHRAT %% . 250000step (At 50ps)

708, MARTINI HEULSD FETFAEZ AN I 2 b—3 3 Ul AFRTET L &M b
FETNE AW GE OFERER O OB, AR T v 7 OO O TN 5728, N
2T 7 TTable2 DX 572 580 O ERT, F Ltz o7

Table 1 Number of first molecules

Weight percentage of ethanol
in the solvent [wt%] 0 2 50 &
GROMOS Water 4000 3000 2000 1000
(full atom) Ethanol 0 391 782 1173
MARTINI Water 1000 750 500 250
(CG) Ethanol 0 250 501 751

Table 2 Heating Conditions in MARTINI model simulation
Conditions

Number Time step length [fs] Total steps Total Heating time [ps]
1 05 10000 5
2 0.25 10000 25
3 05 5000 25
4 10 10000 10
) 05 20000 10
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a)lnitial placement

| Molecular |
| delete area |
-

b) After annealing

\ 4

c) Completed
calculation
system

[9-3L) |
Carbon sheet |

Fig.1 Computational system construction procedure and illustration of the evaporation system

2.2 BHHERBIUBR
2.2.1 ERFETIVEHBRIERFETILOLEE

DTETINVDOENNL L DK T OO ~ORBEERGEET 57290, &7 Va3 —/VRET,
BFTET VB LY, 2FTET 0V ER UIMBART » 7ROty FET ATy 2 b—
3 U ELToT-. O, RIIZLDEDFDEEDE LRI DT )V o — VIRE DAL & Ll
L7z, ZNFNOFESFIL Fig. 2 DY L 72 o7-.

Fig.2(a) b, T/La—/VIREE OwthDEATE, SFEFET /LTI 35ps ik )6 AR R OH
INIAHERR T & 7203, M) 7B 7 /L Cld 35ps #&iltk b b E 0 AR EOENNAH £V Bohzen
o772, Fig. 2() 72 BHlE, T/ a— VIR 25wthDRE G [REEET, K =& J—L e iz, 2F+
ET/LVTIE—EREE D D AR EOEINSHER SN2, LD -7 0 bId— ERERGE
BULFFEROENBHE D R oN2nE 0 B MR c&

Fig. 2(c) 2B TV —) VIREED 50wthTlE, &0 T OEFEDOHFIZONT, G FET/MILD
ERFEALETRNT ERHERTE-. Fig 2(d) 22O 7L a— VRN Towth & 725 &, 2R
FETIVTIIE D DOEFEED LRI R SN0 o 7203, I b5 /LTl 13ps g i o,
K& )= & BICAFEEOHMNB BT,

F72, T VREOIICOWTHERT 2 L, Fig 2(d) 7B 7 /b —/VIREED Twt% THL
UL BTN ERWTEGE DR, BFaEE & Hig, Ta— VR L Em A
SIVTZM, Fig. 2(b) ~(d) OFNLISND T Z 751, Rl e U= 7 v 2 — VIR EE DAL,
T L A EHERS N o T2. £T2, Fig. 2 DJ T 7% 0~50ps D TENEHRIEIEEIL, #&
FREEEIN R D80 T O NVBFRIGHE R dT-. B SN E DOV RE L F LD
L Table 3 D@V L7poT=. T/ a—)VIBEEN 25wth DA TIL, 2FFE7 /L &by &
TNEBIZ, = =L EKROVEEEFEFED T PREL 2D Z PR CE . T ET
JUC & D PFRSEFE DD T Y, KOFNKREL 0D Z E PR TE -

TV — VRN 50wthDEFETE, KETH ) —)L L OVVRFRIEHEEDOE NS L 720, 5F
ETIUETORS T OVEIFEFEREOZE IR /NS 70D 2 PR TE 2. L, 21T
FIOVTIE, KOEBFRIEHENKE K T2 o=t L, M F+ET LTl ) — )LD
FFGBE DT INRE IR DiEOD R BT

T LI —)VERER Towth DAY, =& ) — VONEBFEFGEENR KX L 720, STET ML
BHIRGEIEREDFES X ) — VD ITPREL D Z L D HER T T,
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2.2.2 HDFETILOEVCKDIEZENDELE

SRR A e 5 &, TV a— VBRI 25, ThwthD oy F-OERITRY 23 558, 4
TET ML DENRELARD, Ta—LREN 0, 50wthD5r OB &I D 372\ WA,
NTETIMZEDZINEL pote. ZOBRIL, HDTFETAONTFHNOECEILIbLDEEZ
L.

BIFET NV EHSUE S BT LTI, HAURIZ L > T FRINCERE L D720, K- =X
I I ENENESEGHREZ G2 D58 B0 5. T OEEIRY BN 556, BlEn%
WSO FINNREBE, DFETILVOENLYREL Lozt EZbND. ZDI=W,
HIHRE BT 2956, B TETAOSFEINCETHRT Vv VRT A —2 OFFEENR Y,
B bEBEZLND.

Table 3 Average evaporation speed for each molecule
(Comparison of molecular models)

. Average evaporation speed  [g/ (mol + ps
Weight percentage ge evap P [o/( ps)l
of ethanol in the Water Ethanol
GROMOS (Conditions No.1) GROMOS (Conditions No.1)
0 1144 80.0 - -
25 158.8 61.5 53.7 24.5
50 795 72.8 755 79.8
75 133 38.9 39.3 146.2
80000 - ‘ 60000 26
50000 =
= 60000 — 24 s
£ g 00 w 5§
=0 40000 - ‘ 30000 1 25 %
£ 20000 ‘é‘ 20000 - \\ . "5
10000 — 5
0 0 18
0 10 20 30 40 50 0 10 20 30 ap 50
Simulation time [ps] Simulation time [ps]
(a) Owt% (b) 25wt%
60000 )
® 50000 - £
g _Z B 40000 - é
1S S o E S 9
B S % & 30000 7 g g
g w = 2 20000 ® =
< Q = 70 ]
g 10000 e 2
0 43 0 68
0 10 20 30 10 50 0 10 20 30 a0 50
Simulation time [ps] Simulation time [ps]
(c) 50wt% (d) 7T5wit%
= GROMOS water's mass =—=GROMOS ethanol's mass e MARTIN| water's mass
=——MRTINI ethanol's mass ~——=GROMOS alchol concentration ==MARTINI alchol concentration

Fig.2 Change in the mass of each molecule and the concentration of alcohol in the solvent
(all atom model and MARTINI CG model condition No.1)
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alcohol concentration [wt %]

0 10 20 30 40 50
Simulation time [ps]

(a) 25wt%

51
£ £
E 2
243 268
¥ o 10 0 30 4 50 L 10 20 0 0 50
Simulation time [ps] Simulation time [ps]
(c) 50wt% (d) 75wt%
—GROMOS ——MARTINI condition 1 ——MARTINI condition 2
——MARTINI condition 3 ——MARTINI condition 4 ——MARTINI condition 5
Fig.3 Change in alcohol concentration
(all atom model and MARTINI CG model all conditions)
80000 BO000
— 60000 ﬁﬁ — B0000
] 2
:-_-,5 40000 :”i." 40000
g g
£ 20000 £ 20000
] 0
0 10 20 30 40 50 0 10 20 30 40 50
Sirmulation time [ps] Simulation time [ps]
(a) Owt% (b) 25wt%
80000 80000
.
— 60000 — 60000
g E
E E
30 40000 = 4p000
£ 20000 £ 20000
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Simulation time [ps] Simulation time [ps]
(c) 50wt% (d) 75wt%
——GROMOS =——=MARTINI condition 1 =——MARTINI condition 2
=——MARTINI condition 3 =MARTINI condition 4 =—MARTINI condition 5

Fig.4 Variation in solvent mass
(all atom model and MARTINI CG model all conditions)

3. HIEBEZEDZERIKR

ARFGEDEA 72 BAE1%, PEFC EMRAEE ORI TR %28 AT ez, B4 7 isiiis
JE - BRSO T CHLMNNCT S Z & T, BIETROFMEREICEDLMALE LT, #iEnka
A MERAE— RT v AT D Z L THDHN, RHFEOMEHHNTIE, ko k5 icefi+
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ETV ERBYLTET L COEREE DO LLEN BV CTHAEOFFBERO R O—8%2 RHET, &5
WMl 2 DFETIVRT A—Z DREFIPVLETH D Z NG hoT-. D, FEEEOWER TR
SAEOBFNTITE S 0o 7.

4. FLHLSHDEFE

ABFZETIEL, GROMOS Nz Kb 2157 /v & MARTINI Mty E7 L2 HWT,
K- )= VRBTRIRDZR Y I 2 b—a U E T, v ab—ra Y OFERN G LITF O
57
1) DFOEEIRY D72V, DT ML AR E DI/ NEL Y, o1
DEENEANT HZ ETHFET ML D ENKREL S,
Q) T O-EEIRY BHDH5E, ZSITHW DR O T )V 2 — VIRFE D ORI NEAA 7
v T ORHRZERE L, T3 —VREMEWGEEIIINEAR T~ T ORI A IR T 5 Z & C, &
JRT-ET VONERZEFERE T\ MEDSG HALD.
(3) MBI AL H T 255, AT v 7 BIIEZ TICHHAAEEET T 52 LT, K0 2E
TET TEWFERDE OIS,

SHOBELE LT, B8V 2 b—y 3 U REOUGENFIT OIS . SRIOREEZT L a—L
ELTHER LY 2 — g, FRHIEWVERMEZ G L TN D7), Z5EENE < 72 5N &
5. FElz, KIEE ) —VRATERIZOW T H =X ) — LV ERENEWIE ERRHEENE L 25D 2
LM Gurrala » (Gurrala et al., 2019) DAFZEZR EnB BB E 72> T, Al GROMOS
TP X AR T ET T KX AREETIE, TLa— VRN A3 % L ZEFHEEDS A4 A
DHER CE oo Te. ZOXIBRIEREROTFRRZBLETH L, LITD 2 ROUGERNE R
ns.
(1 FHHEROUE

AT, HHEROBETIRE LT, 7=—U » ZAIREITV, SERk LT PHRkEEZ AT,
ROV I2lb—ral~EBoTn5. LvL, BHIZFHRRAETIE, KT /v a— WImEDZE
FRHENBIUZL K R CWeTleh, ARIOFERE -T2 TRTE S, SRIOHERZUET
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*[1] H. Mikami, Shin-ichiro Wakashima, and T. Tokumasu: MD Analysis of Formation
Process of PEFC’s Catalyst Layer, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-90, p. 157.
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*[1] Chiba, K., Ishikawa, H., Oba, Y., and Obayashi, S.: Integrated Analysis of an Operating
Jet Engine with an Airframe - A First Attempt, Proceedings of the 20th International
Symposium on Advanced Fluid Information, Sendai, Japan, (2020), CRF-33, pp. 54-55.
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Study on Improvement of Washing Effect for Textile Using the Underwater Explosion
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x1 BEFTAER

X [mm] | L* (BAEE) | a* () | b* () | C* (EE) | h(fafHA)
30 78.8 1.1 8.8 8.9 1.4 .
40 775 1.2 8.9 9.0 14 U
50 76.9 1.4 95 9.6 1.4

L*a*b*%ﬁ?fz
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FEAERZ7R9. No. 1 TG, 1BIARRY ANEAEEIZ 72 0 IEE-EN0.2-8), No.8 T
SRR T A INENEIVRKIF T 5. T DRIERAERRT APNEDAEIT /0D Z & T
F2(No. 8-14), No. 14 TKJiLY = v bBFAET L. TDT%, No. 14 IR, 1BEFAERT AILT
FFITREE U723 & iEEERE & 72 5. X=30mm TlE No.15 THREIZH A/ NT /LN L
THIZRIGERERENo. 15-) & 72 5. X =40mm Tl No.15 THiFZE®E L 72V, No.18 THi
FHEIAE UIRIGEREFL & 72 5. X=50mm TlZ No.15 CHAZRIHEERENo. 15-20) & 72
%. No.21 TKIiEY = b3RAEL, MAFREISET D, Kb RICBWCHFRmICEL
LRI Y = v MIEFE Y, RIS IFEAE L. E AR 2 @i 5 7Kt
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[1] K. Kitagawa and A. Abe: The behavior of micro explosive charge underwater explosion

near a rigid wall near a rigid wall, Progress in Scale Modeling, an International Journal,
Vol. 1, No. 1, (2020), 5 (6 pages).
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*[2] K. Kitagawa, H. Ueda, K. Ohtani, Y. Konishi: Study on Improvement of Washing Effect
for Textile Using the Underwater Explosion Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-26, pp. 42-43.
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FER S D Z & C, EIC paracellular B OIME FIEMENE L HIR S TR Y, #BRE 1L
JVCRIRIREINTFY)TH, ERRITIERRICmD e WER & 72D, ZOZ LI, B
BRI D IREERBIR O R EZZE L FIF TV FERNDO—>TH 5. 2T, ot k
BBB Ziatt: (AT THIOKEILAE BIEL T, ZNETIZEZL DAL AR F v —13
SOBURHE7S ) B/ EBRE OEEZRR invitro SR B AR TX 7. LavL, KRe
L O RO BT E3 > T, ZOERO—> & LT, HEROIMEMNEMID kot
BEARIATCIL,  invivo ORIV INREE &2 0TS L 72N 2 E BT HIvd. & 2 TARIIZET
1%, ~vA 7t A XOFHENTE SO BBB OFSHEZ FFELT 2 —IRITOMy MM 2 8 2 A%
THZEEHME L. ZORYMEACE ST, PHRIEMASKD BBB Hiattas 27 J—=1
T DHYVAT DT D2 E I END.

2. HERROAR

AMFFETIL, BERE « JIFRIRIL - L5890 3 -DDKFOfilfH1AS rTRe7R A AT
v 7 (K1A) #HWT, ZOWED~A 7 vt A XOFEHNTE 0 BBB DI¥EEEHT 5
SIRTCOBY KM ENTERR SN DMEFEZ U TV A A TBI L2, & 512, MRS 2R
TR AR 2 VY, 23D DS A DR A8 i 28T T VAR LU=, iR
BEFAFERT OA G —HEEAZ DU E LT B T~ 7%, [EERACREEL TIHS, 55k
HEE AT T T o, AR & 13, A v F—Fy s, 2 RO i4E
ZBUT, 57 — % Oiama TV, A X >7-. Sf244 A~Sf34E3 Al
(C35Y (hB=XINISANTIE i v el AN G O N fabs N B el
Dk |k BBB fifig T~ 7OfEEE : b MK ENEHIFI(HBMVEC), & R 7 2 ha1 ~HA),
KOt MMILAE LY Yo MHBVP)ZIEA LT, 1A ITRT~A 7 0ifihkT /A 2D 7 47
U U NVATRISPNICFEFR L Z D 1-2 B IZHBMVEC % AT ¢ 7 ISPNICHERR L 7=, = D14 7-10
AR T 5 2 LT, =Rtk &% 2ak & 87-. DyLight 594 H#tAEskL 7 T %
AT 4 TIEEPIZIEA L, HERL—F—BEEEZ O TF A ANOESEZ i L7RER,
TERL S A7~ AR NBEZ I > CHEEHINT L 7 F o ORI S, = IRTRESEEIC X
> TEPESEOERS RSNz (X 1B). X512, FITC #GiE:#T % A k7 1(40kDa) & Y
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v, BEREAISEDMRRES 1172 BBB #HIR DML TUAFEEORBE L 5.
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t o BBB OFEREAFFIT 5 3 YOt INIMIERED 7 1 k2 A Tt LTz, 513,
b RGN O BEE U 72U NS &, Ty TINICERE LT IR PN BRI s 1) 2 8 s
RO OZ R BRET 0 7 7 A VA RN 5 2 LT, ME L=tk k
UMMM AEHED 1n vivo BBB B ZSWTRHE L TO S IER D 5.
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M. Sato, Y. Sakamaki, M. Inagaki, K. Funamoto, M. Tachikawa: 3D Human Blood-Brain
Barrier Chip for Central Nervous System Drug Development, Proceedings of the
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Twentieth International Symposium on Advanced Fluid Information (AFI-2020), Sendai,
(2020), CRF-11, p. 18, A FA1 .

(2] S)INERE : &7 e 7 A4 7 ACHEE B3 MBI - ik < HIEREM, 55 39 [l A AREE
FEFE RS, (2020), 4R,

[3] SZJIIER : Role of the blood-arachnoid barrier transport system as a brain clearance
system (N7 VT 7 AL AT AL L CoOMmiEL bIEEEM#ERERO%E]), 4 43 [BIHA
MR RS, (2020), M, Ao T1 .

(4] FEbedg, (E¥PE50HE, REPEUY, BEFE, JINEE : b MEEHETaE BeWo fifaH sk
T2 VY —ADt MEENEHIROCMECD3) ~DONTEL, AARMEZERE 141 F5,
(2021), Rk, 29V07-am07, A7 A .
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On the Multi Dynamic Mode Analysis of Flow-Induced Noise from an Elastic Bodies
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YRR AE & LT <7, BATIE Taneda OWFZEN LB TWS. IO =
O OWFFE TITIEDPRAIEH I T2 0 & DJENEEL, 13720 E DERE R E O FEARR 72 IF BT~
.

HEZ B9 DRI AR el (A SR R T h 5 — 5, Zo®%bEEIThbhi. =
VB DIFFEZ DN T Yu HD Review i Sl L < FEH BTN S, HETH U L IREIOFEH
IERE L 3DITKRBISH, BHEOETRAET S ARMER), ALK 2 TiiE S
T XA CRAT 2 B CHIERE), L~ g7 & OR8N 2 8 S8 D WA TRIC R
B SN HECAE U 2 HIREI N R bs. IHEIZ O X ) R CAEL D REE =S U— -
INTRRAT o U TRABEN - IRGIREICRI T 2003 % < AThihvTnd. ZOBHE LT,
FRERIEEN I ) 2 b7 =8,  EEO TR 22500 Ik 2 2 N IS <
FHTEH-HEEZHNTND.

Z DL H T T H BT 2AFZEn R TIL < AT T b —F, SEOHRE) & R4
HEDOBRIZ OV TITELS ARSI TR, F 2 TARIZE T, HEOHRE) & F84 350,
BIO, BEOBFEOEEOFHHZITY, T b OEMRIZ W TR,

LSBT Lo ~HEZ R, RO ST ORE X1 410 mm, #EIX 300 mm, Z
BT 1 g THhD. £, KRS EOERELOWE Ms 13 0.18 THY, Double—neck mode &
MEXNAIRENE— R AET D LTRSS, ZOEEH 2, 3IRT X D IZJER DK &
H U DICERE U, BEOZIE &34 OB ZT~T-. F70, OB OEE AR OFHIIZ PIV
IZEDITo7z, BRI 2, X3 IR T XD IEAR X L e s U7e. FEBRIEDRE
AT EER ORI EEIET 5. EBRTEOGEIC OV TR 1] Z S S 0.

4 TP L2330 m/s DDA E OFHHIFE RO A TR R 2~ 3. I 2
(2R L7z Microphone 1 & 2 OFHARER AR S OFHAKER L OR Lz, K4 ko, JE
TRAET DFEFIXHEE S ANAnb S fEAEEZ T LD Z bbb, £, ZOM#ET
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1360 Hz OFHEIR S AE L TWND Z Enbnd.

X5 \THEDES 1 ZZW LT Ms & 0.18, 0.26, 0.60 & L, (L% 20, 25, 30 m/s & L7=
BAICRET DHIRNEOFEE £ 273, 22T, £ 814 R X O ICEHIRRE o R
BTG R BUN D RS2 B OB a2 R 3. M5 K0, WIhno Ms iZBWTE I3k
WITHIELEBI L TS Z E3bmd. UL, HIF Ms \ITERFEL TR LTEBY, Ms /NS
W, TRDOBEOES INRWE VNS D 2 eRNbnb. 0B, % U.& 1 THRIE
b U= ST LB St 1Z Ms = 0.18, 0.26, 0.60 TITWFHOFESECBWTEHFh
F10.82, 0.45, 0.23 L72-o7-.

6 ZHEDRE S 1 L JES t #fa 250 LT Ms % 0. 18, 0. 26, 0.36, 0.45, 0.54, 0.60, 0.80
& LSBT AT B iSO R STEI S St 2. StiX £,% U.& 1 TERITE LS
DTHD. K6 LV, StidMs DEIMT O T T BN H DD, Us BREL 8D, T
bbb, EOESHNEL 25, b LLIL, ORI DHIAOE S L CTHAICEL 725
(Zoh, Stix—EHICr-S<EmZRYT. Zhut, U EROESEZELS, HHVNE, T
DEIZEL LTHHEOIEEIT— RO LN 2 2R LTS, ZHVETOMIEIZLY
Ms730.7T ZHBZ D E St80.23 L7252 EAVRENTEY, ABFFEOFRERL 2N OFEFR &
FIE L7280,

712 2= 01231 DIEDOZNL ORI O ZZBITREE (RMS E) D DFHAFER 2T 72,
X 8 |\ ZITHED FWATLED Do DI3ATZ 77T, WX ORI AT 2 FEI R D= H D
& £ DR HORRIEESEH L2 b o R Lz, XL, WIhosHiERICBOT
HIED TS TSRS AT T Dus IFIRE L 725 TS, LML, D DECR ET2 DAL
BIXHECERNDH Y, £ OFREEORREEN) R L2 b 00N L0 Ptk s
IRDNENFAE LTZ. ZiUudT72bbh, ECRATHEOFIMBEO FiimT chdZ &%
FLTBY, DuNRREBRDMNEEIT LN EERLTND. 2, K8 X, fE
D FPESRD A2 I RALE T £, ORI T 2 REZEEN K E <o TEY, ZoD
NEDIEOFAEITHELS b TVD EEZBID, SHIZ, X7, X8 OfEREHEZD L,
QIR TEIIT M = 0.18 DIETIZ 1 node mode & 2 nodes mode DFITEIND
Double—nech-mode DIEFNE L TNAEEDEEZ HILA.

