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1. Purpose of the project

Purpose of the project (2018 year) is adaptation and transferring developed technology
from laboratory samples to the industrial detail and experimental study of properties of
these coatings obtained under optimal technological regime of plasma electrolytic
oxidation.

2. Details of program implement

During the last year 2017, the research was focused on the study of tribological
properties (microhardness, wear resistance, erosion resistance, surface roughness) of
coatings obtained under optimal technological regime of plasma electrolytic oxidation
on laboratory samples of functional materials; ii) investigation structure and
morphology; iii) corrosion resistance; iv) porosity; v) adhesion of coatings to the
substrate.

We have investigated the influence of the concentrations of a salt of the bivalent
elements, entered into alkaline-silicate solution (optimal solution containing 2 g1
NaOH, 7 g1 technical water glass (7Na20-2.9Si02-9H20 (TWG)) with addition of 1-4
g1l Co(NOs3)2; 1-4 Cu(OH)2;), on the structure, morphology, corrosion resistance,
porosity, microhardness, wear resistance, and surface roughness of the coatings
synthesized by PEO on the samples made of pure aluminum and commercial 2024
aluminum alloy.

From the experimental data it follows that that small addition (Iess than 4 g-1') of salt
of bivalent elements (Co, Cu) into the base electrolyte by PEO do not significantly
change phase composition; do not prone the wear resistance of the inner layers of the
coatings obtained on commercial 2024 aluminum alloy. It is indicated that alloying
coatings based on aluminum oxide with cobaltous and copper oxides reduces thickness
of the outer porous layer of the coating formed on commercial 2024 aluminum alloy.

3. Achievements

Based on provided results, the novel method of coating sintering with high tribological
properties, hardness, corrosion resistance and small thickness of the outer porous layer
is developed. This method might be successfully applied for the industrial products.
Therefore, further research will be carried out in year 2018.



4. Summaries and future plans

It is well known that adaptation and transferring developed technology from laboratory
samples to the industrial detail is a complex process that requires a range of
experiments and, at some stages, strong modification. Based on the results of the
previous (2016,2017) years, future plan of research is following:

i) to form the coating on the surface of industrial details using optimal solutions (to
adapt it to industrial details);

ii) to study the structure, morphology, corrosion resistance, porosity, microhardness,
wear resistance, and surface roughness of the coatings obtained under optimal
technological regime of PEO on industrial details;

iii) to develop a methodology for wear-resistant coating formation and apply it to
industrial details made of the functional materials.

The most important results will be prepared and published in per-reviewed journal of
Web of Science/Scopus base.

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

S. Y. Manjunath, and T. Takagi: Kinetic Features of Wear-Resistant Coating Growth
on Ti-Alloy by Plasma Electrolytic Oxidation, Surface Innovations, 6 (2017), (9

pages).

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

Hiroyuki Kosukegawa, Hiroyuki Miki, Toshiyuki Takagi: Influence of Bivalent
Alloying Elements of Alloys on Tribological Properties of Protective Coatings Formed
on Functional Materials by Plasma Electrolytic Oxidation, Proceedings of XVII
International Symposium on Advanced Fluid Information, (2017), pp.90—91.

3. Patent, award, press release etc.
Not applicable.
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Quantitative Temperature Measurement of High Pressure Flame Applying Laser Induced
Thermal Grating Spectroscopy (LITGS)
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*Institute of Fluid Science, Tohoku University
**Department of Engineering, University of Cambridge
TApplicant, fnon-IFS responsible member

1. Purpose of the project

Temperature is an important parameters in combustion. In order to achieve high
combustion load in combustor, combustion operates in high pressure environment.
Laser Induced Thermal Grating Spectroscopy (LITGS) is a promising laser diagnostics
for quantitative temperature measurements of flames at high pressure.

Nitric oxide (NO) is potential target for the purpose of flame structure measurements
using LITGS. In this study, temperature measurement in LITGS was employed to
non-reacting NO/Nz mixture and reacting flow.

2. Details of program implement and achievement

LITGS optics for NO was developed. An Nd:YAG laser (Spectra-physics, GCR-250,
laser energy was 300 mJ, 355 nm) and a dye laser (Sirah, PrecisionScan) were employed
to obtain the laser with the wavelength of 226.298 nm for NO excitation. The laser beam
was separated by a 50/560 beam splitter and the beams were introduced to a
plano-convex lens having 1000 mm focal length. A CW semiconductor laser (Omicron,
BrixX445-2500, wavelength: 445 nm) was used as the probe beam. The diffracted signal
was detected by a photo multiplier tube (PMT, Hamamatsu photonics, R928). The
LITGS signal was acquired by a digital oscilloscope with 20 GS/s and 500 MHz
bandwidth.

First of all, NO-LITGS experiments using a high pressure cell was conducted. NO
concentration was varied from 305 - 30000 ppm and the pressures inside the cell were
set to 0.1, 0.3 and 0.5 MPa. Figure 1 shows the derived temperature in terms of NO
concentration and pump energy. The derived temperature increased with an increase in
NO concentration but the change in derived temperature was small in pump energy
within the examined conditions of NO mole fraction.
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Figure 1 : Derived temperature in terms of NO concentration (left) and pump energy (right)



The NO-LITGS technique was applied to the laminar flames. In order to produce NO
in the burnt gas, CH4+/NHs/Air flames were employed. Strain stabilized laminar flame
was employed in this study. Equivalence ratio was set to 0.9 and the ammonia
concentration in the fuel was set to 0.1, so 10 % of the total heat is generated from
ammonia. The pressure was 0.5 MPa. The left figure of the Fig. 2 shows the schematics
of the burner configuration used in the study. The right figure of the Fig. 2 shows the
obtained signal from the burnt gas region. Although the signal from burnt gas was
acquired, the derived temperatures were different from an expected flame temperature
because of low signal-noise ratio of the signal.

r - - -
10 ——— Raw signal ]
0.8 —— Smoothed signal| |

Normalized signal (-)

I . . .
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Time (ps)

Figure 2 : Schematic of experimental setup (left) and LITGS signal from the flame (right)

3. Summaries and future plans

NO-LITGS signal was acquired from NO/N2 mixture and CH4+/NHs/Air flames. As for
the future plan, the combustion experiments will be performed at atmospheric pressure
using bigger burner to generate larger volume of the burnt gas.