10, X 11 (OGO (D), FEE S0 () OEE AT A2 779 i IR
5343 CTd Y, Microphone 1 TEHAIL 7= £ DI DO E DEENRKR E R DO LD THS.
78, e~ A T aky L ORBHIIES X FEOFHAK R & RO F IR RT3
U570, e ~A 7 vk b Ol L FHIZ DS X FEOFHHIRZIOMIEEZTT > 7. X 10,
X 11 k0, KREREDRE L TODIRHIITEOZ I TEE S AEE D IE & A ORI D
PRENE (BHOLE, v = O LT ERE FTHICKRBIZW S E 72> TEY, Z0
HERJERE)S £ DS —F L=, £7-, 25 OFEROBFOEE L ROEED 0. 7-0. 8
EREETHLZENHALMNE o7, 2LV, M = 0.18 OBEEDOFEFITH L~ EF
(HEL U= R EOIFEIC L D bbb S Cnbd o BEx6n5. 2B, FRIUESD
HEA WIS, M3 KE < 1 node mode =¥ Single—neck & 725 7= 133849 5 EH
&<, X 10, K11 IR SN TEES AR IE & ADOEROZEM A 7r— NP/ NEL 725 T
WAHZ ERHBNE 25T, Z D72, EOIEEFE— K2Y Double—neck-mode &72% Z & C
RIS D ZE A 7 — VOMIEOABRE N L, FAET HHFENRKE 725 ATREMEAVR
X7,
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[1] R. Nishikawa, O. Terashima, Y. Konishi and M. Okuno, Noise Generation of Fluttering
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ABZEZ LD PRENDHRT, THRBLITIE, BRatk D A ST 5 H 05!
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ETEEIREN O T « K - NS ERRTE 2. FANAIBLR TIE, TR DT & 2 i
R L TR BB LV AT D EORMEZ A TE 2 RICER VDD, ZThET, &
TP EN TSI TTIR L (AT 560, BN &5 ICENRA~ L
H52% (E-TETH) HE70 EORFHTON T D, HHAICESE - THRH 5550
BENATONTE LT, ZORDD GAWELAMES S5 L EX 515,

AEERLNI IR, FROTEINDERD 5 b, O AHET DK
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Flag in a Free Stream, J. Fluid Sci. & Tech., Vol. 16, No. 1, (2021), JFST0005, doi:
10.1299/jfst.2021j£st0005.
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Pages).
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SRR SUEE, (2021), Paper No. D024 (2 Pages).
*[4] M. Okuno, R. Nishikawa, O. Terashima and Y. Konishi: Relation between flow-induced
vibration and noise generation of a fluttering flag in a free stream, Proceedings of the

Twentieth International Symposium on Advanced Fluid Information, Sendai, (2020),
CRF-42, pp. 71-72.
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Project code J201097

Classification General collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 2nd year

Evaluation of Natural Convection Flow under Spatiotemporally Variable Thermal Condition

Atsuki Komiya*t, Nicholas Williamson**{¥
Junhao Ke** Linjing Zhou**, Steve Armfield**
* Institute of Fluid Science, Tohoku University
** School of Aerospace, Mechatronic Engineering, The University of Sydney
tApplicant, ¥TNon-IFS responsible member

1. Purpose of the project

In this study, we focus on a temporally evolving natural convection boundary layer
(NCBL) adjacent to a vertical isothermal wall (Prandtl number: Pr = 0.71). This
study aims to lay the foundations for future improvements in energy technology by
improving our ability to predict and control the behavior of vertical NCBLs. For the
first time, we examine this convective flow, using a large scale direct numerical
simulation, in the transitional and fully turbulent flow at very high Rayleigh number
regimes to obtain a detailed understanding of the flow structure of very high
Rayleigh number NCBLs.

2. Details of program implement

The present study concerns a temporally developing parallel natural convection
boundary layer with Prandtl number Pr= 0.71 over an isothermally heated vertical
plate. Three-dimensional direct numerical simulations (DNS) with different initial
conditions were carried out to investigate the turbulent statistical profiles of mean
velocity and temperature up to Gr= 7.7 X 107, where Gris the Grashof number. By
virtue of DNS, we have identified a constant heat flux layer and a constant forcing
layer in the near-wall region.In the present study, we have employed two DNS
(DNS-A and DNS-B) to ensure that the fully turbulent regime of the NCBL is
independent of initialization. The different initializations of the spanwise
perturbation lead to different laminar—turbulent transition pathways for the NCBL,
as demonstrated by Fig.1. In DNS-A, the nonlinear interactions between the larger
amplitude spanwise modes and the streamwise modes lead to an earlier
three-dimensional transition, and the transition behavior, shown in Fig.1 (a—d), is
similar to the data reported in literatures; whereas in DNS-B, the smaller initial
background amplitude delays the transition so that the nonlinear interaction where
energy is transferred between streamwise and spanwise modes occurs at a much
higher Gr or time t than in DNS-A. In DNS-B, the accumulated momentum in the
laminar regime undergoes transition via the ejection of the sprout-like convective
rolls with the most unstable streamwise mode, as shown in Fig.1 (e, f). The detached
convective rolls then begin to break into smaller scale structures, as depicted in Fig.1
(2), and finally attain the turbulent regime shown in Fig.1 (h). We conjecture that
DNS-A represents a more ‘natural transition’ because of its similarity to previous
experimental studies and that DNS-B as an example of a flow which undergoes a
substantially different transition pathway. Nevertheless, despite the weakly
three-dimensional transition for DNS-B, the velocity and temperature profiles
proposed here are initial condition independent once the wall shear and wall heat
flux are identified.
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Figure 1 : Visualization of the midspan temperature field for the laminar—turbulent
transition of DNS-A (a—d) and DNS-B (e-h).

3. Achievements

In the present study, the law of the wall has been investigated for the mean
temperature and velocity profiles of a parallel temporally developing NCBLs. The
dependence of the turbulent statistics on the initial conditions are also investigated
using two DNS. Although the two DNS undergo different laminar—turbulent
transition mechanisms, they still share the same Gr scaling relationship. Based on
the DNS data, we have identified a constant flux layer in the near-wall region,
similar to the observations in spatially developing NCBLs in literature.

4. Summaries and future plans
In this year, we performed numerical simulations and investigated the NCBLs
structure. The ongoing analysis on the outer region of the turbulent boundary layer
will be focused on as future plan.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

a temporally evolving vertical natural convection boundary layer, J. Fluid Mech.,
902 (2020), A31, doi: 10.1017/jfm.2020.621.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Unsteady Natural Convection Boundary Layer, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-83,
pp. 143-144.
3) Patent, award, press release etc.
Not applicable.
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[1] M. Fujiwara, H. Tomizaki, S. Hasegawa, K, Ohtani and K. Makihara: Damage
Assessment for Electrodynamic Tape Tether Against Space Debris Impact,
Transactions of JSASS, Aerospace Technology Japan, 19 (2021), pp. 34-41, doi
10.2322/tastj.19.34.

*[2] H. Tomizaki, R. Kobayashi, M. Suzuki, N. Karasawa, S. Hasegawa and K. Makihara:
Assessment of Space Debris Collisions Against Spacecraft with Deorbit Devices,
Advances in Space Research, 67 (2021), pp. 1526-1534, doi: 10.1016/j.asr.2020.12.018.
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*[3] H. Tomizaki, R. Kobavashi, M. Suzuki, N. Karasawa, K. Ohtani and K. Makihara:
Damage Assessment for Twisted Tape Tether on Space Debris, Proceedings of the
Twentieth International Symposium on Advanced Fluid Information, Sendai, (2020),
CRF-25, pp. 40-41.
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Project code J201100

Classification General collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 2nd year

Application of Core-Based Inversion to Reconstruct Stress Field
in an Underground Geoscience Laboratory

Takatoshi Ito*t, Xiaodong Ma**++, Yusuke Mukuhira*
*Institute of Fluid Science, Tohoku University
**Department of Earth Sciences, ETH Ziirich

TApplicant, Tfnon-IFS responsible member

Purpose of the project

We have developed the novel in-situ stress estimation method called diametrical core
deformation analysis (DCDA) by measuring the asymmetric variation of rock core
diameter which cut out from at the study depth. In a laboratory experiment and
several field case studies, DCDA showed reasonable performance to demonstrate its
validity. Then, we are expanding the DCDA application not only to estimate the
differential stress but also to estimate the magnitude of each horizontal stresses.
However, we need more application validation of the DCDA method to the rock core
from greater depth where rock is subject to significant differential stress. The
acquisition of rock core from greater depth is not easy due to the cost and difficulty
of core-drilling. So, the application of the DCDA method to real field scale has been
limited due to difficulty to access the core from greater depth.

So we need to apply DCDA to more field applications to demonstrate its validity and
feasibility, by comparison, the result from other methods. We have started the
collaboration with the project Deep Underground Geoscience Laboratory (DUGLab)
in the Swiss central Alps, which is operated by ETH Zurich and the Swiss competence
center for energy research - supply of energy (SCCER-SoE). Multidisciplinary
measurement, experiment, and study are planned in this project for mainly
geothermal and also for better understanding of induced seismicity associated with
fluid injection. Application of DCDA to the rock core samples from this project will
provide stress profile along the borehole and the heterogeneity of the differential
stress. So, another objective is to contributing DUGLab by providing the in situ stress
estimation with the DCDA method and to contribute a comprehensive understanding
of the stress field around the Bedretto underground laboratory.

Details of program implement

We applied DCDA method to the core sample from DUGLab project. We measured
the core diameters of rock core samples at several different points along the core. We
measured the asymmetric variation of core diameter with specially designed
apparatus which is equipped in our lab. From the measured data, we can determine
diameter difference and orientation of the maximum stress in the plane normal to
the borehole axis.

Fig. 1 shows one example of estimates of maximum orientation of maximum stress
along the core (top figure) and the one of the core sample from DUGLab (bottom
figure). The result shows the orientation of maximum systematically varies with the
measurement location along the core long-axis. This variation can be seen only in
one of three core samples we measured. This observation could be artifacts from the
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drilling or core retrieved process since the DCDA method is highly influenced by the
quality of the core. Currently, we are working on the interpretation of this variation
by referring the drilling log and other geophysical data.
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Figure 1 : One example of the result of DCDA measurement on rock core samples from
DUGLab. Upper column shows the core diameter measurement results and lower
column shows the measured orientation of maximum stress.

3. Achievements
We completed more measurements on the rock core samples from DUGLab. The
results of the measurements leads the in-situ stress model in study field and
heterogeneity in orientation of stress. In addition, some of the rock core samples
accompanies the artifact which is probably oscillation of drilling bit.

4. Summaries and future plans
We have applied DCDA method to the core retrieved from greater depth at DUGLab.
The results of measurement show meaningful result which encourage further
measurement of core with DCDA method. We will compile all of the measurements
results of DCDA method and combined with other measurement results obtained
from other measurement to model in-situ model for entire study field.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral
(included international conference without peer review)

presentation etc.

Rock Core Samples from Underground Geoscience Laboratory, Proceedings of the
Twentieth International Symposium on Advanced Fluid Information, Sendai, (2020),
CRF-70, p. 122.
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3) Patent, award, press release etc.

(Patent)
Not applicable.

(Award)
Not applicable.

(Press release)
Not applicable.

(External grant)
Our proposal about this collaboration to Bridging Grants with China, Japan, South
Korea and the ASEAN region 2020 has been accepted by ETH (the total grant sum
of CHF 25000.00).
(Project number: BG 07-072020, “Integrated in situ & ex situ stress measurements
at the Bedretto Lab - opportunities for geothermal reservoir developments”).
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Project code J201101

Classification General collaborative research

Subject area Multi-scale mobility for humans and materials
Research period | April 2020 ~ March 2021

Project status 2nd year

Multifunctional Hybrid Filaments Comprising Aligned Nanocellulose and Carbon
Nanotubes Synthesized by a Field-Assisted Flow Focusing Method

Anthony B. Dichiara*f, Hidemasa Takana**¥+
*Bioresource Science & Engineering, University of Washington
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

1. Purpose of the project
This project aims to control the nanostructure of macroscale filaments by combining
the hydrodynamic orientation and electric-field alignment of cellulose nanofibrils
and single-wall carbon nanotubes for multifunctional sensing applications.

2. Details of program implement

Due to COVID-19 restrictions, there has not been any travel or in-person meetings
between the research team and the annual ICFD conference was attended remotely.
To move the project forward, Zoom meetings were organized on a monthly basis and
specific tasks were assigned to the different members, with the Japanese team
focusing on sample preparation and the US team in charge of sample
characterization and testing. Cellulose nanofibrils (CNFs) and single-wall carbon
nanotubes (SWCNT) with specific characteristics were prepared at the University of
Washington (UW) and shipped to Tohoku University, where they were used to
produce filament nanocomposites based on the procedure established by Heather G.
Wise, a UW PhD student, during the first year of the project. As-prepared filaments
were then shipped back to the UW for further analysis of their structural, electrical
and sensing properties, while mechanical testing was conducted at Tohoku
University. The research outcomes were presented at the virtual ICFD symposium.

3. Achievements

Nanocellulose filaments with up to 50 wt% SWCNTs were produced with and without
application of an external electric field (100 V). Electron microscopy revealed
exceedingly small SWCNT bundles evenly distributed throughout the entire filament
surface. When the electric field was applied, an obvious SWCNT alignment was
observed in the longitudinal direction. The preferred SWCNT orientation increased
the UTS, strain-to-failure and toughness of the filament nanocomposites by 31, 47
and 51 %, respectively compared to randomly aligned materials. Noteworthy, the
tensile strength of the nanocellulose composites with high SWCNT content (G.e. 50
wt%) reached unprecedented values above 330 MPa. The applied electric field also
induced a 26 % increase in the electrical conductivity of the filaments due to the
formation of a percolated network through end to end junctions between aligned
SWNTs. The filament nanocomposites exhibited excellent sensing performance
toward liquid water, which can be attributed to its reversible swelling behavior in the
presence of water molecules.
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4. Summaries and future plans

In summary, this project reports, for the first time, the continuous production of
strong nanocellulose filaments comprising large quantities of highly-oriented
SWCNTs. The nanoparticle characteristics were tailored to improve interfacial
interactions between CNFs and SWCNTs during filament processing, which yielded
remarkable mechanical properties and resistive sensing performance. The project
members are is currently preparing a manuscript to summarize the research
outcomes, which we anticipate to submit to ACS Nano or RSC Materials Horizon by
the end of summer 2021. In addition, Prof. Takana has been invited to serve as a
committee member for PhD defense of Heather G. Wise, which will take place
remotely at the end of May 2021. Another UW PhD student, Dylan Edmundson, is
currently being trained on nanocellulose synthesis and filament characterization to
ensure a smooth transition for the rest of the project. The third year of the project
will explore the potential of filament nanocomposites as energy generators based on a
transpiration driven electrokinetic mechanism. With these advances, the Pls will be
in a good position to pursue external funding opportunities. The Pls also plan to
foster student exchange between their institutions through the development of an
educational summer program.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)

[1] H._G. Wise, H. Takana, F. Ohuchi, A. B. Dichiara: Field-Assisted Alignment of
Cellulose Nanofibrils in a Continuous Flow-Focusing System, ACS Applied
Materials & Interfaces, Vol. 12, No. 25, (2020), pp. 28568-28575.

2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)

[2] H. Wise, H. Takana and A. Dichiara: Aligned Conductive Composite Filaments
using Field Assisted Flow Focusing System, Proceedings of the 17th International
Conference on Flow Dynamics, Sendai, online, (2020), OS5-13, pp. 227-228.

*[3] A. Dichiara, H. Wise and H. Takana: Multifunctional hybrid filaments comprising
aligned nanocellulose and carbon nanotubes synthesized by a field-assisted flow
focusing method, Proceedings of the 20th International Symposium on Advanced
Fluid Information, Sendai, online, (2020), CRF-81, p. 140.

3) Patent, award, press release etc.

(Patent)

Not applicable.

(Award)

Not applicable.

(Press release)

Invited journal cover in ACS Applied Materials & Interfaces, Vol. 12, No. 25,
(2020).

Press release from Tohoku University, [Z0O#HEM L n—2F ) 7 7 A N—%]F
BEE U285 L b — X BUHERIRYE 2 B3 —&E Y & WA I 2 ke B (v il 4
TE AT EI—] , Oct. 5th, 2020.

AAREIBE R, [Hidbk, Ere—2F ) 77 A =%k Lo —2R
HhHME O misR e - S ki pkH] |, Oct. 5th, 2020.

H#% XTECH, &S & iy © CNF 2551 Lo — A ff#EDORE S CAMES M L,
Oct. 13th, 2020.
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Project code J201102

Classification General collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 3rd year

Interferometric Measurement of Temperature Fields in Turbulent Flows

Juan F. Torres*t, Atsuki Komiya**{¥
*College of Engineering and Computer Science,
The Australian National University
**Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

1. Purpose of the project

In the 3rd year, the project focused on reporting improvements of the optical and
applications simulations measurements of heat and fluid flow (one journal paper
published in Physical Review Applied). The phase-shifting interferometry technique
was examined using different phase-shifting algorithms and applied to natural
convection in a cavity. Two additional applications of interferometry were explored
in-depth: investigation of mass transfer control through macroisopore membranes
(journal paper under preparation; one published conference paper), and investigation of
thermal boundary layer control by an impinging jet (journal paper under review in
Physical Review Fluids, another journal paper under preparation; one published
proceedings paper).

2. Details of program implementation

The simultaneous phase-shifting and PIV technique developed in the 1st and 2nd year
of the project were published in Physical Review Applied in the context of measuring
Rayleigh—Bénard convection in a cubical cavity to investigate flow transition. The main
results are shown in Fig. 1.

Figure 1: Characterization of Rayleigh—Bénard convection in a cubical cavity using the
proposed optical technique. (a) Temperature field on the xy plane averaged along
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the z direction; overlapped with the xy velocity profile on the plane Z=7.5 mm.
(b) Empirical bifurcation diagram using the x component of the velocity at (x,y) =
(7.5,7.5) mm (left axis) and the temperature value at (x,5) = (1,9) mm as a
function of Ra, which is linearly dependent on the temperature difference A7’
The error bars for velocity correspond to the standard deviation of ten
consecutive PIV measurements (with a time interval of 0.2 s), whilst the error
bars for temperature correspond to a 3.0% of A7 experimental error accounting
for PSI precision plus the standard deviation in the boundary temperature
during the PID control.

This phase-shifting technique was also applied to investigate the mass transport
through membranes having different isopore size. The diffusion field and mass flux as a
function of time are shown in Fig. 2. The macro-isopore-membrane not only sets the
mass flux through the membrane, but it also makes it quasi-steady, which is a
requirement in many bio-technology applications including drug release. We are
currently preparing a journal paper on this topic.

Figure 2: Experimental evidence of controllability using a macroisopore membrane. (a)
Visualization of mass diffusion field above macroisopore membranes with
different pore size. (b) Measured transient mass flux at 500 pm above the
membrane and comparison with uncontrolled theoretical mass flux. The
stability of the mass flux, in comparison to free diffusion, was achieved with the
macroisopore membrane, while the pore size determined the mass flux.

Interferometry, in conjunction with large eddy simulations (LES), was also utilized to
investigate resonance-driven heat transfer enhancement in a natural convection
thermal boundary layer developing along a vertical isothermal plate. The concept of the
work as well as the main findings are shown in Fig. 3 (currently under review in
Physical Review Fluids). The optical setup was used to visualize the thermal boundary
layer in the steady state region (Z1) and region where transition from laminar to
turbulence occurred (Z2). Another journal paper is currently under preparation
detailing the effect of changing the impinging region of the jet, as well as the effect on
extremely large Raj.
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Figure 3: Heat transfer enhancement of natural convection (Ra, < 1.7 5 x 109 by an
impinging planar jet (Re < 400). (a) Schematic of the physical problem,
consisting of natural convection from an isothermal vertical wall on which the
jet impinges near the leading edge. The inset focuses on the impinging region
where the unbalanced forces of buoyancy and momentum can cause flow
instability. (b) Nuy as a function of Ra, for natural convection and three jet Re.
(c) Dependence of heat transfer enhancement E on Re in two regions: Zone 1 (Z1)
for Ray < 2.66 x 108, and Zone 2 (Z2) for Ray = 2.66 x 108 to 1.75 x 10% Zone 3 (Z3)
comprises both zones. The large E at moderate Re and its associated cause
(resonance) is the main focus of this study. The colorbar shows the RMS velocity
probed at y= 700 mm.

3. Achievements

e Completed one jointly supervised undergraduate thesis (ANU Honours).

e Completed two jointly supervised Tohoku University Master’s theses.

e Produced two journal papers: one published (PRApplied) and one under review
(PRFluids).

e Produced enough scientific results for two additional journal papers. To be
submitted in 2021

e Produced four joint conference papers: two in ICFD and two in Japanese
Mechanical Society Conference.

4. Summaries and future plans

In summary, we have developed the optical technique and applied it to three physical
settings: Rayleigh-Bénard convection in a cubical cavity (one paper published), heat
transfer control by flow resonance in a thermal convection boundary layer by an
impinging jet (under paper review and another under preparation), and mass transfer
control through membranes (under preparation). Concerning future plans, we will
prepare and submit shortly the paper that is pending. We have also recently commenced
a joint project (funded by the Foundation for Australia-Japan Studies) on solar-driven
desalination, jointly supervising a PhD based at ANU. We expect to strengthen future
collaborations based on that topic, leveraging the optical setup supported by this
Collaborative Project.

5. Research results
1) Journal
[1] J.F. Torres, Y. Zhao, S. Xu, Z. Li and A. Komiya: Optical Method for Simultaneous

High-Resolution Measurement of Heat and Fluid Flow: The Case of
Rayleigh-Bénard Convection, Physical Review Applied, Vol. 14, No. 5, (2020),
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2)
3]

*[5]

3)

[1]
[2]

3]

054038.
Driven Heat Transfer Enhancement in a Natural Convection Boundary Layer
Perturbed by a Moderate Impinging Jet, Physical Review Fluids, under review
(submitted in December 2020).
International and domestic conferences, meeting, oral presentation etc
to control protein mass diffusion by micro pores, Proceedings of Thermal
Engineering Conference 2020, The Japan Society of Mechanical FEngineering,
(2020), F125, (in Japanese).
Control in High Rayleigh Number Natural Convection by Impinging Flow,
Proceedings of Thermal Engineering Conference 2020, The Japan Society of
Mechanical Engineering, (2020), E213, (in Japanese).
bifurcation in laminar Rayleigh-Bénard convection with combined PSI and PIV,
Proceedings of the 20th International Symposium on Advanced Fluid Information,
Sendai, (2020), CRF-85, pp.147-148.
Patterning in Separated Plate on Protein Hindered Diffusion Phenomena,
Proceedings of the 20th International Symposium on Advanced Fluid Information,
Sendai, (2020), 0S20-9, pp. 194-195.
Patent, award, press release etc.
(Patent)
Not applicable.
(Award)
Not applicable.
(Press release)
Not applicable.
(Thesis)
Shuqi Xu: “Visualisation of Natural Convection in a Cubical Cavity”’, ANU
Honours Thesis (2020).
Naoto Ogasawara: “Thermal boundary layer control over a wide range of Rayleigh
number natural convection by impinging flow”, Tohoku University Master’s
Thesis (2020).
Ryo Watanabe: “A Study of Spatial Diffusion Control Using Micro-Pore”, Tohoku
University Master’s Thesis (2020).
(Grant & press release)
Foundation for Australia Japan Studies (FAJS), Contributing to Global
Freshwater Security with Novel Solar-driven Desalination Methods, Dr Juan
Felipe Torres (ANU) and Prof Atsuki Komiya (Tohoku University) lead the project
to develop a scalable desalination method based on a solar-driven, low-energy
technique using thermophoresis to achieve a 95 per cent salinity reduction in
seawater.
AUD $132,000. Press release: https://www.fajs.org/2020-grant-awardees
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Data-Driven Modeling of Flow in Complex Structures

Anna Suzuki*f, James Minto**§¥
*Institute of Fluid Science, Tohoku University
** Civil and Environmental Engineering, University of Strathclyde
TApplicant, Tfnon-IFS responsible member

1. Purpose of the project

For energy resource development (for example, geothermal energy) in underground,
it is necessary to understand the fluid flow flowing through rock fractures based on
measurable data. If the relationship between "structure" and "flow" is quantified and
formulated, we can develop energy resources properly. In this research, we will carry
out a structure-controlled flow experiment and numerical simulation using a 3D printer.
We prepare multiple crack network patterns and calculate their flow, mass transfer, and
heat transfer phenomena by two types of numerical simulations. One is OpenFOAM,
which performs a direct simulation, and the other is TOUGHZ2, a fluid, mass and heat
transfer simulator for multi-phase porous materials. Using the obtained numerical
calculation results as learning data, a relationship between a complicated structure and
flow phenomena is formulated by a data-driven approach based on machine learning.