4. Research results (* reprint included)

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] A. Hayakawa: Non-intrusive Temperature Measurement using Laser Induced
Thermal Grating Spectroscopy (LITGS) and Its Development, the Srd workshop of
the Ensemble Project for Young Researchers in Tohoku University, Sendai, (2017) (in
Japanese).

Quantitative Measurement of Temperature using Laser Induced Thermal Grating
Spectroscopy with OH or NO excitation, Gordon Conference - Laser Diagnostics in
Combustion -, United States, (2017).
Measurements of Temperature using Laser Induced Thermal Grating Spectroscopy
with Resonant Excitation of Nitric Oxide, Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), pp. 14-15.
H. Kobayashi: Quantitative Temperature Measurement of Oxygen Enriched
CH4/O2/N2 Premixed Flames at High Pressure by using Laser Induced Thermal
Grating Spectroscopy, The Japan Society for Aeronautical and Space Sciences
Northern Branch 2018 Annual Meeting and the 19th Symp. on Propulsion System
for Reusable Launch Vechicles, Sendai, (2018), JSASS-2018-H011 (in Japanese).

3) Patent, award, press release etc.

(Award) Good poster award, "Non-intrusive Temperature Masurement using Laser
Induced Thermal Grating Spectroscopy (LITGS) and Its Development", Akihiro
Hayakawa, July 3, 2017, the 3rd workshop of the Ensemble Project for Young
Researchers in Tohoku University (in Japanese).
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Investigation of a Time Response of cntTSP Sensor for a Dynamic Visualization
of the Laminar—to-Turbulent Boundary Layer Transition

Daisuke Yorita*t, Hiroki Nagai**j+t
Christian Klein*, Kensuke Kanou**
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Purpose of the project

A dynamic visualization technique of the heat transfer has great potential to
understand complex flow physics, e.g. the laminar-to-boundary-layer transition,
vortex shedding, flow separation and reattachment. A combination of Temperature
Sensitive Paint (TSP) and carbon nanotube (CNT) heater, we call cntTSP, has
potential to visualize the heat transfer distribution over the model. German
Aerospace Center (DLR) has been developed this cntTSP sensor and applied to
‘stationery’ wind tunnel tests.

In this project, an applicability of cntTSP to ‘dynamic’ wind tunnel tests is
investigated. The wind tunnel test is conducted in the low-turbulence heat-transfer
wind tunnel facility in Tohoku University. A robot manipulator is used for making
continuous model motions (pitch-angle sweep in this test). In the test, several
parameters such as a model sweep speed are investigated for optimizing the use of
cntTSP in the dynamic wind tunnel tests.

Details of program implement

Evaluation of the c¢cntTSP sensor on a model in continuous pitch-sweep tests was
conducted in Tohoku University. The model was a simplified airplane configuration
featuring wings with NACA0012 airfoil profile (prepared by DLR). The cntTSP
sensor was applied on the suction side of the airfoil. Due to a trouble of the robot
manipulator, a remote rotating stage was used for making the required model
pitch-angle sweep motion (Figure 1).

Figure 2 shows one visualization result of the surface heat transfer distribution
which is generated by the boundary-layer transition. Two different test cases, the
pitch-fixed test (left) and the pitch-sweep test (right), are compared in this result. A
model pitch angle is +5 degrees and the sweep speed is +0.25 degrees per second with
a flow speed of 25 m/s. The flow is coming from the left side and the wing tip is
situated on the bottom of the image. In the images the darker areas towards the
trailing edge of the wing indicate a higher heat transfer, which is caused by the
turbulent flow. The cntTSP works well in the pitch-sweep test as well as the
pitch-fixed test. The positions of the boundary-layer transition (change from lighter
areas on the leading part of the wing and darker areas on the trailing part) are
comparable in both results. The transition position in this case is not straight along
the span due to interactions with the model fuselage and wing tip vortex.



3.

2)

3)

£
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(a) pitch-fixed test (b) pitch-sweep test
Figure 1: Setup of the model Figure 2: One example of the obtained result

Achievements

The wind tunnel test was successfully finished and results more than expected were
obtained. Especially the influence of the sweep direction and time response of the
sensor were very important knowledge for future applications. Base on the
knowledge from this test, several industrial applications of cntTSP sensor are under
discussion in DLR.

Summaries and future plans
The purpose of the project in 2017 was fully achieved.

From 2017 activities, three major technical interests arose;

[1] Further improvement of CNT heating layer for lower resistance and more
homogeneous heating distribution. Optimization of the sensor thickness for fast time
response.

[2] Possibility of detection of separation bubble, separation point, transition point
and reattachment point

[3] Quantitative surface heat transfer measurement.

To investigate above interests, we will continue the cooperation of Tohoku University
and DLR in this research field.

Research results (¢ reprint included)
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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Theoretical and Experimental Study of Flow Stability, Flow Controllability, and
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Purpose of the project
(i) To investigate the characteristics of trapped acoustic modes in a cylindrical
expansion chamber-pipe system and the interaction of these modes with oscillating
shear layers.

(ii) To investigate the stability properties of the flow, with a view to flow control.

2. Details of program implement
An analytical model representing trapped (localized) acoustic modes in a cavity-pipe
system has been developed. Solutions are given in terms of a Fourier-Bessel series.
Base on this complete solution, a special solution representing a trapped mode has
been constructed. Figure 1 illustrates the appearance of such a solution. A standing
wave is trapped in the cavity domain and there is no radiation of acoustic energy “to

infinity”.
3
Z i
1 0.5
F oo i) i
= 0.5

- - & Q o & ]

=

Figure 1 : Trapped mode in a cavity-pipe system. The velocity potential is shown.

3. Achievements
We have found that for a shallow cavity and for low values of the circumferential
mode number m there is just one trapped mode in the allowable wave number
domain, and this mode is symmetric about a radial axis in the center of the cavity.

By increasing cavity depth (i.e. increasing cavity radius) additional trapped modes
come into play. Contrary to the first trapped mode, the second trapped mode is
antisymmetric about a radial axis in the center of the cavity. When a third trapped
mode comes into play, by increasing the cavity radius yet further, it is again
symmetric, a fourth mode is antisymmetric, and so on. Increasing the
circumferential mode number m has a similar effect (see Fig. 2).



Figure 2 : Appearance of trapped modes for increasing value of the circumferential
mode number m. From bottom to top: m=1, 2, 3, 4, 5, 6. The allowable wavenumber
domain is 0 < s< 1. Each ‘peak’ in the graphs corresponds to a trapped mode.

4. Summaries and future plans
In the continuation of this work we wish to give analytical proofs of the numerical
findings. Following this, interaction with an oscillating shear layer in the cavity
domain will be studied.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
[1] M.A. Langthjem, M. Nakano: A combined analytical and numerical analysis of the
flow-acoustic coupling in a cavity-pipe system, Theoretical and Computational Fluid
Dynamics., Accepted for publication (2018), (30 pages).
[2] M.A. Langthjem, M. Nakano: Acoustic trapped modes in a cylindrical expansion
chamber-pipe system, Submitted for international publication, (2018), (25 pages).

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

*[3] M.A. Langthjem, M. Nakano: Interaction between Self-Sustained Flow Oscillations
and Trapped Acoustic Modes, Proceedings of the Fourteenth International
Conference on Flow Dynamics, Sendai, (2017), pp. 474-475.

[4] M.A. Langthjem, M. Nakano: Theoretical and experimental study of flow stability,
flow controllability, and trapped acoustic modes in cylindrical expansion
chamber-pipe systems, Proceedings of the Seventeenths International Symposium
on Advanced Fluid Information, (2017), pp. 178-179.

[6] M. A. Langthjem and M. Nakano: Acoustic trapped modes in a cylindrical
expansion chamber-pipe system, The 37th Ryuriki-souon (flow-induced sound)
symposium, Tokyo, 11 December (2017).

3) Patent, award, press release etc.
Not applicable.
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Kinetic Modeling of High-Pressure Surface lonization Waves
Generated by Ns Pulse Discharges

Hidemasa Takana*t, Hideya Hishiyama*
Marien Simeni Simeni**, Edmond Baratte**, Igor Adamovich**t{+
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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
air and in a hydrogen diffusion flame. Such insight is critical to predictive analysis of
plasma-assisted combustion applications.

2. Details of program implement

Time-resolved electric field in ns pulse discharge plasmas generated in room air and
in an atmospheric pressure hydrogen diffusion flame has been measured by ps
four-wave mixing, for plane-to-plane electrode geometry, with sub-ns time resolution.
The results have been presented at 14th Int. Conf. on Flow Dynamics, Sendai, Japan:
I.V. Adamovich, and at 17th Int. Symp. on Advanced Fluid Information,: M. Simeni
Simeni, E. Baratte, C. Zhang, K. Frederickson, I. Adamovich, H. Takana, and H.
Nishiyama.
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Figure 1 : Pulse voltage waveforms and electric field in the discharge in room air and in
H: diffusion flame for the discharge gap of (a) d=1.3 mm and (b) d=1.7 mm.

3. Achievements
Figure 1 shows pulse voltage wave forms and measured electric field in the discharge
in room air and in H2 diffusion flame. The results show that peak electric field during



breakdown in the flame, approximately 40 kV/cm, is significantly lower compared to
that in room air, 75 kV/cm, due to higher temperature of combustion products. In both
cases, peak electric field is higher compared to DC breakdown field. Both in air and in
the flame, the electric field follows the applied voltage before breakdown and decreases
rapidly after breakdown, due to charge separation and plasma self-shielding. The
electric field in air is compared with the predictions of an analytic model of ns pulse
breakdown, showing good agreement between the predicted and the measured
breakdown field. The model also predicts earlier breakdown and breakdown voltage
reduction as the temperature is increased, in qualitative agreement with the
experimental data. The use of the present ps four-wave mixing diagnostics for
measurements of electric fields below ~20 kV/ecm in atmospheric pressure flames is
challenging, due to low signal-to-noise. The sensitivity of the present diagnostics is
controlled by the high temperature and low N2 fraction in the combustion product
mixture, as well as by limited bandwidth of the Stokes beam generated by the
stimulated Raman cell, which provides access only to several rotational levels of
nitrogen molecules. The present diagnostics will have much better sensitivity in
high-pressure flames, since the four-wave mixing signal scales as squared number
density of nitrogen.

4. Summaries and future plans

The present results have shown that the sensitivity of four-wave mixing diagnostics
in the flame is significantly lower compared to that in room-temperature air, primarily
due to higher temperature and lower N2 fraction in the combustion product mixture.
This limits the applicability of four-wave mixing to electric field measurements to
high-pressure flames, where plasma generation and control become more challenging.
In the future, we are planning to use ps second harmonic generation recently developed
in our group. Second harmonic generation measurements of electric field in air shows
that it 1s much more sensitive compared to four-wave mixing, generating much higher
signal at significantly lower laser power. This demonstrates that it would be more
effective for diagnostics of atmospheric pressure flames.