2. Details of program implement

We will prepare a large number of highly reliable learning data by a
structure-controlling flow experiment and numerical simulation using a 3D printer.
Then, 3D complex crack network is quantified by topological data analysis. By using the
flow data and structure data, we will proposal of a data-driven model for understanding
the relationship between geometric structure and measured data (concentration change
and temperature response).
The research tasks are as follows:
(1) Structural control type flow experiment and numerical simulation using 3D printer

Crack structure design and sample creation

Acquisition of benchmark of concentration change and heat transfer response by
experiment

Collect learning data by numerical simulation
(2) Quantification of complex crack structure by persistent homology

Evaluation of 3D crack network model

Comparison with other analysis methods
(3) Development of a data-driven model for the relationship between complex crack
structure and measurement data

Selection of learning model for machine learning (SVM, CNN, etc.)

Model construction
(4) Physical semantics of complex mathematical model parameters

Elucidation of the relationship between model parameters and structure
Dr. Minto has been helping to develop the simulation environment in IFS
supercomputing system since 2019. Now we can run simulation with complex fracture
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networks.

3. Achievements

(1) Structural control type flow experiment and numerical simulation using 3D printer
We generated synthetic fracture structure by using OpenSCAD and run transport
simulation by OpenFOAM in the supercompyting system. Figure 1 show the results of
tracer response for the simple fracture. When increasing in fracture aperture, the peaks
of tracer response appear slowly. Figure 2 show the effect of number of flow paths on
tracer reponses. When increasing in the number of fractures, the peaks of tracer
response appear slowly. These results suggest that tracer response reflect the fracture
structure and would be useful to estimate the structures.

Figure 1 : Effect of fracture aperture on tracer response data.

Figure 2 : Effect of number of flow paths on tracer response data.

4. Summaries and future plans

The accuracy of the machine learning model depends on the ability to prepare a large
number of reliable learning data. Flow experiments using a 3D printer that can control
the crack structure provide benchmark results to compare with numerical simulation,
which can ensure the accuracy of dataset. By using a supercomputer system, a large
amount of data can be generated, and learning data for learning by ML can be secured.
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Guiding this relationship between data-driven flow and structure will be a new
approach in the field of data science as well.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Proceedings of the 20th International Symposium on Advanced Fluid Information,
Sendai, Online, (2020), CRF-43, pp. 73-74.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Multidimensional Aerodynamic—Flight Simulation for Mars Airplane Balloon Experiment and
Investigation of Its Flight Characteristics by Aerodynamic Control Optimization
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*[1] Kanazaki, M., Kittaka, K., Fujita, K., and Nagai, H.: Efficient Flight Simulation of
MABE-2 Toward Global Trajectory Optimization, Proceedings of the 20th International
Symposium on Advanced Fluid Information (AFI-2020), Sendai, Miyagi, Japan, (2020),
CRF-56, pp. 99-100.
(2] HEEN, BMIPHEE, BRESE, AHAB  RRERBREOZ ) T Iab—va Ui
o3 < KIAIAAT » 22 D D Freif b, 1D07, 25 64 [MIFH R - Hiiia# 2, Virtual, (2020).
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Optical Characterization of lonic Liquid upon Its Absorption of Carbon Dioxide Gas
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RRERVAVV NV NE=Y 7 S S 22
THEE, THITRISEE
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([bmim][AcDiz 2T, CO2 WL DY LA % 55hE L7-.
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A FRIRIZIBNT, KREE, JEITER, WO A Z 11 Anton paar MCR302, Anton paar
Abbemat, Jasco Corp. V-630 ZfF ] U CEHHl L7=. FHUNZE > 7oA A iR OREE % Fig. 112
R

[emim][Ac] [bmim][Ac]
NiCH 3 N{'_CH 3
N ~0” CHs, N 0~ CH,
CH, CHs

Fig. 1. Chemical structures of [emim][Ac] (left) and [bmim][Ac] (right).
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5. MIERR
1) it &R OTERERE MBHRFEEaT)
fiber-optic structure for large-area CO2 sensing using ionic liquids, </. Fluid Sci. Technol.,
Vol. 16, No. 1, (2021), JFST0004.
2) EF=E - ERZESR - RS - OBERRSE
(2] KASEAL, HIS, KN =K, BARHE A A 1A VT8RN bk ot —,

Investigation of Imidazolium-Acetate Based Ionic Liquids Using Experimental
Measurements and Machine Learning, Proceedings of the 17th International
Conference on Flow Dynamics (ICFD2020), Sendai, (2020), 0S5-11, p. 225.
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Rei Furukawa: CO2 Detection Using an Ionic Liquid-Core Fiber-Optic Structure and
Material Optimization Using Machine Learning, Proceedings of the 20th International

Symposium on Advanced Fluid Information (AFI-2020), Sendai, (2020), CRF-46, pp.
79-80.

3 ot (FEf, RE, YRAIIERF)
L

— 222 —



Project code

J201107

Classification

General collaborative research

Subject area

Fundamentals

Research period

April 2020 ~ March 2021

Project status 1st year (progressing)

Numerical Analysis of a Morphing Slotted Jet Flap

Edyta Dzieminska*{, Sigeru Obayashi**{+¥
Yuki Kamiyama®*, Daisuke Yariwake*, Aiko Yakeno**, Yoshiaki Abe**
* Department of Engineering and Applied Sciences, Sophia University
**Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

Purpose of the project

The purpose of this study is to verify the aerodynamic effects of the combination of
a morphing flap and a propeller slipstream. Also, the aerodynamic effects of the
morphing wing with the Distributed Electric Propulsion (DEP) system are
investigated to improve the flight performance of DEP aircraft.

Details of program implement

In this program, three-dimensional aerodynamic characteristics of morphing flap
models with propeller slipstream were computed using CFD solver, ANSYS Fluent.

Three-dimensional propeller-wing models equipped with a slotted flap with and
without morphing were made, then lift and drag characteristics were computed.
Figure 1 shows the comparison of the aerodynamic characteristics of the
propeller-wing models with and without morphing. As the morphing area gets larger,
the lift coefficient gets higher and lift-to-drag ratio gets lower. The morphing flap
with large morphing angle has more lift coefficient and lower lift-to-drag ratio.
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(a) lift coefficient (b) lift-to-drag ratio
Figure 1: Comparison of the aerodynamic characteristics between the propeller-wing

models with and without morphing.

Furthermore, morphing wings with Distributed Electric Propulsion (DEP) system
was investigated. Lift and drag characteristics of NASA X-57 aircraft with a Fowler
flap as a base model and that with added morphing flap, as shown in Fig. 2, were
computed to examine the aerodynamic effects of the morphing flap. The deflection
angle of the morphing flap is represented as “m.”

Figure 3 shows that maximum lift coefficients of the morphing flap models are
about 1.5 lower than the base model. However, lift and drag ratio of the morphing
flap (m = 20 deg) is higher than other models for each angle. From this result, it is
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thought that the deflection angle of the morphing flap can be optimized to maximize
lift and drag ratio of the DEP aircraft.

(a) NASA X-57 base model ~ (b) Morphing (m =20 deg)  (c) Morphing (m = 30 deg)

Figure 2 : Geometries of the NASA X-57 aircraft base model and the morphing flap
models (“m” represents the deflection angle of the morphing flap)
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Figure 3 : Comparison of the aerodynamic characteristics of the NASA X-57 aircraft
base model and the morphing flap models

3. Achievements
The lift enhancement by the combination of the slotted morphing flap and the

propeller slipstream were verified. Also, the lift to drag ratio of the DEP aircraft was
found to increase for certain morphing flap geometries.

4. Summaries and future plans
The aerodynamic effects of the combination of the morphing flap and the propeller
slipstream were investigated to improve flight performance. More analysis and

optimization processes are needed to search for the morphing flap geometries
suitable for flights with less environmental impacts.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

[1] D. Yariwake, Y. Kamiyama, E. Dzieminska, A. Yakeno, Y. Abe and S. Obayashi: 2D
Numerical Analysis of Propeller-Wing Interaction with Morphing Flap,
Proceedings of the Seventeenth International Conference on Flow Dynamics,
Sendai, (2020), 0S18-65, pp. 613-614.

*[2] Y. Kamiyama, D. Yariwake, E. Dzieminska, A. Yakeno, Y. Abe and S. Obayashi:
Investigations on aerodynamic effect of morphing flap and distributed propulsion
system, Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-40, pp. 67-68.

3) Patent, award, press release etc.

Not applicable.
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and Passive Control of Unsteady Cavitation on a Hydrofoil, Proceedings of the 20th
International Symposium on Advanced Fluid Information (AFI-2020), Sendai, Web,
(2020), CRF-67, p. 119.
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A Machine-Learning Approach for Computation of Cardiovascular Function Parameters
from Pulse Wave of Limbs
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1. Purpose of the project

Purpose of the project includes the following four aspects.

1) Promote the Sino-Japan bilateral communication on the study of noninvasive
computing method of cardiovascular function parameters.

2) Jointly investigate the noninvasive calculation model of cardiovascular function
parameters by machine-learning approach based on pressure and pulse wave of limbs
as the current non-invasive diagnosis method of cardiovascular disease in clinical
primary care, which including but not limited to: Cardiac output per minute; Stroke
volume; Cardiac index; Stroke volume index; Ejection fraction; Aortic compliance; Total
peripheral resistance.

3) Jointly investigate the correlation between the waveform characteristic information
of pulse wave of limbs and the cardiovascular function parameters, and put forward the
indexes that can evaluate the cardiovascular function.

4) Then optimize the machine-learning model, and discuss the application of community
physical examination.

2. Details of program implement

1) Preparation of pulse wave data set: preprocess the original pulse wave data of
subjects by normalization, and collect the corresponding cardiovascular function
parameter information of all patients. The medical research investigation among
cardiovascular function parameters, clinical influencing factors and waveform
characteristics information.

2) Establish the computing model, train pulse wave and obtain the computing model of
cardiovascular function parameters. Our predictive model was based on an ML network,
which was composed of three parts: an input layer, five fully connected layers, and an
output layer. The five fully connected layers separately contain 1024, 256, 64, 16, and 4
neurons. And RelLU was employed as the activation function after each layer. For
predicting each cardiac function parameter of AC, TPR, and SV, the two pulse wave datasets
were separate as the input to train the network. We saved the optimal configuration of the
network's parameters in the six training times. Error analysis and consistency analysis were
performed in each corresponding test set.
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3) The Bland-Altman method is used to analyze the consistency between the calculated
value of cardiovascular function parameters and the actual clinical data to verify the
feasibility and accuracy of the calculation model.

4) Attended Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (Otc. 28th, 2020). Oral.

5) Thank you very much for the cooperation opportunity and financial support provided
by IFS. In the process of cooperation, Professor Ohta's team provided technical support,
discussed the research contents, and completed the main contents of this study. On
October 28, 2020, I attended the Twentieth International Symposium on Advanced
Fluid Information , and gave an oral report.

3. Achievements

Expected result mainly includes the following four aspects that are stated application
form.
1) Established the noninvasive calculation model cardiovascular function parameters by
using the machine learning. The network contains an input layer, an output layer and
five hidden layers. Architecture of machine learning network is shown in Figure 1.
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Figure 1: Machine learning network architecture

2) Obtain the characteristic parameters of waveform of limbs that can affect
cardiovascular function parameters. Figure 2 shows that the waveform characteristic
points change with different cardiovascular diseases. Therefore, the waveform
characteristic points that can reflect the cardiovascular function.
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Figure 2: Waveforms of different cardiovascular diseases
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3) Discussed the practical value of machine-learning algorithm in community physical
examination. Consistency of cardiovascular function parameter shows a good
agreement between the ML prediction results with the clinical measuring values, which
further proved the effectiveness of our ML model. The consistency verification of SV
shows in Figure 3. The calculation results of stroke volume, peripheral resistance and
vascular compliance are shown in Tablel.

Table 1: The calculation results of stroke volume, peripheral resistance and vascular

compliance
COcr COwmr TPRcr TPRmr ACcr ACwr
1 99.22 102.39 867.7 894.55 2.26 2.56
2 92.72 91.18 1243.89 1391.6 2.22 2.94
3 98.99 100.7 1673.44 1609.16 2.74 2.47
4 116.31 113.89 1269.92 1241.48 2.12 2.91
5 99.10 100.44 1137.55 1218.11 2.67 2.48
6 108.40 109.00 1010.4 968.17 1.74 2.72
7 105.71 103.07 909.33 889.35 2.14 1.76
8 103.35 102.68 1137.51 1166.86 2.25 2.01
9 111.86 107.65 779.16 948.02 2.79 2.29
10 121.91 122.41 1011.76 966.68 2.25 2.35
12
(a)
10
" mean+1.96sd
:
4 ®e
® °
2 mean
| 0= °
g .
b
8
T - mean-1.96sd
l [ ]
-12
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Figure 3: The consistency verification of SV

4) 1-2 research papers, including journal papers and conference presentations. Oral:
Proceedings of the Twentieth International Symposium on Advanced Fluid Information,
Sendai, (2020). The research paper is under review, but not be published.

4. Summaries and future plans

Consistency of cardiovascular function parameter shows a good agreement between the
ML prediction results with the clinical measuring values, which further proved the
effectiveness of our ML model. To our knowledge, this is the first study that achieved
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accurate prediction of cardiac function parameters based on the pulse wave. The
statistical analysis result indicates the universality of our ML model that in predicting
TPR and SV. Namely, it has achieved high accuracy. To our knowledge, this is the first
study that achieved accurate prediction of cardiac function parameters based on the
pulse wave. Therefore, the noninvasive detection algorithm based on limbs blood
pressures and pulse can be used to calculate the cardiovascular function parameter, and
it can be used in cardiovascular noninvasive detection.

The main limitation is that we do not consider the impact of certain specific
cardiovascular diseases and other cardiac function parameters due to insufficient data.
We will keep the data collection to improve our ML model in future work.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Hitomi Anzai, and Makoto Ohta : A machine-learning approach for computation of
cardiovascular function parameters from pulse wave, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-8,
pp. 13-14.

3) Patent, award, press release etc.
Not applicable.
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(1] iR, ERCREE, KERDCR, TILSEs, KWK - 88O 7 7 v 7OEEIc L 57
A BOZESRHEDOSE, AAZERT 258, Vol. 20, No. 2, (2020), pp. 101-108.

2) ERRE - BNER - RS - OBERKSE

*[2] Tadateru Ishide, Yasuaki Takagi, Sakichi Otsubo, Hajime Izumi, Koji Shimoyama and
Shigeru Obayashi : Development of a small birdlike high-performance flying robot,

Proceedings of the Twentieth International Symposium on Advanced Fluid Information,
Sendai, (2020), CRF-39, pp. 65-66.
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Figure 1 Trade-off relation between mixing promotion and power consumption
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Figure 2 Instantaneous snapshots of streamwise velocity and passive scalar for three
representative turbulence-generating grids.
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Endovascular Stent and Vessel Remodeling

Aike Qiao*f, Hanbing Zhang*, Qianwen Hou*, Sicong Liu*, Hongfang Song**
Wenyu Fu*** Hitomi Anzai**** Makoto Ohta****{+
*College of Life Science and Chemistry, Beijing University of Technology
**School of Biomedical Engineering, Capital Medical University
***College of Robotics, Beijing Union University
*¥***Institute of Fluid Science, Tohoku University
tApplicant, TFIFS responsible member

1. Purpose of the project

(1)Promote the Sino-Japan bilateral communication on the study of biomechanics on
cardiovascular diseases. (2)Jointly investigate the hemodynamics of stent intervention
in blood vessels, including but not limited to: biodegradable stent and its mechanical
performance both in vivo and in vitro; braided stent (flow diverter) and its
hemodynamics impact; modeling and simulation of stent degradation and vessel
remodeling. (3)Then, obtain the stent structure design rules, stent degradation
simulation approach, and modeling and simulation approaches to the dynamic
mechanical and physiological coupling of stent and vessel wall tissue.

2. Details of program implement
During the past year, the project group carried out detailed collaborative research on
novel structure design of biodegradable endovascular stent and hemodynamics of
cardiovascular system. Both sides have endeavored to promote the progression of the
project. Applicants and members from overseas attended online the 17th International
Conference on Flow Dynamics (ICFD2020), Oct. 28-30, 2020, Sendai, Japan.
(1) A new index for the evaluation of coupling between stent degradation and vessel
remodeling was proposed.
The dynamic coupling of stent degradation and vessel remodeling can influence not only
the structural morphology and material property of stent and vessel, but also the
development of in-stent restenosis (ISR) and late stent thrombosis (LST). The ideal
procedure for stent intervention is that the gradual vessel remodeling matches the stent
degradation during the service time of a bioresorbable stent so as to avoid ISR or LST
(Fig. 1). During this procedure, the interaction force between stent and vessel play a
critical role in the initiation and development of stent degradation and vessel
remodeling.

stent degradation

----------- vessel remodeling

- -« — coupling effect

=~ Dynamic coupling

Time/t
Fig.1 Schematic diagram of the temporal change of mechanical performance of stent
and vessel.
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How to describe the process of stent degradation and vessel remodeling is a key issue
both in the scientific research field of biomechanics and in the clinical application of
surgical planning.

A stent-vessel coupling model was developed based on stent mass loss function and
vessel mass growth function, and then a concept of matching ratio and an ISR risk
factor were proposed so as to evaluate the dynamic support performance of stent during
the service period, which may lay the scientific foundation for the structure design,
mechanical analysis and clinical application of biodegradable stent.

We suppose to simplify the two processes of stent degradation and vessel remodeling
with preliminary mathematical models so as to intuitively describe their coupling
relationship.

The stent degradation process can be summarized as a mass loss function D(t, 0), while
the vessel remodeling process can be summarized as a mass growth function G(t, o),
where t and o are time and stress respectively. Then, the ideal status of stent
intervention is D=G. i.e. the vessel remodeling finished when the stent degradation
completed. The coupling of stent degradation and vessel remodeling may mismatch if D
#G, which may increase the risk of ISR and LST.

The mass loss function D(t, o) of stent degradation can be obtained by modeling the
corrosion process of stent induced by stress corrosion, uniform corrosion, pitting
corrosion, etc. according to the theory of Continuous Damage Mechanics (CDM). The
mass growth function G(t, o) of vessel remodeling can be obtained by modeling the
generation and remodeling process of vessel induced by mechanobiological and chemical
stimuli according to the theory of Agent-Based Models (ABM).

D and G can be normalized according to the maximum mass loss and mass growth. We
then proposed a novel dimensionless index — matching ratio M (Eq. 1) to express the

matching effect between stent degradation and vessel remodeling.

_ _min(D, G)
M 7max[D,(j) > 100% (1)

ME€e[0,1], where M=1 means satisfactory match and M much less than 1 means bad
match.
We further proposed a novel dimensionless index — risk factor R (Eq. 2) to express the
occurrence risk of ISR and LST.

R=I1-Mlx 100% 2)

Large R means great risk of ISR and LST.

(2) An algorithm for simulating nonuniform corrosion of biodegradable stent based on
element adjacent relationship was developed.

Regarding the problem that the simulation of uniform corrosion model of degradable
stents does not distinguish between exposed and non-exposed elements, a method of
setting the corrosion properties of independent elements was proposed. Based on an
element adjacent relationship that is closer to the real corrosion situation, an element
adjacent relationship database was established. Through the development of in-house
code, the elements were degraded in the order of exposure to the corrosive environment.
The results verified the feasibility of this method in the simulation of uniform corrosion
model of the stent.

The data records of the extracted C3D8R elements and the corresponding nodes were
processed in the element adjacent procedure (Fig. 2), and the face-adjacent elements of
each element were sorted by sequentially comparing the number of shared nodes
between the two elements, and the results of face-adjacent elements of all elements
were saved in the database.
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Fig.2 Flow chart of the element adjacent procedure.

In the first corrosion step of the corrosion procedure, an element was selected as the
initial corrosion element which drove the corrosion process. When a corrosion element
was deleted due to corrosion, the corrosion properties of all its adjacent elements were
changed to be exposed elements for the next corrosion step. For the sake of showing the
element corrosion sequence, the element number of each corroded element was
displayed in each corrosion step, and the number of corroded elements was counted. The
corrosion element was updated for the new corrosion step, and then the corrosion loop
went on and the elements were deleted sequentially due to corrosion. The degradation
was completed until the number of corroded elements equaled to the total number of

elements (Fig. 3).

/ corrosion element i /

/

output corrosion of
neighbor element j of i

II:I update database for next step corrosion
A with all neighbors of element j

] < number of neighbor
elements of i update next step

corrosion element

Fig.3 Flow chart of the corrosion procedure.
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The corrosion sequence of the elements of a cube is shown in Fig. 4 according to the
running results.

Fig.4 Elements degrade according to the order in which they are exposed to corrosive
environment.

In the finite element analysis of the bioabsorbable stent, the non-exposed elements
originally located inside the stent are exposed to the corrosive environment and begin to
corrode when a previously exposed adjacent element is deleted because of corrosion. As
the elements are sequentially deleted due to corrosion, more and more non-exposed
elements are exposed to the corrosive environment and suffered to the uniform
corrosion (Fig. 5). If the stent fractured prematurely (before vessel remodeling
completed), it will lead to adverse events such as vessel collapse and thrombus.

L 2N o

Fig.5 Deletion of stent element causes more non-exposed elements to join uniform
corrosion.