5. Research results (x reprint included)

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

[1] M. Simeni Simeni, B. M. Goldberg, C. Zhang, K. Frederickson, W. R. Lempert, and 1.
V. Adamovich: Electric Field Measurements in a Nanosecond Pulse Discharge in
Atmospheric Air, Journal of Physics D: Applied Physics, vol. 50, (2017), p. 184002.

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

international conference without peer review)

[2] E. Baratte, I. V. Adamovich, M. Simeni Simeni, and K. Frederickson: Measurements
of Electric Field in a Nanosecond Pulse Discharge by 4-Wave Mixing, 72nd
International Symposium on Molecular Spectroscopy, June 19-23, (2017),
Champaign-Urbana, Illinois.

[3] M. Simeni Simeni, E. Baratte, C. Zhang, K. Frederickson, I. Adamovich, H. Takana,
and H. Nishiyama; Kinetic Modeling of High-Pressure Surface lonization Waves
Generated by Ns Pulse Discharges, Proceedings of the 17th International
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1. Purpose of the project

This project aims at developing magneto-rheological (MR) elastomers for
magneto-mechanic energy conversion and vibrational energy harvesting. It is expected
that, as being mechanically very soft, MR elastomers may constitute smart materials
suitable for large amplitude and low frequency vibrations, hence offering an attractive
alternative compared to conventional magnetostrictive or piezoelectric materials that
are quite stiff,

The project had three objectives: (1) material elaboration and optimization; (2)
modeling and characterization; (3) development of an energy harvesting demonstrator.

2. Details of program implement

Magneto-Rheological (MR) elastomers exhibit a variation of their rheological
properties (storage modulus and loss factor) upon the application of a magnetic field.
Conversely, their magnetic properties depend on the shear strain, which can be seen as
a pseudo-Villari effect.

In this fiscal year, extensive measurements were conducted on 4 different kinds of
MR elastomers, soft / hard elastomers, and isotropic / anisotropic elastomers.
Characterizations were conducted for their magneto-rheological properties of MR
elastomers on one hand, and their pseudo Villari effect (change in magnetic properties
as a result of applied shear strain) on the other hand.

Deep analyses of the origin of the magneto-elastic coupling were performed through
the development of analytical models based on magnetic particles interactions in the
applied field. In addition, Finite Element Modeling simulations were achieved in the
objective of better understanding the physical mechanisms, and how to improve the
magneto-elastic coupling.

Finally, the results were summarized and led to two publications in peer reviewed
journals, as well as several international conferences. Preliminary application to energy
harvesting has also been tested, and a paper on this topic is currently under
consideration. Further scientific publications on particle interaction model are also
under consideration.

Furthermore, such collaborative research has opened new approaches that will still
be developed after the end of this IFS CRP project, both on the material itself and on its
application.



3. Achievements

The magneto-elastic coupling - in the view of energy harvesting - was successfully
quantified. It was shown that the magneto-rheological properties do not depend on the
nature of the polymer matrix. Indeed, the relative change in storage shear modulus was
observed to be very similar for both soft and hard elastomers. Similarly, the
pseudo-Villari effect was found to be also of similar amplitude.

Finally, several hypotheses regarding the physical origin of this Multiphysics
coupling drew basics of modeling attempts, although further detailed microstructure
analyses would be necessary to further understand the physical insights.

4. Summaries and future plans

The objectives set at the beginning of this collaboration were achieved: it was proved
that magneto-rheological elastomers have the capability of converting mechanical
energy into electrical energy. During the project, several attempts of energy harvesting
were performed, leading to estimations of energy density in the range of mdJ/cm3.

Further work will deal with testing other polymer matrix, and testing some more
realistic energy harvesting devices.
Hence, the project allowed initiating new research fields within IFS (MR materials for
mechanical to electrical energy conversion and their application to energy harvesting
systems) as well as establishing long-lasting collaboration within and outside TU. This
IFS-CRP project helped in initiating the research axes and collaborations, and,
although this project is over, the research is still continuing, working together on these
topics.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
conversion in magneto-_r_h_e_o_l(;éizgd elastomers, Science and Technology of
Advanced Materials, 18 (1), (2017), pp.766-778.

(doi: 10.1080/14686996.2017.1377590)

magnetorheological elastomers for mechanical to electrical energy conversion,
Journal of Applied Physics, 122, (2017), 103902. (doi: 10.1063/1.4998999)
2) International and domestic conferences, meeting, oral presentation etc.

Anisotropic Magneto-Rheological Elastomers for Mechanical to Electrical
Energy Conversion, Fourteenth International Conference on Flow Dynamics,
November 1-3, 2017, Sendai, Japan (invited), (2017).

[6] G. Sebald, M. Nakano, M. Lallart, T. Tian, G. Diguet, J. Y. Cavaille:
Experimental Testing of Pseudo-Villari Effect in Magnetorheological Elastomers,
Proceedings of the Seventeenth International Symposium on Advanced Fluid
Information, Sendai, (2017), pp.18-19.
in Magneto-Rheological Elastomers, 18th International Symposium on Applied
FElectromagnetics and Mechanics, Chamonix - Mont Blanc, France, 3 to 6
September, (2017).

3) Patent, award, press release etc.

Not applicable.
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Purpose of the project

The project aims to develop innovative multi-layer magnetorheological elastomer
(MRE) isolators in order to effectively control and suppress vibrations due to
earthquakes. Major research tasks include: (a) fabrication and characterization of
MREs; (b) optimal design and development of adaptive MRE isolators with novel
multi-layer structures; and (c) implementation and evaluation of MRE isolators for
structural control.

Details of program implement

We designed and developed a semi-active tuned mass damper (TMD) working with
MREs. The structural schematic and photograph of the MRE TMD is shown in
Figure 1. One of the innovations of the current research is the adoption of four
multilayered MREs and steel structures. It can be seen that the four multi-layered
structures form a square layout, and this increases the stability of the MRE TMD
while still retaining sufficient lateral flexibility. These four coils are connected in
series before current is applied. The most noteworthy point of this design is that one
totally closed magnetic circuit forms between any two adjacent multi-layered
structures and this means that there is a total of four closed magnetic circuits. Any
two adjacent structures have opposed winding directions of their solenoids, so that
they will generate opposite magnetic fields when the current is applied.

Figure 1: Design and photograph of the MRE tuned mass damper.

To verify the capability of the MRE TMD to protect a building from earthquake,
extensive simulation and experimental testing were conducted. The swept sinusoidal
signal and the scaled 1940 El Centro earthquake record were used to excite a scaled
three story building. Both simulation and experiment have verified that the MRE
TMD outperformed all other passive tuned mass dampers under either swept



sinusoidal or seismic conditions. This new design not only maintains the advantage
of large lateral flexibility but also improves the efficiency of the magnetic field by
generating four closed magnetic circuits. The frequency shifted from 3.1Hz to 7.1Hz
when the current was changed from O0A to 2.5A and this demonstrated the
effectiveness and controllability of the MRE TMD as a method to reduce vibrations.
The simulation and experimental results verified the potential of this method to
protect the building from ground motion. The transmissibility responses, the relative
displacement, and the relative acceleration, as well as the peak displacement and the
acceleration have clearly shown the superiority of semi-active MRE TMD over
passive TMDs or no TMDs.

3. Achievements
A new MRE TMD was prototyped and its performance was experimentally evaluated.
The research collaboration has resulted in 2 journal articles and 3 conference papers.
One research staff and one PhD students have got excellent joint-supervision
through this collaborative research project.

4. Summaries and future plans
Summaries: This is the third year of the research project on the development of novel
MRE isolators for structural control, which has resulted in excellent results.
Future plans: As Prof. Masami Nakano has retired from the IFS, I am seeking an
opportunity to do collaborative research with a new IFS researcher for another
research project.

5. Research results (x reprint included)
1) Journal (included international conference with peer review and tutorial paper)
" of an isolator working with magnetorheological elastomers and fluids, Mechanical
Systems and Signal Processing, Vol.83, (2017), pp.371-384 (14 pages).
]Séx;e_lz)f);n_enjc_(;f_ a_ma_g;ie?;(;he_oio_éigél_ clastomer-based tuned mass da;n_ﬁe_r_%(;r
building protection from seismic events, Journal of Intelligent Material Systems
and Structures, Vol.29, (2018), pp.1777-1789 (13 pages).

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

between };i_g_}l__speé&_s_t;i)_ﬂity and curving trafficability of the train using an
innovative MR rubber joint, Proc. of the 14th Int. Conf. on Flow Dynamics
(ICFD2017), Nov. 1-3, 2017, Sendai, Miyagi, Japan, Paper ID: 0S12-3, (2017),
pp.452-453.
_a_n_a_la‘;a_lhc_e_d_\_féhicl;_s_u_s_pen;i_o_n_;V_ii_:h variable stiffness and damping MR damper,
Proc. of the 14th Int. Conf. on Flow Dynamics (ICFD2017), Nov. 1-3, 2017, Sendai,
Miyagi, Japan, Paper ID: 0S12-5, (2017), pp.456-457.
broadband _n_lajléﬁét_o_rﬁeo_l(;éi_céi elastomer vibration energy harvester, Proc. of the
17th Int. Symp. on Advanced Fluid Information (AFI-2017), Sendai Japan,
CRF-87, (2017), pp.180-181.

3) Patent, award, press release etc.
Not applicable.
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(2017), pp.2-3.
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Project code J171048

Classification General collaborative research
Subject area Fundamentals

Research period | April 2017 ~ March 2018
Project status 1st year (progressing)

Discharge Phenomenon in Laser—Induced Bubble and Formation Mechanism of Microjet by
Cavitation Bubble

Takehiko Sato *F, Mohamed Farhat **{+
Outi Supponen **, Kiyonobu Ohtani *, Tomoki Nakajima *
Sayaka Kamata ***, Takahito Akimura ***
*Institute of Fluid Science, Tohoku University
**Ecole Polytechnique Federale de Lausanne (EPFL)
***Graduate School of Engineering, Tohoku University
TApplicant, ¥inon-IFS responsible member

1. Purpose of the project

This project aims to elucidate the micro-jet formation occurring in the last stage of
the primary and rebound bubble collapse processes of cavitation bubbles. 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

Formation of micro-jets under traveling pressure waves that change their phases
due to reflection at a water-air interface is a complex phenomenon and it is still unclear.
To verify whether such pressure waves are expansion or compression waves, high-speed
imaging of pressure waves was combined with simultaneous pressure measurements by
an optical hydrophone, as shown in Fig. 1. Fig. 1 (a) and (c) show that a spark discharge
produced a shock wave 1, of which the phase inverted at the surface of the water,
making it into an expansion wave 2. The wave 2 further changed into the compression
phase, producing wave 3, at the surface of the spark-generated bubble. Figures 1 (b) and
(d) show that a shock wave 1 traveled in the water and changed its phase at the surface
of water. Then, the resulting expansion wave 2 was reflected without a phase change at
the surface of an alumina plate placed above the spark-induced bubble due to the large
acoustic impedance of the alumina, and continued traveling as an expansion wave 3.

3. Achievements

We succeeded in imaging the traveling pressure waves and in synchronizing them
with pressure measurements, which allowed for the verification of the phase change of
each pressure wave by the reflection at the interface of water and air.

4. Summaries and future plans

We will investigate the interaction between the phase of pressure waves and
direction of the micro-jets based on the results obtained this year.