3. Achievements

Expected results stated in the application form: (1)Obtain the influencing factors with
regards to the flattening effects of braided stent in severely tortuous vessels, and the
related hemodynamics.(2)Hemodynamic parameters and flow field characteristics of
blood vessels after biodegradable stent implantation.(3)A simulation approach to
vascular remodeling after stent implantation.(4)2-3 research papers.

(1) The coupling of stent degradation and vessel remodeling was intuitively described by
stent mass loss function and vessel mass growth function and related matching ratio
and risk factor. To investigate the dynamic process of the interaction between the
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damage degradation of stent and the growth and remodeling of biological tissue by
means of modeling simulation and experimental verification, to reveal the mechanical
influencing factors and the action rule of biodegradable stent in service process, and to
evaluate the dynamic support performance and therapeutic effect of stents in service,
lay a scientific foundation for the structural design, mechanical analysis and clinical
application of biodegradable stent and provides an important technical means for
biomechanical research.

(2) An approach of setting the corrosion performance of independent elements was
proposed to distinguish the element exposed to the corrosive environment from the
unexposed element in the simulation of uniform corrosion model of the degradable stent.
In-house code was developed to sort out adjacent elements and corrode in the order of
exposure to the corrosive environment. This research can provide a non-uniform
corrosion process in which biodegradable stent elements are sequentially exposed to
corrosive environment, and verify the feasibility of this approach in finite element
simulations for degradable stents.

4. Summaries and future plans

A new index for the evaluation of coupling between stent degradation and vessel
remodeling was proposed, and an algorithm for simulating nonuniform corrosion of
biodegradable stent based on element adjacent relationship was developed.

In future work, endovascular stent degradation and vessel remodeling will be coupled to
establish an integrated model. Hemodynamics will be included in the stent degradation
process, and more mechanobiological factors should be considered to model the vessel
growth and remodeling process.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
*[1] K. Peng, A. Qiao, J. Wang, M. Ohta, X. Cui, Y. Mu: A novel structure design of

biodegradable zinc alloy stent and its effects on reshaping stenotic vessel, Journal
of Mechanics in Medicine and Biology, Vol. 20, No. 6, (2020), 2050022. DOI:
10.1142/S50219519420500220.

Evaluation on Thrombosis Risk of Fusiform Coronary Artery Aneurysms Using
Computational Fluid Dynamic Simulation Method, Complexity, Vol. 2020, (2020),
8507273. DOI: 10.1155/2020/8507273.

*[3] H. Wang, H. Anzai, Y. Liu, A._Qiao, J. Xie, M. Ohta: A Hemodynamic-Based
Evaluation of Applying Different Types of Coronary Artery Bypass Grafts to
Coronary Artery Aneurysms, Complexity, Vol. 2020, (2020), 9359340. DOI:
10.1155/2020/9359340.

2) International and domestic conferences, meeting, oral presentation etc. (included

international conference without peer review)

*[4] A. Qiao, H. Zhang, S. Liu, H. Song, W. Fu, H. Anzai, M. Ohta: New Index for the
Evaluation of Coupling between Stent Degradation and Vessel Remodeling,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information (AFI-2020), Sendai, (2020), CRF-3, pp. 4-5.

3) Patent, award, press release etc.

Not applicable.
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An Electrically Efficient Self-Sustained Microcombustion/Flame—Assisted Fuel
Cell (FFC) System
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* Department of Mechanical and Aerospace Engineering, Syracuse University
** Institute of Fluid Science, Tohoku University
*** School for Engineering of Matter, Transport and Energy, Arizona State University
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1. Purpose of the project

During the IFS Collaborative Research Project from 2020 to 2021, the project focused
on chemical and electrochemical reactions from various hydrocarbon fuels (methane,
ethane, propane, natural gas, n-butane) as potential fuels of a microcombustion based
flame-assisted fuel cell (FFC) power and heat cogeneration system. Work from the
IFS Collaboration has been published in high impact journal papers [1,2]. The
microcombustion based FFC setup uses an experimental apparatus that allows for
preheating of the fuel while applying heat to the fuel cell; thus, increasing the
flammability limit of the microcombustion process and fuel cell performance
simultaneously. However, the current experimental apparatus requires an additional
heat source in form of a furnace to have the process function. Because of this, the
current experimental apparatuses have limited the ability for further research in FFC
and heat cogeneration systems. To conduct this research, this project utilized the
Syracuse University-Arizona State University-Tohoku University collaboration. The
work analyzed a new experimental apparatus that allows for further research in self-
sustained micro-combustion and FFC power generation.

2. Details of program implement

In order to verify the plausibility of creating a self-sustained microcombustion system,
a thermodynamic analysis was performed. The theoretical self-sustained FFC system
includes two combustion chambers for fuel-rich microcombustion and fuel-lean
combustion at the FFC inlet and outlet, respectively. The overall equivalence ratio of
the system is fixed by the fuel lean combustion equivalence ratio. Therefore, the
natural gas/air mixture enters the system premixed at an equivalence ratio greater
than stoichiometric and the remaining air needed to achieve an equivalence ratio of
the fuel lean combustion has another entrance. The heat generated from the fuel-lean
combustor at the FFC outlet could be utilized to heat the fuel/air mixture to 800°C
prior to the fuel-rich combustor. The heat generated from the fuel rich
microcombustion heats the excess air required for the FFC to 800°C. The
microcombustion exhaust passes to the FFC anode and the preheated air to the FFC
cathode. The remaining fuel not consumed in the FFC would then enter the fuel-lean
combustor where the heat generated would be utilized to heat the incoming natural
gas/air mixture. The exhaust of the fuel-lean combustor would then exit the system.
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Figure 1: Proposed self-sustained system for microcombustion and FFC power
generation.

3. Achievements

The proposed system was found to be thermodynamically possible to be self-
sustained without any additional energy input. The natural gas/air mixture would
be heated by a fuel-lean combustor to 800°C. The natural gas/air mixture would flow
to the superadiabatic combustor. The heat produced would transfer to the cathode
air. Using performance data of a previously tested FFCs, the heat generated by the
fuel cell was estimated and integrated into the model. Using the experimental data
for the fuel/air flowrate and equivalence ratio used, it was determined that 30% of
the syngas that entered the fuel cell would remain to be combusted. The fuel-lean
combustor would then combust the remaining fuel and providing heat for the fuel/air
mixture entering the system. The overall system would have an electrical efficiency
of 20%.

4. Summaries and future plans
A concept for self-sustained power and heat generation was derived. Thermodynamic
analysis was used to show that the heat release from the microcombustion, FFC and
fuel-lean combustion could be used to preheat the incoming fuel and air needed. The
total electrical efficiency was calculated to be 20%. The results of this years’ work are
being added to an international peer reviewed journal manuscript for a future
publication.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Impact of Low Concentration Hydrocarbons in Natural Gas on Thermal Partial
Oxidation in a Micro-flow Reactor for Solid Oxide Fuel Cell Applications, . Power
Sources, Vol. 477, (2020), 229007.
2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)
Thermodynamic Model of a Self-Sustained Microcombustion Power Generation
System, Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-80, pp. 138-139.
3) Patent, award, press release etc.
Not applicable.
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Purpose of the project

Laser thermal therapy has been attracted because of its low invasiveness and
good controllability. For example, laser heating was applied to local intensive heating
by combining the gold nanorod (Okuno et al., J. Contr. Release, 2013). Besides, it has
been proposed that the jet of high-temperature fluid is used to coagulate or remove
an affected area and the jet is formed by bubble dynamics induced by laser in the
biological fluid around the optical fiber. Chudnovskii et al. (/nt. J. Heat Mass Trans.,
2020) confirmed the phenomenon that a vapor bubble was generated by the local
heating by laser, and a jet was formed by the condensation of a vapor bubble in
subcooled liquid.

This project aims to model the boiling process and bubble dynamics, such as
growth, interface instability, and collapse, which are induced by the laser emitted by
optical fiber inserted in the liquid. Through the modeling of bubble dynamics induced
thermally, the thermal effect on the collapse of the cavitation bubble will be clarified.
The practical results of the project will facilitate the appearance of a breakthrough in
laser-tissue cutting that can be realized in practice by surgeons in the future.

The submerged jet is generated by intensive local heating through an optical fiber
using for laser radiation transmission. Since the diameter of the quartz core of optical
fibers, which are commonly used in surgery, is 100 - 600 pm, the intensity of the laser
radiation at the output of the optical fiber allows the generation of large heat flux.
For example, with a low radiation power of 1 W and 50% converted to heat, the heat
flux at the end of an optical fiber with a diameter of 400 pm can reach 400 W / cm2.
When the laser is emitted in the liquid, the vapor bubble is formed near the tip of the
fiber. The bubble expands by absorbing the heat from the superheated liquid. After
all stored energy in the liquid is absorbed, the bubble is cooled by the surrounding
liquid and starts to contract by condensation. During the contraction process, the flow
field toward the tip of the fiber is formed, and, finally, the jet is generated. The
strength of the jet should be determined by the thermal and geometrical conditions.
We will reveal the thermal-fluidic interfacial phenomena and the dominant factor of
jet formation.
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2. Details of program implement

To model this complex phenomenon, we will approach it from different directions.
Dr. Gubernov in Lebedev Physical Institute RAS will model this phenomenon
theoretically. Dr. Fursenko in ITAM SB RAS will take in lead in the computational
modeling of interface instability. Prof. Okajima in Tohoku Univ will model the thermal
effect in bubble dynamics. Dr. Mokrin in FEFU will experiment with the validation of
the modeling. Prof. Minaev and his group in IAM FEB RAS will implement the model
in the numerical simulation.

In 2020, we had web-based meetings to discuss the results and future direction.
The online meetings were held 7 times (30 April, 29 May, 5 and 29 June, 16 September,
25 December 2020, and 12 March, 2021).

Experiment

Numerical simulation

Chudnovskii et al., Int J Heat Mass Trans, 2020

Far-Eastern Federal University

Theoretical approach

e

\ - 7 ¥

ITAM, SB RAS Lebedev Physical Institute
Collaboration Network of Project on Boiling and Bubble

Dynamics Induced by Laser Emitted from Optical Fiber

Fig. 1 Framework of collaboration research

3. Achievements
To clarify the mechanism of jet formation, the bubble collapse process by
condensation was simulated. Figure 2 shows the computation domain for this problem.
In this simulation, the geometrical effect on jet formation was evaluated.

Fig. 2 Scheme of computation domain [1]
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The bubble collapse was simulated by the volume of fluid (VOF) method with
phase change. Phase change was driven by the temperature difference at the liquid-
vapor interface and heat release/consumption was included in the energy
conservation equation. The initial vapor bubble was located at the tip of the fiber and
the temperature of the surrounding liquid was set less than the saturation
temperature.

Figure 3 shows the axial (top half of each snapshot) and radial (bottom half)
distributions of water velocity at different time moments. The radius of the initial
bubble was 0.4 mm. The collapse behaviors were strongly affected if the bubble
shrinks near the fiber of finite thickness. Even in the case of very wide fibers which
radius significantly exceeds the initial radius of the vapor bubble the pronounced
water jet in the axial direction is formed as a result of liquid motion induced by the
bubble shrinking.

Fig. 3 Geometrical effect of the fiber on the jet formation [1]

Figure 4 describes the mechanism of jet formation. It is shown that symmetry
breaking is a necessary condition for jet formation. When the bubble shrinks, the flow
toward the tip of the optical fiber is formed. The flow deforms the bubble into a
cylindrical shape. This deformation induces the collision of flow in a radial direction.
This collision generates the jet forward. As a result of collision and jet formation, the
vortex (seen in Fig.4 and Fig. 5) is formed at the tip of the deformed bubble and it
grows larger. The jet velocity is maximal at the moment of its formation and
monotonically decreases with time. Besides, the jet velocity depends on the fiber
radius. The maximal jet intensity is reached at a certain finite value of the fiber
thickness which depends on the initial vapor bubble radius. Water jet velocity is also
directly correlated with the rate of gas bubble volume reduction.
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Fig. 4 Water velocity magnitude and streamlines:
rini=0.2 mm and rr= 0.2 mm (left) and r f = 0.1 mm (right) [2]

Water
High temperature water jet

Photograph of jet propagation behavior
Vapor bubble

Opticalxe_r:{ \—j’/

Vortex formation

Cylindrical
deformation

y's

AR

Contraction by condensation
due to surrounding cold liquid Jet formation

—» :Direction of water flow

Fig. 5 Schematic of the jet formation mechanism [Tohoku University Global Site,

Revealing the Reason Behind Jet Formation at the Tip of Laser Optical Fiber, 2020. 10. 9.]

— 2565 —



In the numerical simulation, the typical case of bubble collapse was evaluated;
however, this phenomenon consists of the bubble expansion phase due to evaporation
and the contraction phase due to condensation. The evaporation process determines
the maximum size of the vapor bubble; therefore, this process also affects the jet
velocity. To investigate the whole process of bubble dynamics, the experimental
system was developed at Far-Eastern Federal University.

The experimental system consists of the fiber laser (maximum power 7W,
wavelength 0.97um), High-speed camera (Photron Fastcam SA-Z), and the LED light
source, as shown in Fig. 6. With this experimental system, the bubble formation
process was successfully observed as shown in Fig. 7. Now, the detailed experiment is
undergoing to evaluated the actual jet velocity and the frequency of these phenomena.

Fig. 6 Experimental system to observe bubble dynamics around the optical fiber

Fig. 7 Time series of photographs of bubble and jet formation at the tip of fiber
(Time interval: 40psec)
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Additionally, we studied the propagation of hot liquid jet generated by local laser
heating inside of finite volume. Experimental study was conducted for various values
of laser power from 0.5W to 7 W. The results of shadowgraph experiments are shown
in Fig. 8.

Fig. 8 Direct photos of hot liquid jet propagating inside of cuvette obtained for
various values of laser power.

It was found that decreasing of laser power leads to increasing of liquid jet. Besides
that, faster jet has lower temperature. This information could be very useful for the
laser surgery operations related with cyst treatment.

We also suggested the mathematical model describing the hot liquid jet
propagation. Model is based on Navier-Stocks equations and energy equation which
include heat transfer and friction between liquid and cuvette walls. This model does
not consider the gas phase and compressibility of media.

The comparison of numerical results and experiment are presented below in Fig.
9. As can be seen from Fig. 9, results of numerical simulation are in good qualitative
agreements with experiment.

Fig. 9 Hot liquid jet propagation. a) 2D temperature field, b) experimental result
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4. Summaries and future plans

Through the numerical simulation of the condensation process of the vapor bubble,
the main mechanism of jet formation was described. When the bubble shrinks, the
flow toward the tip of the optical fiber is formed. The flow deforms the bubble into a
cylindrical shape. This deformation induces the collision of flow in a radial direction.
This collision generates the jet forward. To enhance the jet velocity, the size of the
initial bubble and the relationship between it and fiber radius become an important
factor.

To investigate the bubble formation process, the experimental system was
constructed and the observation of the phenomena has been started. In the
experiment, the relationship between the heating condition of the laser and the actual
jet velocity will be evaluated.

In the next stage, we will simulate the whole process of bubble dynamics
containing the evaporation and condensation process and compare it with the
experimental data. In addition, theoretical modeling of this phenomenon will be
conducted and discuss the interface stability. Furthremore, the application of jet
formation to medical treatment will be discussed.

Through the modeling of bubble dynamics induced thermally, thermal effect on the
collapse of the cavitation bubble will be clarified. Additionally, this model should be
related to the bubble dynamics and heat transfer of subcooled boiling. Furthermore,
the practical results of the project will facilitate the appearance of a breakthrough in
laser-tissue cutting that can be realized in practice by surgeons in the future.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
[1] R. V. Fursenko, V. M. Chudnovskii, S. S. Minaev and J. Okajima: Mechanism of
high velocity jet formation after a gas bubble collapse near the micro fiber
immersed in a liquid, Int. J. Heat Mass Trans., Vol. 163, (2020), 120420 (9 pages),
DOI: 10.1016/j.ijheatmasstransfer.2020.120420.
2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

*[2] J. Okajima, R. V. Fursenko, S. Mokrin, V. Gubernov and S Minaev: Modeling on
Boiling and Bubble Dynamics Induced by Laser Emitted from Optical Fiber,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), CRF-73, p. 127.

3) Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.

(Press release)
HALRT, L= —lZ X o@mBKkY =y NEED A T = XL E G~ D LR —
P—IREOEBLU T T~, 2020 10. 2,
https://www.tohoku.ac.jp/japanese/2020/10/press20201002-03-jet.html.
Tohoku University Global Site, Revealing the Reason Behind Jet Formation at the
Tip of Laser Optical Fiber, 2020. 10. 9.
https://www.tohoku.ac.jp/en/press/reasons_behind_jet_formation.html
AlphaGalileo, Revealing the Reason Behind Jet Formation at the Tip of Laser
Optical Fiber, 2020. 10. 12.
https://www.alphagalileo.org/en-gb/Item-Display/Ttem1d/198341
EurekAlert, Revealing the Reason Behind Jet Formation at the Tip of Laser
Optical Fiber, 2020. 10. 12.
https://www.eurekalert.org/pub_releases/2020-10/tu-rtr101220.php
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Asia Research News, Revealing the Reason Behind Jet Formation at the Tip of
Laser Optical Fiber, 2020. 10. 12.

https://www.asiaresearchnews.com/content/revealing-reason-behind-jet-
formation-tip-laser-optical-fiber
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1. Purpose of the project

This project aims at developing an efficient algorithm of inlet turbulence generation
for cross-platform-based parallel computation. The research i1s based on PyFR
(www.pyfr.org), a high-order accurate Python-based computational flow solver. The
High-fidelity scale resolving simulations of flow over a low-pressure turbine blade was
also targeted using high-order flux-reconstruction (FR) schemes. In the simulation, the
blade was mounted in a linear cascade with expanding end walls. The fifth-order
accurate simulation at a chord-based Reynolds number of 90,000 will be formulated
with laminar and turbulent inflow conditions on a mesh with over 2 billion solution
points. Specifically, we will investigate differences between flow characteristics with
laminar and turbulent inflow conditions, comparing with experimental data.
Furthermore, the implementation of the solver to vector architecture (NEC SX-Aurora)
has been attempted to demonstrate the capability of high-order FR schemes on vector
machines and cross-platform portability of the solver.

2. Details of program implement

The project was mainly performed by Tohoku University and Imperial College
London with the support from Texas A&M and Concordia University. The primary goal
is to develop the inlet turbulence generation algorithm for a cross-platform-based
parallel computation, and the subsequent objective is a demonstration of the inlet
turbulence generation algorithm to the flows over a low-pressure turbine blade and
demonstration of the performance on new vector architecture to show a portability of
the solver. In this report, we start from the conditions for the flow simulation, and then
explain the details of inlet turbulence generation including its algorithm and
performance test. Then, results of flow simulations over the low-pressure turbine blade
will be presented. Finally, the implementation of the FR scheme on vector architecture
(NEC SX-Aurora) will be described, and its performance will be investigated.

3. Achievements
3-1 Flow conditions
This study focuses on scale resolving flow simulations over a highly loaded
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low-pressure turbine blade. The blade is mounted in a linear turbine cascade bounded
by diverging end walls in the experiment. Specifically, this study focuses on single blade
including end walls and assumes a periodic condition in the pitch-wise (vertical)
direction. In the reminder of this report, subscripts 1 and 2 stand for values at the inlet
and outlet plane. All the variables are normalized by blade chord length and total
pressure at the outlet. We also assume cpr; = y/(y —1)RTt = 3.5 and p; = 1.0 as a stagnation
state, where y = 1.4 is used. Inflow and outflow angles (normal to the radial direction at
the centerline) are f; = 131.0 and f; = 25.0. Inlet and outlet Mach number is 0.3857 and
0.5543, respectively. A blade-chord-based Reynolds number is 90,000. The other inlet
and outlet variables are derived from isentropic relations.

3-2 Domain and mesh

The computational domain and mesh are shown in Fig. 1. The inlet and outlet
planes correspond to left and right boundaries of Fig. 1 (i.e., 0.92 and 0.78 time chord
length upstream and downstream of the blade), respectively. The mesh is periodic in the
pitch-wise (vertical) direction and prismatic in the span-wise direction. Both sides of the
blade are bounded by end walls which are diverging in the downstream direction. The
mesh consists of 19,560,000 hexahedral elements defined by a second-order shape
function, which was generated using Gmsh.

Figure 1 : Computational domain and mesh

3-3 Boundary conditions

The wall boundary condition is a no-slip adiabatic condition, which is applied to the
blade surface and end wall surfaces. The outlet condition is a non-reflecting
characteristic boundary condition based on Riemann invariant. The characteristic
boundary condition does not explicitly enforce a static pressure, and thus a preliminary
simulation was conducted with a pressure controller which adjusts the outlet pressure
to match the experimental results. The corrected characteristic boundary condition
(with pressure correction) is then applied in the physics simulation. In the pitch-wise
direction, a periodic boundary condition is imposed.

Next, a laminar inlet condition is described. The inlet plane is bounded by end walls
at z = £hz = £1.14391. In this study, a Blasius boundary layer is assumed near the end
walls, which 1s approximated by hyperbolic tangent function of the velocity magnitude
according to Eq. (2) in [4]. Therefore, the inlet boundary condition is imposed as a total
pressure profile as:
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Note that cert is a constant (= 3.5); z is a spanwise coordinate (-hz < z < h2); #re
corresponds to 99% thickness of the boundary layer profile approximated by [tanh{(an
7Noi }]1/npi , where 7 is a distance from the wall.

Finally, a turbulent inlet condition is introduced, based on the digital filter (DF)
technique of Klein et al. [5,7]. The algorithm follows [6], which requires the integral
length scale in each direction (I, Iy, I,), the Lagrangian time scale (r = Ix/U where U is the
mean inlet streamwise velocity), and the prescribed Reynolds stress profile. The
integral length scale and the Lagrangian time scale is estimated from the wake region
in the laminar inlet simulation. The Reynolds stress profile is assumed as a function of z
(spanwise coordinate), which has a form of :

Ri; = ¢;;(tanh |ag; (2 — hy)]
+ tanh(a;; (b — 2)] = (2" + byy), (4)

where Rjj are parameters to be adjusted. These parameters are adjusted such that Rjj
corresponds to the experimental profile. Specifically, Rjj is designed to have a turbulent
intensity of 6% as a peak value in the vicinity of the end walls and 4% as a flat value
around the centerline in the inlet plane. As such, the random velocity field is obtained,
which is then superimposed on the laminar velocity profile as a ghost state of the
Riemann solver in the boundary condition kernel. The code implementation of the
velocity fluctuation will be described later. Next, a density fluctuation is introduced by
the strong Reynolds analogy (SRA). The original idea is that the total temperature
fluctuation is negligible in the sense of its Favre mean. More specifically, only the terms
that are linear in the fluctuation are retained, which leads to:

H I "
cpT)" = cpT" + uquy, (5)

where U.” is a fluctuation of the velocity component in the inflow angle. u; stands for the
inlet velocity condition that was defined before. Equation (5) leads to:
p” TH'

) ’tL-”
B = (y - )Ma* 5, 6)
o1 Tl (f ) a U«]_’ ( /

3-4 Flow solver, numerical schemes, and simulation procedure

Throughout this study, we adopt PyFR [2] to solve flows over the low-pressure
turbine blade. PyFR solves the compressible Navier—Stokes equations using the FR
scheme first proposed by [3]. PyFR is a Python based implementation of the FR
approach. It is designed to be compact, efficient, and platform portable. PyFR is capable
of operating on high performance computing clusters utilising distributed memory
parallelism. All Message Passing Interface (MPI) functionality is implemented at the
Python level through the mpidpy wrapper. To enhance the scalability of the code care
has been taken to ensure that all requests are persistent, point-to- point and
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non-blocking. Further, the format of data that is shared between ranks has been made
back- end independent. It is therefore possible to deploy PyFR on heterogeneous
clusters consisting of both conventional CPUs and accelerators.

3-5 Inlet turbulence generation algorithm

As explained in the previous section, the flow solver is mainly written in Python and
partly by Mako templating engine as a kernel that generates a CUDA code for GPU
computations. In this section, we describe two different implementations of the velocity
fluctuation. The algorithm basically follows Touber and Sandham [6]. Let us assume
that the inlet plane exists in Ymin <y < ymax and Zmin <z < zmax. The integral length scales in
the inlet plane are given as |y and |;, and the Lagrangian time scale is defined as z = Ix /U.
Figure 2 (left side) shows a pressure loss at the wake region, where red and blue lines
are of simulation with and without turbulence inlet. The experimental results contain
turbulence inlet with different levels (2 and 4 % turbulent intensity), and thus, the
simulation result with inlet turbulence is close to experimental results than that
without inlet turbulence. The comparison of isentropic Mach number on the mid-span
blade surface is shown in the right side of Fig. 2, which also shows a good agreement
between the simulation with inlet turbulence and experimental result. It i1s also
interesting that this discrepancy between turbulent and laminar inlet simulations is
clear in the Re=90k case as shown in Fig. 2, while the laminar inlet simulation agrees
well with experiments in the Re=200k case although it is not shown in this report. The
results indicate that the inlet turbulence has a significant effect on performing a
realistic simulation at least in the case of Re=90k as the most of experimental results
suffers from inlet turbulence.

12
= Laminar inlet 12 —
210 = Turbulent inlet ( Tu=1.5%) — Laminar m.let
ar | - Experiment ( Tu=4% ) Lol Turbulent inlet ( Tu =1.5% )
! . Experiment ( Tu=2% ) ) m  Experiment ( Tu=2%)
&'ost X
:‘*-.h g 08r-
R
1 06 g 06
& ?
g %
g 04 g o4l
g 2
3 a8
2 02; 0al
&
00 00r ‘ . ‘ ‘ ‘
—04 02 00 02 04 00 0z 04 06 08 10
Normmalized pitch length Nomnalized axial chord length

Figure 2 : Pressure drop in the wake (left) and isentropic Mach number on the blade
surface (right).

3-6 Performance on vector architecture

Based on the discussion above, we have attempted to implement the present solver on
vector architecture, i.e., NEC SX-Aurora, and demonstrate its performance compared
with that using GPUs. First, the code implementation for the purpose of vectorization
on SX-Aurora will be briefly explained. In the PyFR solver, each kernel, e.g.,
inviscid/viscous flux calculation, is generated during the computation (run-time
compile). The left side of Fig. 3 shows a part of the source code that generates a common
structure of the kernel source, where the left side is a straightforward implementation
of a directives (“pragma _NEC ivdep”) for SX-Aurora. After compiling the kernel with
the NEC compiler, it turned out that the present code was not fully vectorized due to the
dependency of loop length on SOA_SZ , i.e., the size of a structure of array, and thus, the

— 263 —



performance is significantly degraded. The code structure was then reconsidered, and it
is replaced by the simpler one in the right side of Fig. 3, which achieves fully vectorized
kernels. The similar tuning was carefully performed on the other part including Mako
template for the inviscid/viscous flux functions.

# -*- coding: utf-8 -*- # -*- coding: utf-8 -*-
from pyfr.backends.base.generator import BaseKernelGenerator from pyfr. .base. import 1
class VeoKernel ator ( 1 ator) : class 1 tor( 1 tor):
def render(self): def render(self):
if self.ndim == 1: if self.ndim == 1:
inner = ''' inner = '''
int cb, ce; int cb, ce;
loop_sched_1d(_nx, align, &cb, &ce); loop_sched_ld(_nx, align, &cb, &ce);
int nci = ((ce - cb) / SOA_SZ)*SOA_SZ; #pragma _NEC ivdep
for (int _xi = cb; _xi < cb + nci; _xi += SOA_SZ) for (int _xi = cb; _xi < ce; _xi++)
i i8¢
#pragma _NEC ivdep {body}
for (int _xj = 0; _xj < SOA_SzZ; _xj++) }}'''.format(body=self.body)
i
{body}
for (int _xi = cb + nci, _xj = 0; _xj < ce - _xi; _xj++)
«
{body}
}}'' " .format (body=self.body)

Figure 3 : Example of the code change in PyFR for fully vectorizable code on NEC
SX-Aurora

Figure 4 shows a time per DOF per right hand side evaluation for a Taylor-Green vortex
simulation on an NVIDIA TitanV GPU and NEC SX-Aurora. We have tested a different
set of SoA size and OMP_NUM_THREADS for original and vectorized PyFR with the
order of polynomials p3-p5. The total DOF (number of solution points) was set to be
around 8 million, which corresponds to DOF of 40 million in terms of entire 5 variables,
and the time integral scheme was RK45 (5 stages). The first line shows results of GPU
(NVIDIA TitanV) which ranges between 0.52 and 0.83 for different polynomial orders.
The present values are comparable to those reported in [8]. The second line shows the
results of a straightforward implementation without vectorization, which shows
significantly (100 times) slower result than GPU. We have then changed the code as
explained above, and get a 10 times speed-up from the original implementation in the
third line. Furthermore, the SoA size and OMP_NUM_THREADS were also tuned, and
finally the time of t=1.67 with p4 was achieved. This is still slower than GPU (t=0.57),
but the order of the speed becomes the same and considered reasonable in terms of the
difference in the performance of TitanV and SX-Aurora.

Hardware PyFR version SoA size OMP_NUM _THREADS p=3 p=4 p=5
Titan V Original N/A 0.52 0.57 0.83
Aurcra Original 512 1 99.14 61.41 54.33
Auora  “ectolEsdimelu - gyp 1 10.42 6.53 7.30
Aurora  Vectolzed et/ 8 1 8.18 4.60 527
Aurora  Vectolbedimieflux/ g 8 3.31 167 1.98

Figure 4 : Time (109s) per DOF per right hand side evaluation for a Taylor-Green
vortex simulation on an NVIDIA TitanV GPU and NEC SX-Aurora

4. Summaries and future plans

This project developed an inlet turbulence generation algorithm for a cross platform
based parallel computation, and the algorithm was demonstrated to simulate flows over
the low-pressure turbine blade. In this report, we started from the conditions for the
flow simulation, and then explained the details of inlet turbulence generation including
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its algorithm and performance test. The results of flow simulations over the
low-pressure turbine blade shows that the effect of turbulence is significant in the
prediction of wake expansion behind the blade in the present Re=90k case. Furthermore,
the implementation of the FR scheme on vector architecture (NEC SX-Aurora) has been
tested, and its performance were investigated. The results are promising in that the
fully vectorized code was obtained by a series of tuning, and 50 times speed-up has been
achieved.
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Purpose of the project

It is well known that eukaryotic cells sense oxygen (O2) tension and change their
behaviors accordingly either by regulating gene expression. However, it is less known
that they can also move to regions of favorable Oq level (aerotaxis) [M. Deygas, et al.
Nat. Comm., 2018]. Using a self-generated hypoxic assay, we showed at iLM that the
social amoeba Dictyostelium (Dicty) displays a spectacular aerotactic behavior. When
a cell colony was covered by a coverglass, cells quickly consumed the available Oz and
moved outward of the hypoxia area, forming a dense expending ring moving at
constant speed. The self-generated hypoxic response in our spot assay combined with
the easy use of Dicty for quantitative biology provides a powerful experimental
framework to understand the molecular nature of the Oz-directed migration as well
as the detection and sensing mechanisms (sensitivity to a threshold or to a gradient,
response time, and cell adaptation). In order to obtain further insight in the O2
sensing mechanisms, we design a new microfluidic device to study aerotaxis adapted
from Funamoto’s microfluidic devices for observations of cancer and endothelial cells
[R. Koens, et al., APL Bioeng, 4 (2020)]. The cell responses to various types of O2
gradient as functions of gradient steepness and absolute Oz level are investigated.

Details of program implement

We have fabricated very efficient microfluidic devices for observation of Dicty under
controlled O2 concentration (Fig. 1). The Oz concentration in the media channel is
controlled by O2 exchange through the PDMS within 15 min. By using the developed
device, Dicty behaviors were observed and quantified under an O2 gradient from
0.4% to 21% Oz and uniform Oz concentrations.

The project was greatly affected by the COVID situation as JP RIEU could not visit
IF'S in 2020. We were planning to realize a second generation of devices or to adjust
protocols to control more precisely gradient in the Oz concentration range 0.1-0.5%. S.
HIROSE in Sendai could however establish a cell culture room for Dicty at IFS and
measure both aerokinetic and aerotactic behaviors in Dicty. We took the advantage of
the COVID situation to model and submit experiments to eLife.

Achievements

We successfully observed changes of Dicty behaviors by hypoxic exposure (Fig. 1).
Under the O2 concentration gradient, the Dicty on the hypoxic side showed a
different migration tendency compared with those on the normoxic side. On the
hypoxic side, the Dicty tended to migrate toward the normoxic side, and the cell
density was decreased as time progressed. Compared with the computed O2
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concentration profiles in the device, Dicty changed their migration under a hypoxic
environment with an Oz concentration of 2% or lower. Under uniform hypoxic
conditions less than 2% Oz, the increased migration of Dicty was also observed.

ROI 2 0, gradient .
POMS =9 Media channel e — : Alr

(D:927) I l '
‘ ‘ /'/ (w: 3 mm, h: 125 pm)
‘ ' N, Ajr
.

Glass - \

Polycarbonate film

Gas channel
(w: 3 mm, h: 125 um)

Figure 1: Design of the microfluidic device and observed trajectories of Dicty
migration under an oxygen gradient.

4. Summaries and future plans

We still need to validate the microfluidic device using several cell lines and
improve it for Dicty, especially for mutants associated with proteins involved in
the Oz detection and response pathways. Our preliminary results indicate that
Dicty cells become aerotactic when Oz concentration is lower than 2%. The
current device can barely not control the Oz concentration down to 0.5%. Hence,
we work on a second generation of devices or to adjust protocols to control more
precisely gradient in the Oz concentration range 0.1-0.5%.

. Research results
1) Journal (included international conference with peer review and tutorial paper)
[1] O. Cochet-Escartin, M. Demircigil, S. Hirose, B. Allais, P. Gonzalo, I. Mikaelian, K.

Migration in Dictyostelium Discoideum, bioRxiv, (2020), DOI:
10.1101/2020.08.17.246082. (in revision to eLife)
2) International and domestic conferences, meeting, oral presentation etc.

[2] FEWEEESE, Jean-Paul Rieu, MiAfd— : <A 7 BiitfkT A A K D BFEE AR T
OFMRPERE B OFEBIFENT, H A 31 BIAA A7 m o7 ¢ T RS, (2020),
2B11.

[8] N. Takahashi, S. Hirose, J.-P. Rieu, K. Funamoto: Measurement of Oxygen
Tension in Microfluidic Device by Using Oxygen-Sensing Film, Proceedings of the
17th International Conference on Flow Dynamics (ICFD2020), (2020), 0S11-4, pp.
339-340.

Oxygen Concentration Gradient, Proceedings of the 17th International
Conference on Flow Dynamics (ICFD2020), (2020), 0S11-3, p. 338.
’_I’]_fi_g_g_e};"a)ﬁ_eggi;é Aerotactic Migration i;l_“D_icE};(;stél_il_l_rrI"]_)-iscoideurn,
Proceedings of the 20th International Symposium on Advanced Fluid Information
(AFT-2020), (2020), 0S20-7, pp. 190-191.
U 7= AR 8 D MO LSS, IR T2 LR P 42020, (2020), 2A24.

3) Patent, award, press release etc.

Not applicable.

— 270 —



Project code J20Ly02

Classification LyC collaborative research
Subject area Environment and energy
Research period | April 2020 ~ March 2021
Project status 2nd year

Ionic Liquid Polymer for Corrosion Resistance Applications
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1. Purpose of the project

Extension of material durability is an important issue to save partially earth ores
resources. Among other strategies, the application of the coating on the existing
metallic structure is one solution. Epoxy-amine polymers have been extensively
studied, and their good resistance to water uptake is stated. Recently, amines were
classified as a carcinogen. An alternative solution was proposed based on Ionic
Liquids. First-year of the project deals with the opportunity of ionic liquid addition
to the epoxy polymer material. The second-year project is dedicated to hydrogen
issues evaluation for these materials.

2. Details of program implement

Polymer materials were produced at IMP (INSA, France). Samples consisted only of
polymer discs. The metallic substrate was avoided to focus only on epoxy behavior. A
Devanathan and Stachurski was set up at MATEIS (INSA France). The first trial
was performed on a metal-coated polymer disc to promote hydrogen entry. In
Parallel, NDE measurements were developed at IFS (TU, Japan) to increases sensor
sensitivity regarding water penetration since hydrogen charging is performed in an
aqueous solution.

2.1. Sample and technique
The reference sample was manufactured using BADGE LY556 as prepolymer and
jeffamine D-230 as a curing agent (Huntsman). LY 556 is an unmodified liquid type
epoxy resin from Sohman used in high-performance composite parts. Both
components were added in stoichiometric quantities, which corresponds to a mass of
amine equals to 0.3 the mass of epoxy.
Once the epoxy plates were manufactured, the discs were extracted, and samples
dedicated to H-charging were coated with palladium (Pd). A 20nm Pd layer was
deposited using ionized argon gas in a vacuum chamber (CCU-010).
Immersion tests were carried at 30°C in 0.1M NaCl solution. Electrical impedance
spectrum was recorded to extract capacitance and dielectric properties of samples
along with the water uptake. Mass variation was also recorded at the same time.
H-permeation solution consisted of sulfuric acid (H2SO4) solution at 98% with
potassium sulfate (K2S04). The desired concentrations were respectively 0.02mol/L
and 0.1mol/L (pH=2.08).
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2.2. H-charging

Charging potentials (in cathodic range) were deduced from cathodic polarization
curves on the coated sample. Since polymer material is insulating in volume, a high
cathodic potential was applied to -3V/MSE. Figure 1a shows a current increase for a
sample undercharging condition. The current jump is then normalized, and
diffusion coefficient is deduced from the slope at 63% of the time. The first
estimation gave 3.107 m2.s’! which is significantly higher than the value found in
the literature (1.1012 m?2.s1). Such difference can be related to the different
experimental conditions (in gas or in liquid medium).

-4 1.2+
a) 9x10 reference D)

—— H charging

8.9x10*4

8810 \-’-’\/‘/M

N
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Time (s) fime (s)

current (A}
normalized current density

.70t

Figure 1. a) charging current and no charging current versus time. b) determination of
H diffusion coefficient at 0.63.

In parallel, the relative mass increase of the sample in the 0.1M NaCl solution was
followed by gravimetry and capacitance measurements to develop the mixing rule
model to describe the water uptake in the material. Results show a good correlation
between experiment and model based on capacitance analysis. A two-phase model
(epoxy and water) is prone to follow the water uptake and access water saturation
and water diffusion coefficient.
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Figure 2. Comparison between gravimetric results and mixing rule model.

3. Achievements

During this project year, polymer discs were prepared to regard hydrogen charging
experiments. Thin Pd coating was deposited by sputtering to ensure electrical
contact to force hydrogen entry to one side and hydrogen output to the other side.
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The issues (temperature, leakage, electrical contact) with the Devanathan’s cell
were also solved. Electrochemical characterization of surface reactivity was
obtained. Base on them, a first permeation was achieved, showing the setup
potentialities. In parallel, a mixing rule model was developed to access water
penetration profile and diffusion coefficient in polymer disc during immersion tests.

4. Summaries and future plans
The development of a mixing rule model for water uptake was validated on epoxy
resin, and H-charging tests were performed. In both cases, results were obtained. For
water uptake, the methodology can be applied to other polymer materials containing
ionic liquid. For H-charging, reproducibility tests are needed to validate the first
diffusion coefficient calculated.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Miki : Dielectric analysis of water uptake in polymer coating using spatially defined
Fick’s law and mixing rule, Progress in Organic Coatings, Vol. 148, (2020), 105846.
DOI : 10.1016/j.porgcoat.2020.105846

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Miki : Water Uptake Assessment in Polymer Coating from Dielectric measurements
Using Local Mixing Rule Coupled with Cole-Cole Equation, Furocorr2020, Brussel,
Belgique, (2020).

Uptake Monitoring in Epoxy-amine Polymer by Combining Dielectric and
Gravimetric analysis, Proceedings of the Seventeenth International Conférence on
Flow Dynamics (ICFD2020), Sendai, Japan, (2020), 0S18-64, pp. 611-612.

3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project

This study aims to simulate and understand the complex gas dynamics occurring
during cold spray process while focusing on polymer coating. One of the key parameters
in the formation of a polymer coating by cold spray lies in the particle temperature.
Thus, long nozzle is needed to increase the particle residence time, and therefore the
particle temperature.

2. Details of program implement

Continuing last year study, in collaboration with Pr. Takana, we resolved the numerical
issues in the implementation of the 3D model which includes the powder feeder. The
long nozzle developed by Ravi et al. (2015) is composed of two 120 mm long nozzle with
a step-like reduction of nozzle cross section at the interface. The boundary conditions
are represented in Figure 1. Because of the sudden reduction of the cross section, the
particles can rebound at the intersection between the two nozzles leading to the
increase in their residence time and therefore temperature.

Free boundaries (101325 Pa, 300 K)

Particle inlet :
Gas pressure 101325 MPa
Gas Temperature 300 K

. Particle injection (300 K, 0 m/s)

T
Inlet \ |_| Nozzle wall (no slip wall, 300 K) N
—
gas pressure
and temperature
(0.4 MPa, 653 K) I ! —

Figure 1: Schematic representation of the boundary conditions.

3. Achievements

The particles trajectory was analyzed. The results are presented in Figure 2. At their
entrance into the nozzle, all particles follow the same path. At the intersection between
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the two nozzles, rebounding of some particles leads to higher particle temperature.
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Figure 2: Evolution of the particles’ trajectories along the nozzle. All particles are
60 pm.

By investigating the number of rebounded particles, it appears that around 20 to 30% of
the particles injected inside the nozzle can experienced rebounding at the intersection
between the two nozzles, as shown in Figure 3. In addition, the particles rebound more
than once inside the nozzle due to the 20% sharp decrease in the nozzle section. Here,
an interesting point lies in the existence of an initial particle size (between 30 and
45 um) for which the probability of rebound of the particle at the nozzle intersection will
greatly increase from 5 to around 30%.
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Figure 3: Probability of rebound of the polymer particles in function of the particle size.
In its experiments, Ravi et al. (2015) uses a reduce feedstock including particle size
between 45 and 63 um.

The particle velocity seems unaffected by the particle rebound inside the nozzle (see
Figure 4a). The rebounding of the particles inside the nozzle increases their residence

time and therefore, significantly increases the particle temperature as shown in Figure
4b.
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Figure 4: Evolution of the particle a) velocity and b) temperature inside the nozzle.

4. Summaries and future plans

In this study, we demonstrated the strong influence of the nozzle inner shape on the
particle trajectory, velocity and temperature evolution inside the nozzle. A paper is in
preparation regarding this study and will be submitted by the end of June.

In the next step of this study, we will continue to investigate the particle history inside

the nozzle and in particular the thermal gradient generated within the polymer particle
due to the heat transfer from the gas.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Journal of Materials Processing Technology, Vol. 286, (2020), 116805 (10 pages),
doi: 10.1016/j.yjmatprotec.2020.116805

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

simulation on particle-laden flow during polymer cold-spray process, Proceedings of
the Twentieth International Symposium on Advanced Fluid Information (AFI-2020),
Sendai, Japan, (2020), 0S20-1, pp. 178-179.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Purpose of the project

Cellulose nanofibrils (CNFs) with a width of around 4-20 nm and a length of
around 1 micro meter have attracted significant attention as a basis for advanced
bio-based materials. To fabricate materials such as filaments or films with high
mechanical performance from CNFs, it is essential to align the fibrils in the
macroscopic structures. It has been demonstrated in the previous study that CNF's
can be aligned and assembled into strong filaments using a flow-focusing channel
where an elongational flow field is aligning the fibrils in the flow direction.

Takana, et al. of IFS Tohoku Univ. proposed AC electrostatic field in combination
with the flow-focusing technique for further control of the CNF alignment. AC
electric field 1s applied upstream of the flow-focusing location aiming at
electrostatically control the fibril alignment in the flow. The effect of the applied
alternating electric field on the CNF alignment in the flow will be clarified through
numerical simulation.

Details of program implement

To realize the full potential of this method described above, a numerical simulation
has been conducted. The CNF alignment process by an alternating electric field in
the presence of elongational flow will be clarified. Through optimization of operating
conditions and channel geometries, the effect of electric and flow fields assisted CNF
alignment on the fabrication of strong single cellulose fiber will be shown.

Achievements 0TS 10 50

Figure 1 shows tensile test [ |Strain to Failure -
results of the fabricated single | D Youmgs Moddus 7 gk
cellulose fibers with CNF enhanced '
alignment by AC electric field and
elongational flow. The effect of
applied electric field on the
enhancement of mechanical
properties of the fabricated fiber is
clearly shown for applied voltage at 7N 7\
600 V. The tensile strength and Baseline 200V
toughness increase by 63 % and  Figure 1: Mechanical properties of
120 %, respectively by applying the  fabricated cellulosic filaments.
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electric field. This is because the nanoscale ordering is realized with the assist of
electrostatic torque and elongational flow, which is revealed by XRD analysis and

SEM observation. The obtained results are published by journals, and also
introduced in the media.