. Research results (* reprint included)
1) Journal
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.



[1] T. Akimura, T. Minami, T. Nakajima, K.

and T. Sato: Directed dJetting from
Cavitation Bubbles Subject to Traveling
Pressure  Wave, 4th  Japan-Taiwan
Workshop on Plasma Life Science and
(fl'ecbn)o]ogy (2017 JTPL), Morioka, Iwate,
2017).

[2] T. Akimura, T. Minami, T. Nakajima, K.

and T. Sato: Effect of Pressure Wave on
Direction of Cavitation Bubble Microjets,
9th JSME-KSMFE Thermal and Fluids
Engineering Conference (TFEC9), Okinawa,
(2017), Presentation No. TFEC9-1322.

*[3] T. Akimura, T. Minami, T. Nakajima, K.

(6]

[7]

and T. Sato: Pressure Measurement of
Traveling Pressure Waves for Cavitation
Bubble Generation, Proceedings of the 17th
International Symposium on Advanced
Fluid Information (AFI-2017), Sendai,
(2017), pp.8-9.

____________ Hydrogen gas generation in
plasma-induced cavitation bubbles, 10th
Asia-Pacific International Symposium on
the Basics and Applications of Plasma
Technology (APSPT 2017) Abstract Book,
Taoyuan, Taiwan, (2017), p.27.

T. Akimura, T. Minami, T. Nakajima, K.

and T. Sato: Micro-jets from microbubble
clouds under the effect of traveling
pressure  waves, 10th  Asia-Pacific
International Symposium on the Basics
and Applications of Plasma Technology
(APSPT 2017) Abstract Book, Taoyuan,
Taiwan, (2017), p.133.
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Sendai, (2018), Presentation No. 3C1-5.
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Sendai, (2018), Presentation No. 124.

3) Patent, award, press release etc.
(Patent) Not Applicable.

(Award)

Best Poster Presentation Award, “Directed Jetting from Cavitation Bubbles Subject to
Traveling Pressure Wave”, Takahito Akimura, Tomoya Minami, Tomoki Nakajima,
Kiyonobu Ohtani, Toshiro Kaneko, Outi Supponen, Mohamed Farhat and Takehiko
Sato, June 3, 2017, 4th Japan-Taiwan Workshop on Plasma Life Science and Technology
(2017JTPL).
4th Trek Award of the Institute of Electrostatics Japan in 2017, Takahito Akimura,
October 26, 2017.

(Press release) Not Applicable.

Fig. 1 (a), (b):
pressure waves traveling between the

Successive images of

surfaces of water and the bubble (a),
and between the surfaces of water and
the alumina plate (b). The scale bars are
200 um (a) and 500 pm (b). The frame
rates are 10 Mfps (a) and 2.3 Mfps (b).
The exposure times are 10 ns in the
cases of (a) and (b). The temporal
pressure variation traveling between the
surface of water and the bubble (¢c) and
between the surface of water and the
alumina plate (d). The figures with
arrows in the images denote the
pressure waves synchronized with the
magnitude of the pressure.
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Project code J171055

Classification General collaborative research
Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 3rd year

The Theoretical Modes of the Wake Flow of Road Vehicles

Chenguang Lai*f, Shigeru Obayashi**ft, Yuting Zhou*** Chengping Yan*
Hailin Zhang* and Kaiping Wen**
* Chongqing Institute of Automobile, Chongqing University of Technology
**Institute of Fluid Science, Tohoku University
*** Institute of Chemical Engineering, Chongqing University of Technology
TApplicant, TFIFS responsible member

1. Purpose of the project

To better understand the mechanism of the unsteady three-dimensional wake structure
and construct the theoretical modes of the wake flow, which can provide the key
theoretical direction and basis for controlling the structures of the wake vortex and
restraining the vortex excited vibration.

2. Details of program implement

Four control volumes (Fig. 1) are used to control the parametric deformations of the four
variables of a rear car model. Parameters xi1, x2, X3, x4 are used to quantify the
deformation of the 4 variables. Kriging response surface is fitted by the training
samples. Then, accuracy of the response surface will be verified by “cross validation”. At
last, one should Determine whether the response surface meets the final stop criterion
(maxEI < 0.1%). If satisfied, the algorithm stops and outputs the optimal design;
otherwise the point with maxEI will be added to the training samples and refit the
response surface. The initial sample points are constructed by a sample strategy named
uniform design (UD) and a self-adaptive differential evolution algorithm named
SMODE is used to search the point of maxEI.

¢

}f:‘ig. 1: Original model and the control volumes

3. Achievements

EGO algorithm is used to complete the 4-dimensional drag reduction optimization and
only 29 sample points are used to fit the response surface. Aerodynamic drag of the
optimal design in the limited design space is 1.56% less than the original vehicle. The
engine hood inclination and the tail upturn angle play a leading role in the vehicle's
aerodynamic drag in the design space. It demonstrates that the method combine EGO
algorithm, CFD numerical simulation technology and Data mining technologies is
promising for the computationally expensive black box problems.
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Fig. 2 Main effects of the parameters Fig. 3 ANOVA results

4. Summaries and future plans

Summaries: efficient Global Optimization (EGO) algorithm, based on Kriging response
surface and EI function, is used to complete the aerodynamic drag reduction of a vehicle
combine with CFD simulation technology. Data mining technology is used to uncover
the influence mechanisms of design variables on aerodynamic drag. Aerodynamic drag
of the optimal design is 1.56% lower than that of the original vehicle. Data mining
results show that the engine hood inclination and the tail upturn angle play a leading
role in the vehicle's aerodynamic drag in the design space.