4. Summaries and future plans

The CNF behavior under the electric field in a flow system will be further
investigated by solving the momentum equations of individual fibrils. The effect of
fibril size distributions on the fibril alignment will be discussed.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Cellulose Nanofibrils in a Continuous Flow Focusing System, ACS Applied
Materials & Interfaces, 12 (2020), pp. 28568-28575, doi: 10.1021/acsami.0c07272.

[2] EARE, BAEFE MMEIRENSEZ H T MHERL A2 5 2 D SR B, IRAR TR,
Vol. 35, No. 1 (2021), pp. 134-141.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

[3] H. Takana and R. Sato: Numerical Simulation on Orientation Control of Cellulose
Nano Fibril by Electric Field during Flow Focusing, Proceedings of the 17th
International Conference on Flow Dynamics, online, (2020), 0S5-15, pp. 231-232.
using Field Assisted Flow Focusing System, Proceedings of the 17th International
Conference on Flow Dynamics, online, (2020), 0S5-13, pp. 227-228.

*[5] H. Takana and M. Guo: Response Characteristics of Cellulose Nanofibril under AC
Electric Field during Flow Focusing, Proceedings of the 20th International
Symposium on Advanced Fluid Information, online, (2020), 0S20-2, pp. 180-181.

(6] AR, WMABE -/ MHEEL I AMBERIEFEEICRET 2 E Y I = —
3 v, R VAR Y U L 2020 #EEGRSUE, A0 T A B, 0S-5, 0085, (2020).

[7] BAE, SAFE  MERESGE AT #0125 2 D RE IR ErE, BAR
P25 98 HIIA Lo R s Bm SR, A4 7 4 U Bfik, 0S08-04, (2020).

(8] MHIRE., LN, EAHBE B n—ZXSBIRIC T 5T/ ki oo 5B ) i s
P, BRI S AR SRS 56 Wikhay - FRTHSEEBRR SCE, 4 T 1 UBAfE, 1086,
(2021).

3) Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.

(Press release)

+  Press release from Tohoku University, [ZD#H#EM /L0 —RF ) 77 4 "—% 7
BEe L2 H0eyt 1 v — R EHERI L 2 BAFR —E35 & RAVIHIT K 2 ihHERD m) 48
TrETREALIZARED—] |, Oct. 5th, 2020.

HABRFHEER, [Hibk, Bre—2F ) 774 =% FRE L-kLrr—2
HUkHEO R - S LI |, Oct. 5th, 2020.

Hi#% XTECH, [ &tz T CNF =85, bl u— A HEOEE S U A S M
£, Oct. 13th, 2020.
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Purpose of the project

TATAMI aims at investigating innovative routes for thermo-mechano-electrical and
electro-thermo-mechanical energy conversion systems. The objective of the project is to
use commercial (or ready-made) or homemade alloys that feature the ability of coupling
up to four physical domains (thermal, mechanical, magnetic and electrical — Figure 1)
for application in thermal energy harvesting apparatus or actuators. In that framework,
TATAMI proposes a global approach driven by “material and device by design”
philosophy. The project thus encompasses material, structural and interfacing aspects
through:

1)

2)

3)

4)

The design or selection of appropriate materials. Materials under consideration will
at least present thermomagnetic coupling such as ferromagnetic devices (e.g.,
Phytherm from Aperam - https://www.aperam.com/product/), but may also be
possibly homemade, yielding new MultiPhysics Memory Alloys (MPMA, coupling
thermal, magnetic and mechanical physical domains) tailored thanks to a fine
analysis and modeling of their properties.

The development of energy harvesting systems, encompassing the structural aspect
(e.g., mechanical heat engines showing mechanical oscillations triggered by
temperature gradients) as well as the energy conversion aspect (electromechanical
coupling or direct electrothermal coupling — e.g., through pyroelectric effect). The
ultimate goal of this part is to provide devices competing with conventional
thermoelectric modules (TEGs), by providing alternative approaches addressing
the issue of high thermal conductivity of TEGs.

The design and implementation of innovative small-scale actuation devices
triggered by temperature (for instance through Joule heating of Peltier modules).
Taking advantage of bistable behavior enabled at different levels (e.g.,
thermomagnetic, through first-order phase transition, or mechanical, through
buckling), the aim is to provide energy-efficient device competing with conventional
Shape Memory Alloy (SMA) based systems.

The development of associated electrical interfaces. On the energy harvesting
aspect, this includes ultralow power interfaces able to provide high energy
extraction and/or constant power extraction whatever the connected load.
Ultimately this could lead to the development of self-powered sensor demonstrator.
For the actuation application, the purpose is to provide small-scale driving
electrical circuits.

— 279 —



Thermal

Actuation

Energy harvesting

w3

Magnetic

Figure 1: TATAMI concept.

2. Details of program implement

TATAMI finds its roots in previous collaborative projects involving, among other

institutions, TU-IFS and INSA-LGEF. MISTRAL networking project, part of the ELyT

Global international research network and former Core-to-Core JSPS project, was

devoted to the preliminary demonstration of MPMA for thermal to mechanical energy

conversion. Later, on 2019, Prof. Lallart was awarded a JSPS invitational fellowship to
pursue the application of MPMA to energy harvesting, as well as investigating the
modeling of such materials. Benefiting from the excellent knowledge and
complementarities of the partners and using as basis such previous collaborations,

TATAMI aims at going beyond current results.

To achieve the project’s goals, a global and interconnected approach, driven by the

“material and system by design” philosophy, is proposed, declined into tightly

interacting work packages as follow:

- WP1 - material selection, fabrication and optimization: the first step consists in
selecting materials for the fabrication of the alloy, and/or use commercial
compounds (after adapted screening) or previously elaborated materials. The
optimized material and associated process are selected in accordance with lessons
drawn from the other work packages. In particular, the tailoring of phase
transitions, in accordance with target applications, is investigated. For example, for
an application working at given temperature range, the material is processed in
order to show strong response in this particular region.

- WP2 - MPMA modeling and characterization: in order to deeply understand the
physics behind the MPMA response, modeling aspects are further developed,
potentially including microscale characterization and theoretical developments.
This definitely helps the material development or selection by emphasizing key
parameters and correlating the latter to the composition or process for instance.
This Work Package also provides valuable resources in terms of characteristics and
ways to change them for the next work packages dedicated to the device
development.

- WP3 — energy harvesting device: based on the material characteristics, but also
based on applicative environment constraints, this work package consists in the
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development of innovative heat engine, aiming at converting temperature
gradients into time-domain variation of the temperature associated with
mechanical motion. Most suitable ways of converting this energy into electricity by
means of piezoelectric, electromagnetic or pyroelectric transduction, are
investigated, along with the associated electrical circuit able to output DC voltage
as required by electronic sensors. Also, this work package provides feedbacks to
WP1 for material tailoring.

- WP4 — actuation system: while WP3 investigates thermal to electrical energy
conversion, WP4 aims at developing devices able to provide mechanical output from
thermal input (typically obtained from Joule’s effect through a resistive element;
the latter possibly being the MPMA itself). Hence, the underlying objective of this
work package, in tight bidirectional interaction with WP1, is to provide an actuator
(such as a microgripper) with high performance (e.g., sufficient holding force), while
consuming as little energy as possible. Indeed, while typical Shape Memory
Alloy-based actuation a usually monostable, requiring continuously supplying the
device for at least one of its positions (therefore consuming energy), TATAMI
considers bistable systems for energy savings.

Thanks to the support of JSPS, research was conducted by the whole team in Tohoku
until June, 2020. Later on (Sept. 2020-Apr. 2021), IFS LyC (Lyon Center) environment
in Lyon allowed to pursue the collaborative research work in conjunction with Tohoku
team. This antenna abroad thus provided a wonderful support, especially during the
pandemic outbreak that prevented from travelling.

3. Achievements

Works done in the framework of the first year of TATAMI project and associated actions
allowed progresses at several scales. This included (i) material modeling and
understanding, (ii) energy harvesting application and (iii) preliminary development of
actuators.

Material modeling and understanding

The first steps towards this research were to understand the underlying mechanisms
behind the unique behavior of MPMA. To this end, a model explaining the origin of
such remarkable characteristics was established based on two simultaneous
phenomena:

1. First-order structural phase transition with temperature (Shape Memory
characteristics), with however the properties of showing a reversed
martensite-austenite transition.

2. Second-order ferromagnetic phase transition of the austenite phase, with a loss of
magnetic properties with the temperature (the low-temperature martensitic
phase being considered as almost paramagnetic).

Model principles and results are summarized in Figure 2, showing very good
agreement between theoretical results and measurements on an actual MPMA sample
using SQUID magnetometer!. Based on this successful modeling of the MPMA
behavior, ways of optimizing the material with respect to requirements and
constraints (7.e., environment) have also been investigated, considering for instance
the initial magnetic susceptibility of the austenite phase, ferromagnetic transition
temperature (austenite phase) or hysteresis width (structural transition). This study
and the associated findings have led to a communication in ICFD 2020 [2].

1 These experiments were performed before the project.
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Figure 2. MPMA model principles and results.

FEnergy harvesting

The first application of MPMA taking advantage of its remarkable properties
considered the design of a thermal energy harvesting device exploiting the concept of
heat engine. The principles behind this idea lie in taking advantage of phase
transitions to trigger mechanical oscillations associated to local temperature
time-domain variations at the MPMA level. Going further into these considerations,
this concept has been enhanced by considering pyroelectric elements as energy
conversion materials (Figure 3(a)). This allows direct thermal to electrical energy flow,
providing much higher efficiencies compared to conventional heat engines that usually
consider electromechanical conversion. In addition to this energy path optimization,
the heat transfer from the MPMA to the pyroelectric element permits cooling down the
MPMA in a quicker way, therefore increasing the operating frequency of the engine
and thus the output power. Finally, the MPMA unique characteristics allows using the
magnet on cold side, hence not necessitating high temperature magnets with high cost
and lower performance than conventional ones.

The experimental implementation of this device is shown in Figure 3(b), and
experimental results in terms of MPMA temperature, thermal imaging and
pyroelectric element voltage response are shown in Figure 3(c). Hence, these results
confirmed the ability of the system to provide mechanical and thermal oscillations
from a given temperature gradient (the hot source being at approximately 115° C here,
while the cold side is left at room temperature). Additionally, theoretical modeling
undertaken in order to predict the system behavior allowed giving insights for future
optimizations and developments.

Such results yielded a publication in a high-IF (8.848) Journal (Applied Energy) [1].

Actuation

Another attractive aspect of Shape Memory Alloys (SMA) and Ferromagnetic Shape
Memory Alloys (FSMA) is their integrability. Unlike MPMA, FSMA shows a loss of
magnetic properties with temperature, but still originating from combined first-order
structural transition (austenite at low temperature and martensitic at high
temperature, in a converse way than MPMA) and second-order ferromagnetic phase
transition for the austenite phase (the martensitic one being almost paramagnetic).
Hence, these two combined transitions permit a much sharper change of magnetic
properties compared to conventional ferromagnetic materials.
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Figure 3. MPMA/pyroelectric heat engine: (a) schematics, (b) implementation and (c)
experimental response

Preliminary developments on actuation such in the form of a microgripper has been
undertaken using ferromagnetic materials with transition temperature close to room
temperature (Figure 4). The interest in the developed structure first lies in the
bistability feature enabled by two
ferromagnetic elements on each side
and moving magnet, so that when one
ferromagnetic alloy is heated the
magnet is attracted by the other,
while at rest the magnet is kept
attracted by the closest alloy. This
bistability thus permits no energy
consumption when the system is at
rest. The second interesting aspect of
this device is the use of Peltier

-

‘ (NB: cover removed)

modules, which also permit cooling
the other ferromagnetic alloys for
faster cooling down and higher
susceptibility, both effects
contributing to lower response time.
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4. Summaries and future plans

TATAMI, as a multiphysic and multiscale project, aims at providing advances at several
levels. First, the project aiming at a global approach driven by “material and device by
design” philosophy, it is expected that progresses in the comprehensive understanding
of the global operation of coupled devices for actuation or energy harvesting, for
instance trade-off arising between input energy and extracted one (in other words,
energy harvesting should not “kill” the source in order to have an efficient
microgenerator). This global systemic methodology would also permit a fine perception
of the interface between each stage/discipline involved in a complete device (e.g.,
thermal/magnetic/mechanical/electrical), with a global efficient optimization that would
not be possible when considering all the stages separately due to the coupled nature of
the envisioned devices.

In addition to these global progresses, TATAMI also addresses comprehensive analyses
into each considered aspects. On the material and modeling aspects (WP1 and WP2),
the project will permit envisioning new routes for the design or selection of materials
and their associated systems and structures to ensure their good integration and
response with respect to the target application. Such unique characteristics will then be
taken into advantage for the development of new architectures for energy harvesting
(WP3) or actuation (WP4). Regarding the former, heat engines able to transform
thermal gradients into mechanical oscillations and time-domain local temperature
variations will be considered. In particular, optimization of thermal and energy paths
will be considered in order to dispose of devices able to compete with conventional
small-scale thermal energy harvesting devices. Concerning actuation, alternatives to
conventional devices based on SMAs (Shape Memory Alloys) will consist of taking
advantage of the thermo-magneto-mechanical coupling of the selected/developed
materials in order to obtain energy-efficient yet performant devices. Realistic and
effective application-specific devices will be developed to demonstrate the interest in
such structures.

Going from the physics behind the mechanisms of the unique considered materials to
their application in energy harvesters or in actuators, this work has unveiled exciting
new research routes for material and device development, raising stimulating
scientific questioning along with application insights. As a transdisciplinary research
work, the study covered material physics aspects and device development involving
thermal, magnetic and mechanical analyses, along with particular attentions to the
interfaces between these fields. Many research opportunities have been opened by this
collaborative work. At the material aspect, the investigation of the high-magnetic field
response, yielding saturation issues, is an example of future developments. At the
device level, using multifunctional materials and devices in order to convert thermal
energy to electricity (ie., hybrid pyroelectric/piezoelectric) is also an envisioned route.
Regarding actuator applications, next steps will be the experimental implementation
and investigation of a full proof-of-concept and integration study along with
theoretical analysis. All of these research fields, thanks to their novelty and strong
link with application, will therefore enable continuous dissemination for many years
(journal papers, conferences...) and possible valorization through technology transfer
(patenting) as a result of the initiated long-term collaboration thanks to the
fellowship.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)

Alloy-Based Heat Engine using Pyroelectric Conversion for Small-Scale Thermal
Energy Harvesting, Applied Energy, Vol. 288 (2021), 116617 (13 pages),
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https://doi.org/10.1016/j.apenergy.2021.116617.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Modeling of Heusler MultiPhysic Memory Alloys, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information (AFI-2020), Sendai,
Japan, (2020), 0S20-5, pp. 186-187.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Purpose of the project

The research momentum in the use of ammonia (NH3) as a carbon-free fuel has
been increasing internationally, following the first breakthrough achieved during the
SIP project in Japan. The use of ammonia combustion is expected to play an
important role in reducing CO:2 emissions in energy sectors such as power
generations, industrial furnaces, and transportation. However, ammonia-only
combustion is challenging in terms of flame stabilization. This issue is particularly
critical when considering applications such as power generations and industrial
furnaces and should thus be investigated. Therefore, to reduce CO2 emissions while
promoting flame stabilization, ammonia co-fired with methane (CH4), which is the
main component of conventional natural gas, should be investigated as a mean to
enhance flame stabilization.

In this study, we clarified the flame stabilization characteristics of a CH4 jet
diffusion flame with the gradual introduction of ammonia in the fuel mixture. More
specifically, the evolution of the dynamics of stabilization of the flame base with
ammonia addition was considered, with particular attention to the evolution of flame
position and flame-burner interaction up to liftoff.

The objective of this research is to understand how the aero-thermo-chemical
balance corresponding to stabilization of the flame is affected by ammonia addition.
In addition to those experimental observations, the experimental and numerical
study of the counterflow diffusion flame and its extinction limit were investigated to
clarify the flame structure and understand how ammonia addition affects the flame
structure and in turn the stabilization dynamics.

Details of the implemented program

This research is a joint research between the Tohoku University Institute of Fluid
Science and INSA-Lyon, started with the joint guidance of Sophie Colson, as a double
degree student. Sophie Colson stayed in the CETHIL laboratory in INSA-Lyon under
the co-supervision of Prof. Escudie and Prof. Galizzi for one year from October 2018
to September 2019 and again in January 2020 to perform experiments on
ammonia/methane jet flames using the local experimental setup.

The CETHIL combustion group has recognized expertise in the study of the jet
diffusion flames stabilization and flame-wall interactions, as demonstrated by the
publication of several journal articles on this topic (for example, D. Escudie et al., On
preheating and dilution effects in non-premixed jet flame stabilization, Combustion
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and Flame, 160 (2013), 1102-1111).

On the other hand, the group of the principal investigator, Prof. Kobayashi, has
demonstrated expertise in the field of ammonia combustion, with numbers of
publications related to the reaction mechanisms of ammonia combustion and
three-dimensional numerical analysis (for example, H. Kobayashi et al., Science and
technology of ammonia combustion, Proceedings of the Combustion Institute, 37
(2019), 109-133).

Therefore, taking advantage of the strengths of both groups, we started joint
research on the stabilization characteristics and mechanism of ammonia co-firing jet
flame. In this joint research, the following points were more specifically investigated
to clarify the main stabilization mechanisms:

® Experimental data on both local and global flame stabilization parameters were
obtained in INSA-Lyon, using the jet flame configuration in the CETHIL. Global
flame stabilization regimes and their evolution with ammonia addition as
represented in Fig 1, were clarified for the first time. Local flame stabilization
regimes before liftoff and their evolution with ammonia addition were also
investigated.

® The extinction limits of both counterflow premixed and non-premixed flames,
which are an index of flame reactivity of particular importance to flame
stabilization, were acquired using a counterflow configuration in the Institute of
Fluid Science. Flame structure and chemistry were investigated and main
differences with conventional methane flame were highlighted.
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Figure 1: Observation of the transitions between the different global stabilization
regimes (liftoff and reattachment). On the right side: (a) an attached ammonia/methane
flame before liftoff; (b) a lifted ammonia/methane flame.

Besides, to clarify the stabilization mechanisms observed during the experiments,
further analysis, utilizing the experimental data obtained, is performed. More
specifically, 3D numerical analysis of the base of the flame is carried out at the
Institute of Fluid Science to clarify the impact of ammonia addition on the local
stabilization mechanisms. Indeed, and in complement of the experimental
observations, numerical analysis allows access to a large number of parameters,
including velocity flow fields or local mixture fraction which are difficult to obtain
experimentally without using intrusive measurement systems.
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3. Achievements

Ammonia/methane non-premixed jet flame stabilization was investigated for the
first time. Both global and local experimental approaches were undertaken to get a
complete understanding of the effect of ammonia addition on stabilization in this
academic configuration. This highlighted the aero-chemical-thermal coupling at
stake and how they are impacted by ammonia introduction. This can be used as a
tool for understanding stabilization of such type of flame in a more complex
industrial environment such as furnaces or gas turbines.

More specifically, during the year 2020, a temperature mapping of the flame close
to the burner was undertaken in the CETHIL in Lyon to bring additional information
on the thermal coupling with the burner up to liftoff in the local approach. Besides,
velocity measurements were performed as a complement of the global approach
developed in our previous study to analyze the combined effect of air coflow velocity
and ammonia addition on velocity profiles for lifted flames before the re-attachment
transition. The results of this work were published in international peer-reviewed
journals.

4. Summaries and future plans

From previous research on jet diffusion flame conducted by Prof. Escudie's group
of INSA-Lyon, the change in the flame base position until the blow-off changes
mostly with the variations in local flow velocity and the local fuel concentration. To
these parameters, mostly associated with the local aerodynamics variations in the
wake of the burner lip with jet velocity changes, should be added the thermal
interaction with the burner. Previous work has shown that the influence of the
burner lip temperature is also large, and the thermal interaction between the heat
generated by the flame and the heat loss to the burner lip plays an important role in
flame stability.

Ammonia has a lower heating value of about 50% compared to methane, which is
a conventional fuel and the main component of natural gas. Moreover, its laminar
burning velocity in a stoichiometric mixture is close to 4 times smaller. Ammonia
addition to a methane flame is thus likely to greatly modify the stabilization process
through the lower reactivity of the mixture, but also the changes induced in both the
mixture transport and thermal properties.

In the case of methane, the active chemical species that plays the most important
role in the combustion reaction is H radical, whereas OH is dominant for ammonia
flame and has a much lower diffusivity. When ammonia is co-fired with methane, the
relative importance of OH radicals is expected to increase as the ammonia mixing
ratio increases, and it is expected to affect the thermal and reactive interactions
between the flame and burner lip. To analyze these phenomena, a study dedicated to
the observation of local flame stabilization, particularly local mixture fraction, active
radical distribution as well as local velocities and stretch rate at the burner lip will
be continued in 2021. Such study on the effect of differences in the active chemical
species that play a major role in combustion chemistry on the stability of the flame
has never been performed.
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Figure 2! Evolution of flame position with increasing jet velocity, and for various
ammonia mixing ratios £. Black symbols represents the flame tip position just
before liftoff.

Based on the experimental work on the local stabilization characteristics of the
ammonia mixed combustion jet diffusion flame acquired at INSA-Lyon, including
temperature mapping, velocity measurements, and flame position tracking as shown
in Fig. 2, numerical analysis of the jet flame will be performed in the coming year.

5. Research results
1) Journal (included international conferences with peer review and tutorial paper)

and Non-premixed Flames for Various NH3 Mixing Ratios, Combust. Sci. Technol.,
(2020), published online 21 May 2020, doi: 10.1080/00102202.2020.1763326.
Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed
Methane Jet Flame Stabilization, Combust. Sci. Technol., (2020), published online
12 October 2020, doi: 10.1080/00102202.2020.1830276.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Ammonia Addition on the Stabilization of a Non-premixed Methane Jet Flame in
an Air Coflow, Proceedings of the 20th International Symposium on Advanced Fluid
Information (AFI-2020), Sendai, (2020), 0S20-11, pp. 198-199.

addition on a non-premixed methane jet flame expanding in an air coflow, 58th
Japanese Symposium on Combustion, (2020), online, Paper ID 189q (Presentation
C312).

3) Patent, award, press release etc.
(Patent) Not applicable.
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(Award)
Best Presentation Award for Young Researcher, “Study of the Effect of Ammonia
Addition on the Stabilization of a Non-premixed Methane Jet Flame in an Air
Coflow”, S. Colson, October 30, 2020, 17th International Conference on Fluid
Dynamics ICFD2020.

(Press) Not applicable.
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1. Purpose of the project
Since the local disturbances in the sodium ion (Na+)/moisture balance of dermal
tissue caused various diseases, elucidation of the mechanism of control behind
these disturbances would be crucial to manage these pathological conditions in
clinics. Aiming this, the purpose of the present study is to establish the fixation
method of dermal tissue to evaluate the in vivo Na* accurately by imaging mass
spectrometry (IMS).

2. Details of program implement
In this project, we planned to apply Ishimoto laboratory’s vitrification method using
a cryogenic solid particulate spray, and use a next generation integrated research
system (supercomputer) to achieve dermal tissue fixation by a method that does not
alter the water content of skin, and thereby allow accurate evaluation of the Na*
concentration distribution in dermal tissue by IMS.

Mice/rat skin

J

Frozen by vitrification method
=l using a cryogenic solid
wal nozzle particulate assay

cuum insulation ﬂ

Imaging mass
spectrometry

J

() Spiral section Na+ concentration
distribution in skin

Subcooled|
liquid N, |™T]
: 21 4

Solid Nitroger
(SN, )particles

Figure 1 : A. Principle of two-phase Laval nozzle for continuous SNz production;
B. Scheme of workflow.
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3.

Achievements

We have measured the distribution of sodium in dermal tissues by IMS. But due to
the difficulties in tissue fixation step, shrinkage in dermal tissue was obvious in
hematoxylin and eosin staining (Fig. 2A). Therefore, the tissue distribution of
sodium by IMS in the dermal tissue of high salt diet-fed CKD rats (Fig. 2B) may not
reflect the real distribution of sodium. To overcome these difficulties, we are

planning to use the vitrification method to fix the dermal tissue before performing
IMS.

% Surface
88 = layer
2

Deep
layer

Normal CKD rats
Hematoxylin and Eosin staining rats +

HSD

Figure 2 : A. Hematoxylin and Eosin stain of frozen dermal tissue (OCT sample); B. IMS

2)

to detect the distribution of Nat.

Summaries and future plans

By applying the vitrification method, we may measure the Na* concentration
distribution accurately in skin by IMS. This technique will help to identify the local
disturbances in the Na*/moisture balance of dermal tissue, and to elucidate the
mechanism of control behind these disturbances.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

*[1] A. Rahman, A Nishiyama, T. Elguedj and J. Ishimoto: Elucidation of the

3)

Pathophysiology of Skin Sodium and Water Metabolism, Proceedings of the 20th
International Symposium on Fluid Information (AFI-2020), Sendai, (2020), 0S20-8,
pp. 192-193, [On-line meeting].

Patent, award, press release etc.

Not applicable.
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Stochastic Fluid Dynamics Simulations for Velocity Distribution of Protoplasmic Streaming
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Shinichiro Nagahiro, Toshiyuki Tkai, Madoka Nakayama, Shuta Noro, Tetsuya Uchimoto
and Jean-Paul Rieu: Stochastic Fluid Dynamics Simulations of the Velocity Distribution
in Protoplasmic Streaming, Physics of Fluids, Vol. 32, (2020), 121902 (16 pages),
https://doi.org/10.1063/5.0019225.
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in Protoplasmic Streaming, Proceedings of the 20th International Symposium on
Advanced Fluid Information (AFI-2020), Sendai, (2020), 0S20-3, pp. 182-183.
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Project code

J20Ly10

Classification

LyC collaborative research

Subject area

Multi-scale mobility for humans and materials

Research period

April 2020 ~ March 2021

Project status

2nd year

Active Control of Protein Mass Transfer by Membrane Utilizing Variation of Surrounding

1.

Condition

Atsuki Komiya*f, Sébastien Livi**{+
Hani Alkitabi Aldaftari * *** Ryo Watanabe* ***
* Institute of Fluid Science, Tohoku University
**IMP, INSA Lyon, Université de Lyon
*** Department of Mechanical Engineering, Tohoku University
TApplicant, ftnon-IFS responsible member

Purpose of the project

This study focuses on the mass transfer control of protein, and quantitative
evaluation of mass transport phenomenon by changing the microchannel and pore
size of membrane. To achieve an ideal crystal growth process under gravitational
condition, the authors are considering a locally active control of mass flux of protein
by using a functional membrane. The transient field of lysozyme in hindered
diffusion is carefully visualized with changing the condition such as microchannel
and pore size by using optical interferometer in this study. The capability and
technique for active control of protein mass transfer are also discussed in this study.

Details of program implement

In this study, we focus on the hindered yet controlled mass transfer phenomenon.
Both French and Japanese sides have concrete roles and they are merged in this
collaborative research framework. The main point of this research in Tohoku
University i1s to perform visualization experiments and numerical simulation.
Accurate measurement system for mass diffusion coefficient is designed and
hindered diffusion process are visualized. For the evaluation of membrane
performance, total mass flux through the material is quantitatively evaluated. The
contribution from Lyon end is to make a special membrane. By utilizing several
characteristics of polymers or porous media, a special membrane which has a
function of changing representative diameter of micro channel due to the
surrounding conditions such as temperature, pH value or electric and magnetic fields
is fabricated. The evaluation of the characteristics of the special membrane is also
done in the French end. In this year, we fabricated several types of iso-pore
membranes that has same aperture ratio (=4.9%), and the mass flux through the
membrane was evaluated.

Figure 1 shows the visualized images of evolution of diffusion fields in case of the
micropore diameter of 100 and 200pm by phase-shifting interferometer. As is obvious
from Fig. 1 that slight difference of penetrated mass could be obtained between 100
and 200pm pore diameters even though the aperture ratio was equal. It means that
the micropore patterning on the membrane is one of potential parameter to control
the penetrated solute in aqueous solution. The experimental results also reveal that
the constant mas flux condition could be achieved by using micropore membranes. In
case of micropore diameter of 200pm, the constant mass flux condition was achieved
from the elapsed time of 4900s as shown in Fig.1.

— 298 —



pore d = 100um | [ pore d = 200um
2500s 3600s 4800s 6400s 900s 2500s

omparison among 3 d

ifferent pore sizes

Y I'

=1 =12 =14
E E E
Ew Ew g2
Q
% 08 § 08 g .
] 08
% o8 £ 06
£ 04 g &
B 2 04
- g g 04
g 02 g 02 8 o2
£
S og 8 8
0 10 20 30 40 50 o4 og oG
06 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Distance from the surface of membrane fmm] Distance from the surface of membrane [mm] Distanes from the surface of membrane [mm] Distance from the surface of membrane [mm]
2500s 3600s 4900s 6400s

Figure 1 : Comparison of penetrated mass and concentration field between different
patterning of micropore membranes.

3. Achievements

The transient mass diffusion field was precisely visualized. The achievement of our
activity in this year was 80%. The difference of penetrated mass between 100 and
200pm cases were quantitatively discussed. This might be good contribution to
discuss the active control of solute in aqueous solutions.

4. Summaries and future plans

This study focuses on the evaluation of active mass transfer control through several
types of special membranes. A series of clear visualized images of concentration
profiles of diffusion fields was obtained. The experimental results show that the
patterning of micropore on membrane is one of potential parameter to make active
control of mass transfer. As future plan, we will continue the visualization
experiments and evaluate the hindered mass diffusion process.

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.

Patterning in Separated Plate on Protein Hindered Diffusion Phenomena,
Proceedings of the Twentieth International Symposium on Advanced Fluid
Information, Sendai, (2020), 0S20-9, pp. 194-195.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award)

Certificate of Merit for Thermal Engineering Best Paper, “Evaluation of the
Relations between Hindered Diffusion Process of Protein and Membrane Structure”,
A. Komiya, October 11, 2020, JSME.

(Press release) Not applicable.
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Stability and Transition to Turbulence of Taylor Vortex in a Gap between Rotating Two Cones
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Proceedings of the 20th International Symposium on Advanced Fluid Information,
Sendai, (2020), 0S20-10, pp. 196-197.
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Project code J20L006

Classification Discretionary collaborative research
Subject area Fundamentals

Research period | April 2020 ~ March 2021

Project status 3rd year

Development of Conservative Kinetic Force Method near Equilibrium

Vladimir Saveliev*t, Shigeru Yonemura**+{+
*Institute of Ionosphere, NCSRT, Kazakhstan
**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project
For small Knudsen numbers near the equilibrium, difficulties of direct
numerical modeling of gas flow in the kinetic regime increase enormously. On the
other hand, near the equilibrium to reduce computational cost we can use
differential approximation for scattering operator and obtain simple equation for
angular velocity of rotation for quasiparticle pairs.

2. Details of program implement
The kinetic equation for the two-particle distribution function reads:

0,0 , 0., 0
ot 6'7'1 ! ar, 2 811] !

.a‘z

F=Né&(r—n)xf(v)f(v,)

c?‘v2

1 i
f(‘ul.r].{.) = Efd’r?d'u?F (”1-7'1-”2?7:2)- f('ug.rz.t) = Ffdﬁd’u]F(’vl.rl.vQ.rg),
Instead of collision integral in the right hand side of the Boltzmann equation, the

above equation contains the scattering operator ©. After renormalization of the
scattering operator and presenting it in a divergence form, the two-particle kinetic
equation describes the interaction in pairs of quasiparticles in terms of their rotation
around the centers of mass with angular velocity €2, which depends on the velocity
distribution function. To test our method, we considered the problem of relaxation of
two colliding antiparallel beams of Maxwellian molecules.

0.8+

? f:lf::rx (I”y ) ? f:\fax (.”:.)

VU U
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Figure 1 : Initial distribution functions of 1000 quasiparticles in 3D velocity space.
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Figure 2: Comparison of calculated moments (dots) with exact ones (lines)

Achievements
We presented a model scattering operator, obtained from the exact Boltzmann
scattering operator on the basis of clear physical assumptions:
g = i [vx 9]
The angular frequency of rotation of pairs of quasiparticles €(v,u) depends on the

distribution function f (v). Near equilibrium, we approximate the distribution

function with the first terms of the optimized Grad expansion. As a result, we obtain
an expression that depends on the covariance matrix g = ((v = (v))(u o (ﬂ))) and the

fourth moment of the form <[(””(”))'9_1 ‘(”‘(”))]2> . The model scattering

operator explicitly takes into account the two-particle nature of the molecular
interactions and ensures the exact conservation of energy and momentum. Our
simulation shows very good agreement with the exact result in terms of the

relaxation of first seven velocity moments (1;) , ( vv) and

Summaries and future plans
Because of its simplicity, we hope that our model scattering operator will be
used successfully in the kinetic theory as BGK and Fokker-Plank operators are.

Research results

Journal (included international conference with peer review and tutorial paper)
Not applicable.

International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Not applicable.

Patent, award, press release etc.

Not applicable.
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Project code J20L012

Classification Discretionary collaborative research
Subject area Environment and Energy

Research period | April 2020 ~ March 2021

Project status 3rd year

Analysis of Transport Phenomena of Oxygen Ion in Dual-Phase Electrolyte Material

Takashi Tokumasu*¥, Jeongmin Ahn**¥¥, Hiroki Nagashima***
*Institute of Fluid Science, Tohoku University
**Department of Mechanical and Aerospace Engineering, Syracuse University
***Faculty of Engineering, University of the Ryukyus
TApplicant, Ttnon-IFS responsible member

1. Purpose of the project

The key properties of oxygen ion transport membranes are mixed ionic and electronic
conductivity (MIEC) that allows oxygen ions to permeate through the material at various
conditions while simultaneously maintaining chemical stability. A dual-phase (DP)
electrolyte material (EM) consisting of perovskite-type and fluorite-type materials has
shown promising results but requires more extensive evaluation concerning MIEC
properties. To evaluate the oxygen ionic conductivity, the DPEM was investigated
experimentally and through simulation. From these results, we suggest a new DP
membrane concept which exhibits high ionic conductivity.

2. Details of program implement

Regarding the simulation analysis, we have constructed a DPEM model, which consist
of SrSco.1C00.903-5 (SSC) having the perovskite structure and Smo.2Ceo.s02-5 (SDC) having
the fluorite structure for molecular dynamics (MD) simulation (see Figure 1-a). The
mean square displacements (MSD) of oxygen ions in the constructed DPEM model were
analyzed. In this year, we analyzed the position-dependent diffusivity of oxygen ions by
dividing the simulation system into four regions: SSC/Bulk, SSC/GB, SDC/Bulk, and
SDC/GB (see Figure 1-a). The width of the SSC/GB and SDC/GB was 2.0 A. As a result,
we found that the slope of MSD in SSC/GB and SDC/GB regions are smaller than that
in Bulk regions. In other words, the diffusivities of oxygen ions reduce in vicinity of GB.
Moreover, it was clarified the diffusion of oxygen ions hardly occurs in SDC/GB region,
because the slope of MSD is almost zero. Therefore, oxygen ions can hardly diffuse from

a) —_—>z b)
SSC/GB SDC/GB

-
-
L]
L]
’
.
L]
L]

SSC/Bulk SDC/Bulk
Figure 1: a) Analyzed MD simulation model of DPEM. b) MSD of oxygen ions in the z
direction of each divided region.
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SSC/GB region to SDC/GB region, and the low diffusivity in vicinity of GB causes the
reduction of oxygen ion conduction of DPEM.

Regarding the experimental analysis, to analyze the ionic diffusivity, surface exchange
coefficients, and general morphology of the DPEM, a 70 wt. % SSC and 30 wt. % SDC
membrane has been manufactured. In comparison to a single-phase EM, the DPEM
exhibits lower oxygen chemical diffusion and lower surface exchange coefficients. The
addition of the SDC causes this reduction in ionic transport. The exclusive ionic
conductivity of the SDC reduces the pathways for electronic transport which are
necessary for effective oxygen ion transport. Scanning electron microscopy has shown
the membranes to be non-porous, allowing for effective sealing of gases as well as
structural rigidity. Work has also been completed investigating methods for improving
the durability of ceramic materials by utilizing creep stress relaxation. This added
technique will help to ensure the DPEMs do not experience cracking as a result of
residual stresses within the material during manufacturing or operation.

3. Achievements

As for the simulation analysis, we clarified that how the diffusivity of oxygen ions in
vicinity of GB in DPEM changes due to the GB by using the constructed MD simulation
model. Experimental analysis has confirmed the effect of addition of SDC to the DPEM
as well as improved methodologies for highly robust ceramics.

4. Summaries and future plans
Regarding the simulation analysis, we constructed MD simulation models of DPEM and
clarified how the GBs between SSC and SDC in DPEM reduce the oxygen ion conduction.
In experimental analysis, a DPEM has been manufactured and analyzed with regards
to electrochemical performance.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)
Oxygen Ion in Dual-Phase Electrolyte Material, Proceedings of the Twentieth
International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-89,
pp. 155-156.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Mechanism of Generation and Stabilization of Fine Bubbles Generated by Plasma in Water
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Fig. 1 Schematic of the experimental setup.
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Fig. 2 Microbubbles formation process at the tip of streamer

between t= 18 ps and t = 25 ps.
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Project code J20L017

Classification  |Discretionary collaborative research
Subject area Fundamentals

Research period |April 2020 ~ March 2021

Project status  |3rd year

Surface Pressure Measurement of a Re-Entry Model in Ballistic Range Facility
using Motion—Capturing Pressure-Sensitive Paint Method

Hirotaka Sakaue*f, Daiki Kurihara*, Joseph Gonzales*
Hiroki Nagai **¥+, Naoki Tanaka**, Kazuma Yomo**, Koji Fujita**
* Department of Aerospace and Mechanical Engineering, University of Notre Dame
**Institute of Fluid Science, Tohoku University
T Applicant, FIFS responsible member

1. Purpose of the project

The present study focuses on the challenges of capturing surface pressure data on a
free-flight object in a ballistic range facility. There are four main challenges: (1) shooting
an aerodynamic model in a ballistic range; (2) capturing the free-flight trajectory; (3)
capturing luminescent images of the object during the flight; and (4) obtaining the
surface pressure distribution from the luminescent images. We have achieved
approximately all the items in the previous studies. In this year, we aim to improve the
accuracy further. In addition, we will investigate a measurement method with an
improved method so that many users can use this method in ballistic range facilities.

2. Details of program implement

In this fiscal year, we will develop a pressure distribution measurement method using
a single camera, in contrast to the conventional motion capture method. For this purpose,
we have been working on enhancing emission intensity (improvement of AA-PSP,
increase of excitation source), acquisition of effective reference images, and image
processing method. In order to obtain the required signal-to-noise ratio, we also
investigated the relationship between the exposure time and the luminance value
(Figure 1) and selected the optimal conditions. The ballistic flight test was performed
using a cylinder that simulates a re-entry capsule. The resulting pressure distribution
image is shown in Figure 2. The pressure distribution on the surface of the free-flying
cylinder was successfully obtained. However, the signal-to-noise ratio was poor, and the
difference between the theoretical value and the experimental value was large. However,
the signal-to-noise ratio was poor, and the difference between the theoretical and
experimental values was large, mainly due to the deviation from the reference image. It
was found that it is important to improve the luminescence intensity to shorten the
exposure time.

3. Achievements

This year, we were challenged to formulate the pressure distribution on the surface
of a ballistic flying object using a single camera in addition to the conventional
measurement method. As a result, we were able to measure the pressure distribution,
but many problems became clear. However, since the problems were clarified, we could
start planning a new proposal for the following year.
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4. Summaries and future plans

For measuring pressure distribution on the surface of a free-flying object using a
ballistic flight device, we have achieved a certain level of success using the motion
capture method. We also worked on a single-camera measurement method and were able
to extract issues for the future. In the future, we aim to improve both techniques further
and establish the technology to be used as one of the measurement methods of choice for
researchers who use ballistic range.
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5. Research results
1) Journal (included international conference with peer review and tutorial paper)
[1] Daiki Kurihara, Joseph P. Gonzales, Steven L. Claucherty, Hideki Kiritani, Koji

resolution pressure measurement on free flight model at Mach 1.5 using novel non-
intrusive optical technique, Experimental Thermal and Fluid Science, Vol. 120,
(2021), 110243, https://doi.org/10.1016/j.expthermflusci.2020.110243.

2) International and domestic conferences, meeting, oral presentation etc.

[2] Naoki Tanaka, Koji Fujita, Hiroki Nagai: An Attempt to Measure Pressure
Distribution on a Free-Flight Object, Proceedings of the Seventeenth International
Conference on Flow Dynamics, Sendai, (2020), 0S18-39, pp. 559-560.

*[3] Daiki Kurihara, Joseph Gonzales, Hirotaka Sakaue, Naoki Tanaka, Kazuma Yomo,

Koji Fujita, Hiroki Nagai: Surface Pressure Measurements using Two-Color PSP
over a Free Flight Object in a Ballistic Range Facility -2, Proceedings of the
Twentieth International Symposium on Advanced Fluid Information, Sendai,

(2020), CRF-52, pp. 91-92.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Project code J20L019

Classification Discretionary collaborative research
Subject area Environment and energy

Research period | April 2020 ~ March 2021

Project status 3rd year

Compar ison between h-BN and MXene as Promising 2D Materials for Biolubricant
Additives: Molecular Dynamic Simulation Perspective

Takashi Tokumasu*f, Nasruddin Yusuf Rodjali**{+
* Institute of Fluid Science, Tohoku University
**Mechanical Engineering Department, Universitas Indonesia
TApplicant, ffnon-IFS responsible member

1. Purpose of the project
2D nanomaterials are considered as a novel additive in lubrication, in this study the
established 2D nanomaterial, hBN is compared with novel material, MXene (Ti2COs).
Along with fatty acid methyl ester (FAME) molecules (C17H340z2) as base oil, both 2D
nanomaterial were simulated using molecular dynamics simulation.

2. Details of program implement
All of the simulation’s works were conducted using IFS supercomputer facilities.
Everything related with the molecular dynamics simulations procedures and
methods were carried out under IFS responsible member supervisions. For the same

number of FAME molecules, we varied 2 different temperature for each 2 wt% hBN
and 2 layers of MXene.

Figure 1 : Radial distribution function between nanomaterials and fluid molecules

(a) (b)

Figure 2 : (a) MSD graph for hBN in fluid (b )MSD graph for MXene in fluid
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(a) )

Figure 3 : The snapshot of (a) MXene-Fluid and (b) hBN-fluid at the same timestep.
Mzxene-fluid tend to form more clusters than hBN fluid

3. Achievements

Nanoparticles addition to plant-based oil has succeeded in increasing thermal
conductivity. The thermal conductivity trends are elevated with the temperature. In the
same way, for the fluid-MXene samples, due to its the complex bonding of the
constituents, the increases are very distinctive compare with the fluid-hBN.

4. Summaries and future plans
Apparently, the nobel material MXene also have sufficient characteristics for
lubrication purpose, the further plan we possibly perform a proper parametric
studies regarding MXene-bio oil interaction so as to achieve a comprehensive

research.
Table 1 : Thermal conductivity and diffusion coefficient
Properties Pure FAME FAME+hBN FAME+MXene
313K 373K 313K 373K 313K 373K
K (W/mK) 0.14 0.2 0.2 0.5 0.49 0.62
D (cm?/s) 7.6e-7 | 15.1e-7 | 2.7e’5 | 4.8e5 2.2e7 1.7e-6

5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

*[1] Rizky_ Ruliandini, Nasruddin and Takashi Tokumasu: Performance of 2D
Nanomaterials as an additive in Fatty Acid Methyl Ester (FAME) based
Biolubricant: Molecular Dynamic Simulation, Proceedings of the Twentieth

International Symposium on Advanced Fluid Information, Sendai, (2020), CRF-94,
pp. 163-164.

3) Patent, award, press release etc.
Not applicable.
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pp. 228-235. https://doi.org/10.2514/1.C035880

2) ERF=iE - ENFER - RS - QBERRE

[2] Atsushi Yamaguchi, Koji Fujita, Hiroki Nagai: Experimental Investigation on Rotor
Performance of Mars Helicopter for Pit Crater Exploration, Proceedings of the
Seventeenth International Conference on Flow Dynamics, Sendai, (2020), 0S18-24, pp.
523-524.

[3] Kosuke Hayashi, Koichi Takahashi, Koji Fujita, Hiroki Nagai: Investigation of the
Effect of Propeller Thickness-wise Position on Aerodynamic Performance in Fixed Wing
at Low Reynolds Number, Proceedings of the Seventeenth International Conference on
Flow Dynamics, Sendai, (2020), 0S18-36, pp. 553-554.

[4] Yoshikatsu Furusawa, Keiichi Kitamura, Hiroki Nagai, Akira Oyama‘: Numerical
Investigation on Three-Dimensional Flow Structure over Fixed Wing within Propeller
Slipstream, Proceedings of the Seventeenth International Conféerence on Flow
Dynamics, Sendai, (2020), 0S18-31, pp. 538-543.
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[ERCE : 90%]

4. FEHESHNDEE

ALERENT, WHRRIR A K OVELRD OB C Ot Zeiat OFIEMESGEZ BRI, RS THE
DOERTAR OVERER M Z 2 & & HIZ, RN OZZEEF OER IR E o8 L7z, B
%, WEINN—V=T TRRFE T INNT—RKFAZ L > THRET ST [Pegasus)
TR % KB F OFSRTEAR OMRERI 21T > 7. #3513, ELASBE 2AR L TV 5 CARATS
Open Data % FAV N CHHHEASIC B BN EIE L4 (2016 45) &% 9 TRUVME (20154) OF
— X H L5 T & CHRBZERRI RS LT OE R L.