Future plans: uses scientific methods to analyze, deepen and expand the bionics
phenomenon of Wing-In-Ground phenomenon; clarify the dynamic characteristic of the
boundary layer transition under the acting of Coupling Wall-effect on Multidirectional
Wings (CWMW), obtain the transient topologies of the separated flow and the eddy
motions generated on the end of the multidirectional wings and on the wake of the
aero-train, define the inherent mechanism and the laws of the flow of CWMW, and
structure the related theoretical modes.

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

_\_7;11_1;'I_‘y_p_e_]_)_iffuser_s_(_)r_l_t_};e Performance of Centrifugal Compressor, Advances in
Mechanical ngineering, Vol. 9 (8), (2017),1-12.

Vehicle Aerodynar_n_ig _S_ﬂz;pe_ Based on Intelligent Algorithm, Journal of Beijing
University of Technology, Vol.43, No. 9, (2017), pp: 1230-1236.

Engine Performance, MACHINE TOOL & HYDRAULICS Hydromechatronics
Engineering, Vol. 45, No. 24, (2017), pp: 1-6.

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

Formula 1 Racing, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information, Sendai (2017), CRF-60, pp.122-123.

Based on EGO, Proceedings of Fourteenth International Conference on Flow
Dynamics, Sendai (2017), pp.750-751.

3) Patent, award, press release etc.
Not applicable.
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Application of Nanostructured Surfaces to Enhance the Thermal Performance of Heat
Pipe

Peng Zhang*¥, Hiroki Nagai**{+t
*Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

Heat pipe has been widely used in many occasions, where good thermal performance is
indispensable in order to dissipate increasingly high heat fluxes especially in large scale
industries. In the present research, the functionalized nanostructured surfaces is used
to enhance the thermal performance of the heat pipe. Furthermore, the surface
durability and the corresponding thermal performance as well as heat transfer
mechanism of heat pipe instituted with nanostructured surfaces are experimentally
investigated and physically uncovered to facilitate their further applications.

2. Details of program implement

We have proposed to use the nanostructured surface infused with lubricant, which in
turn forms a slippery surface, enabling the condensate droplet removed timely from the
surface of the condenser. As a consequence, the drop-wise condensation can be
maintained in the condenser, resulting in a better condensation heat transfer and
therefore enhanced thermal performance of a heat pipe. This idea has been deeply
discussed with Prof. Hiroki Nagai at IFS of Tohoku University during a visit stay there
in Sept. 2017, and this idea will be further tested at IFS using loop heat pipe. Shown in
Figure 1 is the test facility built using the nanostructured surface in condenser to
maintain high heat transfer capacity. We have tested two kinds of thermosyphons with
nanostructured surface and pristine surface, respectively so as to understand the
performances.
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Figure 1 : The schematic illustration Figure 2 : The ratio of the thermal
of the experimental setup resistance of the thermosyphons



Shown in Figure 2 is the ratio of the total thermal resistances of the two kinds of
thermosyphons, it is seen that the ratio first decreases and then increases with the heat
fluxes, and it is below 1.0 in the experiments, which implies that heat transfer
performance of thermosyphon with the nanostructured surface is better than that with
the pristine surface.

3. Achievements

The outcome of the collaboration will lead to the understanding of heat transfer
mechanisms of nanostructure surfaces under the conditions that heat pipe works. And
the thermal performance of heat pipe can be possibly enhanced by using such
nanostructured surfaces. The durability investigation of the surfaces will pave the way
towards the practical applications in industries.

4. Summaries and future plans

From the research conducted so far, it has been proved that the nanostructured surface
can be used in a thermosyphon to enhance the thermal performance. The current
enhancement is mainly due to the occurrence of drop-wise condensation in the
condenser, and further enhancement should lie in the boiling heat transfer in the
evaporator. In the future work, we will put more emphasis on the boiling side and try to
find a way to enhance the boiling or evaporation heat transfer by using nanostructured
surfaces.

5. Research results (* reprint included)

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)
surfaces to enhance the thermal performance of a heat pipe, Proceedings of the

Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), CFR-76, pp.158-159.

3) Patent, award, press release etc.
(Patent)
January 30, 2018, Approved.
(Award)
Best Poster Presentation Award, “Effect of Surface Structure and Oil Viscosity
during Condensation on Slippery Lubricant-Infused Porous Surfaces”, Y. Maeda, P.
Internajci_o_n_él Conference on Boiling and Condensation. Nagasaki, Japan.
(Press release)
Not applicable.




Project code J171057

Classification General collaborative research
Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 1st year

Application of a Data Assimilation Methodology to a Numerical Simulation
of Pedestrian Flow

Fumiya Togashi*¥, Takashi Misaka**
Rainald Lohner***, Shigeru Obayashi**t¥
*Applied Simulations Inc.

**Institute of Fluid Science, Tohoku University
***College of Science, George Mason University
TApplicant, T+IFS or non-IFS responsible member

Purpose of the project

A data assimilation methodology has been proactively developed in atmospheric
modeling. Since atmospheric conditions change drastically over time with even a
tiny change of initial conditions, it is inevitable to utilize measurements to improve
the accuracy of a prediction. The methodology must be useful in the prediction of
pedestrian flow that shares common difficulties such as a sensitivity of the initial
conditions and difficulty in the prediction of human motion. The objective of this
project is to apply a data assimilation methodology that has been developed at IFS,
Tohoku University to our numerical simulation code to improve the accuracy of
pedestrian flow simulation

Details of program implement

Ensemble Kalman Filter (EnKF), which is a type of the data assimilation
methodology, was applied within a computational pedestrian and crowd dynamics
simulation tool. The co-author at IFS has developed the EnKF source code, while the
computational pedestrian and crowd dynamics code has been developed by the
co-author at George Mason University. The codes have been incorporated by the
author. The new code was applied to improve the simulation accuracy in the
experiment of unidirectional flow in straight corridors as shown in Fig.1. A total of 28
runs were performed in corridors with widths of 1.8m, 2.4m, and 3.0m. To regulate
the pedestrian density in the corridors, the widths of the entrance and the exit were
changed in each run. In this way, the inflow and outflow of the corridors are
controlled by the entrance and exit. The density, velocity of the pedestrian and the
evacuation time, which is the time when all the examinees reached the exit, were
observed.