L1513, FATHM OBATR OMERERHM 2 SEMEI 2B U CIImATHEE [Pegasus) Z fJHfZIR
& LT 0penVSP IZ L W b= 22 ik FR, BifEbe - XK - ShettrE 2 2 e AR LT
AR DRI BE IR AT 2 i, MR DY A V0 7 2ttdb T D, AT, A H%OREEHE
ZHEZ TRV VAPAERO (Z L A3 WEIcfb 5 e « A =7 25 L 5@l
RIENT I alb—a T, Eio, MHRRANOZEERIOER AT 2 ED S & L biZ, R
GUTHAB LTINS DA T T — % - BT —%, KOX 07 mEZef) s — 2 2 AT
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[1] D. Yamabata and S. Morizawa: Evaluation of the Predictive Accuracy of Aerodynamic

Characteristics on Roadable Aircraft using OpenVSP, Proceedings of the Seventeenth
International Conference on Flow Dynamics, Sendai, (2020), 0S18-45, pp. 571-572.

*[2] S. Morizawa, R. Sakai, R. Kikuchi, D. Yamabata, and S. Obayashi: Proposal for the

3)

Transportation System with a Roadable Aircraft between Isolated Islands in Okinawa,
Proceedings of the Twenteith International Symposium on Advanced Fluid Information,
Sendai, (2020), CFR-36, pp. 60-61.
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Discretionary collaborative research

Subject area

Environment and energy

Research period

April 2020 ~ March 2021

Project status

1st year

1.

Geothermal Onsen Seminar

Anna Suzuki*{, Roland N. Horne**§+
Ayaka Abe**, Yuran Zhang**, Halldora Gudmundsdottir**
*Institute of Fluid Science, Tohoku University
**Energy Resources Engineering, Stanford University
TApplicant, fnon-IFS responsible member

Purpose of the project

Geothermal development requires comprehensive understanding of fluid flow in
reservoirs by evaluating from various viewpoints. In this seminar, we will introduce
our recent research related to hydraulic, thermal, mechanical, and seismological
perspective and discuss technologies and social acceptance required for sustainable
geothermal development.

Details of program implement

We have used the international collaboration research to hold a Geothermal
Onsen seminar every year for three years. By including the tour of the hot spring
area in Japan and the heat utilization facilities, it was a chance to convey a great
potential to overseas. In this conferential research collaboration, we would like to
organize a similar seminar once a year to discuss technologies that could actually be
performed in the hot spring area in Japan.

Achievements

By making strong connections with the geothermal group at Stanford University,
which has driven geothermal development around the world for a long time, we hope
to make it easier for students and other people who graduate there to get involved in
geothermal development in Japan. In particular, geothermal researchers tend to
take a large-scale perspective, but the use of hot springs is also a great use of
geothermal energy, and I think it is of great value to spread the way of using
geothermal resources to all over the world. In addition, from the perspective of
overseas researchers, I would like to think about breakthroughs that can overcome
the decline of hot spring areas in Japan and promote geothermal development
research with a win-win relationship.

Summaries and future plans

Due to the COVID-19, we were not able to get together, so we returned all the
funds. This year we are holding the World Geothermal Congress, which is a world
level conference, and information is being exchanged as needed. We will have
individual meetings and wait for COVID-19 to settle down.
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5. Research results

1) Journal (included international conference with peer review and tutorial paper)
Not applicable.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

International Symposium on Advanced Fluid Information, Sendai, (2020), Online,
CRF-44, pp. 75-76.
3) Patent, award, press release etc.

(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Internal Defect of Plastic—Fabricated Carbon Fiber Reinforced Thermo Plastics
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1. HAZEM

B PERSE Z FO - R ETR (L 7T A F~ 7 (CFRP) |3 ETH Y miECTH H7-
W, 28 - FHERSC F1 Z0Eic < b it teTnsd. LnrL, CFRP 34— K7
L—7 7% EORIEAEE A -V CIREE &) 2§l U CRIE T 2 BN B 572, AIBICKERH]
DLETH D, 5%, IREMHERL T 7 AF v 7 & HENHR EOMEIIERT 5720120
FRERER 2 M b L Ca A MRS 2 NENH D, T, BAEMEIE 2~ & LTk
FigER(b 77 2 F > 7 (CFRTP) MBS TE T\ 5. CFRTP 3BT 5 L #f{bd %
728, ZNE CTHBHEEMLZRIE L CE 27 L ARIERE AN T2 & O TS/ HET
H5h. EoT, T A MIEAEIFS TS, LavL, BVTBHREIEIIZIE Lo BT
BHDHD, IREWHEIIEIE LI UMEFCH 5720, FOENLNERICZEALNTET S.
AWFFETIE, RBIREZZLESETT LI =7 A E CFRTP 2NN T L 7=BRONES
RMGDIEA T =X LEHEINCTHZEE2HET 5.

2. HIEBRREOAR

AL TIL, BERIEIZ LD Al 231 7L CFRTP /1 7O 0OF M 2R+ 52 &
ZHRE L, ETET NI =T L% 7L CFRP OBESHREICKIET 7 VT T ADEL
SN LT, E O BRINR AR L D84 L ik LT,

H3ki41E, 8K Wk o CFRP /3« 7 (SHINA #HY) &, #A8T288MEIE LTIV
R=v A (A1070) A TEHAW. HHEXEX 11277, CFRP 731 7134M% 6mm, N
£ 4mm, £ X 100mm THD. Al 731 F1I/ME 8mm —ETH DM, NEED % D=6.03, 6.05,
6.10, 6.20, 6.40mm & 2L EH7=. AHFZETIZ ALl A Z7OWNED & CFRP 731 F04M% d
DEDNEZ 7 )T T A e LEFL, ¢=0.015,0.025,0.050, 0.100, 0.200mm & 25k &4
THJE L7=. CFRP /31 7L Al XA T OER YDA O i s & BREIEORHRE T ERFONE
LRICIZRAD LD s=10mm —E & L7-.

Al 73A 7L CFRP /™A T ORI TIL BRI A - . SBREESTEE D 2 A /Wy DK
E X3E 230X & 200X EE 90mm THY, YL/ A RaA VaEEClED-7 o v s
B ARDR—7 T4 hTHOHEETH S, SIS, MEHOaA L THDIRNERRKE N
B, FATENE 10mm OFROBHRENEE 2. BRI ORMET, avT o oE
=B C % C=200uF, FEELEV % V=TkV L#ET 5L THEETR/LY E=1/2CV2 &
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E=4.9kJ —E & L7z. 28 L7 Al /31 7L CFRP /31 7 DO—fl %X 2 |TRT

B L VB4 LT Al 231 7°& CFRP 3o 7O i 0 F [3ERBROFE R, Al 23A 7
& CFRP "A T DU VT T A&Wb &5 2 & TR AMNICNIEINT 5 Z Lo
o7z, Al XA 7L CFRP /3o 7O EFEEEE IR T MR IRA R = R 2 O R B A
IC LD EATRENR BEWZ ENb)otz. UL, BRI THEA LB i 0458
FEIT— M R IRAE LR RS A X DR L 0 b mnWZ & bhoTe. EHICK 31T
RLEDIZCFRP 731 FIC Al A TREE SN TN D Z EnbooT-.

CFRP pipe L‘ Al pipe

o (e L

-100

138 A ORI 2: 85 L7- Al /31 7L CFRP 734 7 (¢ =0.050mm)

6D
 Sm—
$8

06
oy
24

3 X CT e ofit 5

3. WX BIZEDERIKR
Flaa A NV ADEEZ LY CFRTP /3 " TOFEBRNTXRN-o7-Z L35 90%
FREEDEERLE Td 578, CFRP /34 & CFRTP 31 A HEIEFE USSR TH L L EZ B,

4 FLOHLSBERDRE
BRI KL% Al /31 7L CFRP /™A T OEEA TIL, #EANC X 286 L, EAM
JIEANFIRNS DD, FERHHOHES 7 0 A THEEGRENSE LD 2 LR booT:.

5 HIEEE

1) it @R OTERERE MBHRFEEaT)

*[1] Yuya Kodaira, Nobuhiko Kobayashi, Naofumi Kodaira, Atsuko Takei, Noboru
Nakayvama: Development of Joining Method by Cylindrical Pin Using Thermal
Expansion of CFRTP, Advanced Experimental Mechanics, Vol. 5, (2020), pp. 110-115.

(2] Hlis, AN - CFRTP OBMEZRAFIN L7 VI =0 A5 L ORFEES, BRI
$%, Vol. 58, No. 4, (2020), pp. 121-124.

[3] /NPl il RIS K D BB ORESHEAN : T I =0 b TOMEE AR L
7= CFRP /31 7" & O RFERHS, Bl HAN, Vol. 62, No. 12, (2020), pp. 15-18.
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(4] A, NEh, MEE, R, RIERY - BERIEE AW T I =T Ao T L
CFRP OEAIZKITTZ VT 7 AR, & 71 BVEMEIN THEAEHS, (2020), pp.
375-376.

(5] /Pth, AMKEE, AINFEESE, #Ef, LS - CFRTP OEMEZEAFIH LM 1o &
DTN =T MR ORES, 5 71 BRI TOEA RS, (2020), pp. 405-406.

3) oMt FEHF RE YRIIHRRE)
L
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Quantum Molecular Dynamics Analysis of Bubble Inception in Cryogenic Liquid Hydrogen
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1. HIRE/

PREVEMICREEIND L O, 7V =2 X & L COKREOFTE AT -8 & A3 4
L, KFEOWE « B O—TB L LT, RAKFZEORH b AEINRFT ST D, KFEIT,
—fRIZ 20K FEEORKIE CHWOLIND Z EMBLEMR AR SIC X DML E LT V. 207
W, WAKTEZE A DA ER O AR FHIIIKUIBFRTEANT DS R 20D, Z 6 E HIRIRK
RO LRSI 2 HET D72 DIEi e, KIaOARGERE (FIAEE) 2@ itt3 5
T UIFEL TR, — 0, IEKFERICBT 2RI800421E, R OB FFITE
SN D IKERA OIRAIME N LGS Z EVRENTEY, KEOKIRIEMTENTIZ I35+
R — VOB ST U 72 T Vi A DIARE RNV ETH D, L EEBEE 2, A CiiE+y
FRTEICEY, 9T AT— NV TAEUDREIKRFFOKIGYAERE DM AETTS L L bl <
7 IR IRAR AT I BN TR Y aWV EE T VAR T 2 DN EHITH 5.

2. MEBERDODAR

AAEFETE T, KBOBAMEE ST A —/L TR TE RS haA RoyF8)
775 (CMD) {EB X Oy 781 7)% (MD) 152 VT, FIIS%ME (ORI E - H1EE)
DRI % 100 DRIk L TENENKINIEDIENT 2 F2hE L, WEEERE X0 bR 2 e L
TR E DR ZAT 72, AR e LT, BRINLE (T/T,) &EERGTRIVE (Au/Apspn) %
MR TR Cl, KBOBETHEEZBET D &RV EREN/ NS <R D 2 ERFMER SN, K’
2, KBIZXT DBHEOKIEWVEET VORI Z R T 52 Z L 2 HE LT, SN
Mg (DFT) &AWt z17-72. & MD B X OVCMD 2 Ve R 2 b—y a3 Vinb
BoNDBWNET — 2 & L e RS (EOS) M L7 ¢, ThEho EOS %
WA L7 DFT ([C X 223 L, KEOE - ENRIGAEE I THELZFHNL L. £
DFER, SRR & EIOTREVE 241 2 7-5:0FClE, EFMEEEET 5 2 & CRUayAEREIX
INEL 2D (® 1), EMERINCIE MD v al—3 g LV OFEREBEAETH 2 LRS-,
72, RHHEFUEE & MR GTEEVE 241 2 7o Tl DR Y, KFBO B IRIIEKIENIEIC LI
TRIF— (ZRF—fERE) & EHSE5700, HIROEAICH_TRImASEE /N E <
B ENbotz (K2).
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3. WIEBIZEDFERIKR

IHETOMNZEICL Y, XHEHEEE & R TEEVE A4 2 7o STl IIRKBO & %%
B9 D 2 L CRIBARGREN NS K 705 Z EDvRe S, 725 24510 A 28 H~30 HIZ
DNTTATOIUTC ICFD2020 TlE, APEDITERE 21T o7z, £z, A/ —MICTEMIZHE
a2 & T, AMTERAREDENRILE AR OMEAZ G L TE TV 5.

4 FEHESERDEFEE

ARFZETIE, HRAKE DB SIARV I RIT T B LTI 2 2 L 2 S LT, MD &
FJODFT &AW XIEORAERGRE (WAZHREE) O 21T 72, Z ORGSR, *ERAEE & Mk
TCIENE 24l 2 T2 SN TUE, B MABIET 5 Z LISk » TRIBAEREEIV NS <2 %
T ENHER SN, ZHUIKFRDEF M Lo T F— RN S < 25 Z LITER L TS
AIREMEDS DFT 22 bR Sivie. £72, DFT KU AEROREI T3 5 /KE DO BT RIR 2 EMER
ICHBLTE 5 2 &R SN, 5%1%, CMD & DFT OFEIZ2 i 218 L C, AFEEFEN L7
DFT £V & & HITHEEOEWREKETOKIANEET V2R T 5 TETHS.

5. AR
1) ZFiiis EHRoTERERE BHFzad)

[1] H. Nagashima, S. Tsuda, T. Tokumasu: An evaluation of the self-diffusion coefficient of
liquid hydrogen via the generic van der Waals equation of state and modified free volume
theory, Chemical Physics, Vol. 539, (2020), 110952, 10.1016/j.chemphys.2020.110952.

2) ERRE - BNFER - RS - OBERREF
*[2] R. Takahashi, H. Nagashima, T. Tokumasu, S. Watanabe, S. Tsuda: Molecular kinetic
analysis of quantum effect on bubble nucleation in liquid hydrogen, Proceedings of the

20th International Symposium on Advanced Fluid Information, Online, Sendai, Japan,
(2020), CRF-91, pp. 158-159.

(3] Effme —, KE I, [ONSS, JORR, HEEM—  REKE OB RTIZ AR O
R MAT T RO TimfIRET, 25 57 Bl H AMBEA S AN T 7 KGR SUE, (2020), D324.
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Fluid Flow Analysis of an Atmospheric—Pressure Micro—Plasma E jected from a Narrow Nozzle
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1. WiREmM

WA HENE, AR aRy b, FuYo s X —SON RS S D IEE v —,
CyAakrY—, v 7uT I Faz—F %D MEMS T3 AR THEAT CERLE R
%. Sk BAEED MEMS (ERLClI— v F o 7, BSOS a0t A D—i & IEEZe S
O ANERZ D Z LT A MY - AFER EREIGTE 5. KRRE~A 7 07T X< 3R
Ty F U IRA YA MEIEAE ATREIC TS, TAUE TOME 1.2 mm LU R O#IEE SUS 23 7 (HEE
#) EMA RF (18.56 MHz) Jilik L CRKUE~A 7 077 A=tz B LT Si 7oK 7
2 REEO BT v F 7, DLC BIEIZIGH Lz, = v F o om0 @B E T P h v
GEo T T R~ H AR RLETH 5.

AW TIE, RERIE~YA 7 07T X~ OfiEERE v =2 ) — L AETE LT, H AR,
FNES), et 2L - AR d & 7T X~ Bt oRRE 2 S L

2. HIREEDOAR

Vall =LV EEEHWERGIEYA 7 v 7T X< (APYP) WO I L IR OB X 2K 1
\ORT. T IR A ATV U L, A& 0.6~1.8 L/min, RF /)i 2~14 W, fife/ X
IV - FERREEERE d: 3~5 mm IZERE LTI I =7 AHMA~OE LR A BIEE LT, ™A A —
R * 1% Photron, FASTCAM SA5, 7 L—2 L— 1: 7500 fps & L7-. APWP FiDEIELORk 1%
X 2 (Z~9. FEREEEE d = 3Smm, He i 1.4 L/imin & U CEZEEROREF 28122 L 7=,

B 1 : Hieav o AT b SR E OS] B2 : HiEE ) AN DB D IEKIET T A~
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1) He flow rate: 1.4 L/min (V,sige: 82 m/s), RFE power: 5.0 W

R/ ZIVEIE

5 mm Plasma off Plasma on 100 ms 200 ms

2) He flow rate: 1.4 L/min (Vi sige: 82 M/s), RE power: 9.0 W

R/ ZIVEIE

5mm Plasma off Plasmaon 100 ms 200 ms

B3 7T X~ T - R OEIREFOELNDOBA-O RE BAEAAE () 20— AR FHEE : 3 mm)

X 3127 T A~ mUTRI » # ORZEEROELNOER 2R d . 77 A~ fUTHIE, EZEERNE
PHOZE R A B X IATe Z & TEIWARAE L TS, ZIUK LT, 77 A~ HAT#IZRF £/ 9.0 W
FEIZELNSER L QD28 —HTh.0W RHIE T ORI R TE 5. 7T A~HEZEEICE

B ELILODZEE - JEBEIE He Jitfds LUV A AR HIKGF L TEY, / Av—FERE O
TEBIIREE|Z X 0 2SN DA A OIEBhN 2 52T 5 2 & DFIR EHERI L T D,

3. AR BIZEDFERIKR
APUP D FERA~DEZEE D “ELaL” 384 & Z OISR O Fep ek, RF B, T AjE
BRI SN E 720, KEIET T A~ 7 0 ABEOB STl 60%FEDERECTH 5.

4. FLHESHRDEE
val)—L A iéMmP@%EM®TEMT%WT@“ﬁﬂ”%ﬁk%@%ﬁﬁ%ﬁ%ﬂ
Erpodo. AROMEIL, 7T A< itERe, EREGTREETIES ) O ELAVHIEIRERE 2 87 & 2T 5.

5. HIEEE
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“[1] FAZEZ, ZYGRKR, EREEEZ, TR, FRIRE  MREeE 1 7B b2
KREEHe A 7 07T A~ Oftinud ik, #Ex 7 a5S Vol 45, No. 3, (2021), pp.
120-121.

2) EFRE - BNER - RS - DBERRE

[2] K. Otosaka and H. Yoshiki: Carbon Nanotube-Gold Nanoparticle Composites
Synthesized by  Gas-Liquid Interfacial He  Microplasma  Irradiation,
ISPlasma2021/IC-PLANTS 2021, Virtual Symposium, (2021), 09pC100.

(3] %ﬁiz,Cﬁﬁﬁ,%%%%,*%ﬁ@,Lﬁ%*.%%ﬁﬁﬂ47$ﬁﬁ6%ﬁﬁé
REE He ~A 7 07T A= OFiiUiE, #FEXF2aL - B - JUNESSEA R
55435 [AAE TS VAR O A, AT A, (2020).
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1. ®AREm

FEFER ZED TS Ra—r 24 & LT, #/INIZEE Ok~ 7o Hid COR R EE
INTWD. ED—F, EHRHOHIRLZEMEDREEIH G2 >TERY, K11/
IV AELRNZ BT BIEE T LTI 2 B9 5 2 & T3 5 Z E RS0 D, KL
I VA DOFTNIH BN TE, WAVGPEHETH D, LA IV ZEOIR ORI L - T2
TFFEDRRE SEB(LT B Z ERNIMBILTND. AWFFECIE, EHEEE - [RHREZ SR L L-8)
HIZE R RN 5 Z L 2 HAY & U, BB OB S5k 218 U CHEE R 22 /) FeEic
DOWNTHARD.

2. HRBREORE
EASKE 1% CFD 2 HWWT, 27— hiAd b — o 7 Elh S B 7= iR 2 5206 L7-.
B4 10, EENCAE D RGO EUICONWTRIFUE L2 TH Y, b—v o ZEEN Y G
RO HER TE 5. AHTICBNWT, BIMRBOE AT D L, L HF
BILTEWEIHREE RS TN D Z &R TE -
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AR LY, EAMEFE CFD AT, @vl— MNEJE Y OEEfigtr 2 3+ 5 2 &
WTE, PRGBS T ST L S 2. 5. TR E DG, KRkt 5%t
OLMERH DN, A IOTE FRIIBRER TS 7oL BTV D.

4 FEHESHDEFE
ARIOFZETCIE, 27— NEJEY Db — By FIEBIOMIT AT Y 2 LN TEXEN, 5%
FBR & Ol A il LT Y RGBS OB s B L 70 D, £ 2C, BIfEEH SN TS
b—E 7GR (X 2) 2 TS L7 FH8RIE & OLlE - REA D T 5. fGE%, CFD
EFEBR TR DR A ICIS, VT — NEOEM SOV CREMZR BRI FTRE L 72 5.

2R Lt —bE IR

5 HIREER
1) AifMES EROTERRE MESRFEED)
L
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*[1] D. Sasaki, R. Naganuma, T. Takase, N. Hayashi, K. Mizumoto, T. Akasaka, M. Okamoto,
S. Takhashi, S. Obayashi and K. Shimoyama: Study on Aerodynamic Effect of
Corrugation at Low Reynolds Numbers, Proceedings of the Twentieth International
Symposium on Advanced Fluid Information, Sendai, (2020), CRF-34, pp. 56-57.

(2] fere AKHES BRGNS, BHEEL, =520k, RIEEY, =t TILESEs: 7ey s
5 B [ 22K VRIS X D WARRNT, 2 1 BIERM T CFD U —7 v a v 7 i#HE,
JAXA-SP-20-006, (2021), pp.119-132. http://id.nii.ac.jp/1696/00047364/
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AAEREE, FEITFEBRRER & T 5 720 O IR OTEBEMATIE A EE LTz, ~N—T 2 -
KT ZA 2P — AR 78 & DR 2 AV B 25 R 21T, HEEER IR
THRETH 2L TOEDLEIZ OV TR L7Z.

3. MIREBEEDOERKR

BT IRV CIE, FHHEEZ TR SE, TREHWTEREZITHI Z LT, &8
F RS, A TOLMDERT —F 2G5 Z LRk, ZLTENLLDT —X
EEENTT 5 Z LT, BT VITERT IR Bk, t—A v MERHL,
TR ET— AL FRETFTIADOHEICE I BB L CWADEHRTE. £7-, =511
Dk EEE O EH, HEE & AEEORRIZOWTHRIEEZ{T - 7.

BAEARHTIC BT, FEBRAE R & L9 5 720 O Z IR STEUEARNT O RRGFED %, FAH)
7RV BT AR AT o 7.

4, FLEHESHDERE
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