EnKF was applied to improve 8 empirical input parameters, namely, desired
pedestrian velocity, variability of velocity, relaxation time to achieve desired velocity,
variability of relaxation time, variability of pedestrian radius, pushiness (min/max),
and comfort zone. The measured pedestrian density and velocity were utilized as the
observation data for EnKF.

Figure 2 shows the comparisons of evacuation time of all 28 runs. New runs using
the estimated parameter set provided much closer results to the experimental data
than the results using the original parameters.
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Figure 2 : Comparison of evacuating time of all 28 runs between the experiment (circle) and the

computed results using the original parameters (triagle), and using the estimated parameters (diamond)

3.

2)

3)

Achievements

We applied the EnKF to our pedestrian flow code, PEDFLOW, to estimate the
empirical parameters on the specific experiment. The new runs using the estimated
parameter set provided much closer results to the experimental data than the results
using the original parameters. The application of EnKF to pedestrian flow
simulation will be a useful approach for future pedestrian flow simulations.

Summaries and future plans

A numerical simulation code for pedestrian flow which has a data assimilation
capability has been developed. The demonstration on unidirectional experimental
pedestrian flow was performed in the first year. We confirmed that the methodology
is promising. In second year, the methodology will be applied to realistic pedestrian
flow prediction such as sightseeing spots.

Research results (¢ reprint included)
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)

to pedestrian flows, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information, Sendai, (2017), pp.20-21.

Patent, award, press release etc.
Not applicable.
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Effect of Wall Elasticity on Reduction of Wall Shear Stress in a Patient-Specific

1.

Aneurysm Model in Middle Cerebral Artery

Ryuhei Yamaguchi*f, Gaku Tanaka*, Taihei Kotani®, Hitomi Anzai**, Makoto Ohta*¥}

Kahar Osman™*, Nadia S. Shafii***
*Chiba University, Graduate School of Engineering
** Institute of Fluid Science, Tohoku University
***Faculty of Medical and Biological Engineering, Universiti Teknologi Malaysia
tApplicant, TTIFS responsible member

Purpose of the project

The middle cerebral artery MCA is one of predilection vessels of aneurysm in circle of
Willis. The effect of wall elasticity on flow behavior was examined for the comparison
of elastic with non-deformable models in pulsatile blood flow wave in vitro. In the
present study, the effect of wall elasticity on wall shear stress in a patient-specific
aneurysm model located at middle cerebral artery was measured using particle image
velocimetry in pulsatile blood flow wave in vitro. The elasticity significantly affects
the behavior of wall shear stress.

Details of program implement

The flow behavior inside aneurysm induced at the apex where MCA: M1 bifurcates to
M2 and M3 was examined for both elastic and non-deformable models as shown in
Fig.1. The configuration of a patient-specific aneurysm with width of N= 9.8 mm,
depth of D= 12.1 mm and lateral width of W= 22.0mm (AR= D/N= 1.23) which was
scaled up in 3.25 folds of full scale model. We experimentally examined the flow
behavior inside aneurysm and the wall deformation using 2D-PIV. Aneurysm wall is
made from silicone resin (KE-1606, Shin-Etsu Chemical Ltd.). The elastic modulus E
is 0.5 MPa. The working fluid is 51.5% aqueous glycerin solution with a refractive
index of 1.41 identical to that of silicone resin, a density of p = 1130 kg/m3.

Achievements
The elastic model deforms accompanying with the flow wave is shown in Fig.2. The
elongation ratios of lateral width and bleb neck diameter in elastic model are AW/W=

dir=8.0 E ___ 7.10 ¢
M2 = 23 g ® Laleral -.1.1|.1L|1 g
D=12 = ; s Bleb neck | 7.00 3
D c I e
da= 6K E"‘HF- \ | I:'rl_ill.ll'_ﬁ
Bleh di=3,1 '_E. 23 00 ——' ;. 80 :‘j
M3 Unitmm = O 025 05 :'r']?q I
Fig. 1 Patient-specific aneurysm. Fig. 2 Deformation of elastic aneurysm model

(Rem= 435, a=1.41).



4.4% and Adb/db= 2.7%, respectively.
The flow behavior at four phases A, B, C
and D is depicted in Fig.3. Globally, the
velocity through the inlet of aneurysm in
non-deformable model is a little larger
than that in elastic model. The
distribution of WSS in the bottom half of
aneurysm 1is shown in Fig. 4 for models
at mid-systole systole of #T= 0. 125. The
absolute temporal and spatial averaged
value of 0.42 Pa of WSS at four phases in
the elastic model, which was
significantly smaller than that of 0.81 Pa
in the non-deformable model in the
range of s/di=0 to 3.8. Comparing of
elastic with non-deformable models, the
wall  elasticity attenuates  WSS.
Furthermore, at mid-systole there was
the site with negative WSSG adjacent to
the site with positive WSSG around the
stagnation point S where the internal
elastic lamina is thin and might cause
injury.

4. Summaries and future plans
Comparing of elastic with non-
deformable models, the wall elasticity
attenuates WSS. Furthermore, at mid-
systole there was the site with negative
WSSG adjacent to the site with positive
WSSG around the stagnation point S
where the internal elastic lamina is thin
and might cause injury. The positive
and negative WSSGs imply “stretch and
compression”, respectively. In next step,
the full- scale model will be fabricated.
Using this full-scale model, the WSS
reduction and the flow instability will
be clarified in future.

5. Research Results
1) Journal  Not applicable.
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Fig.3 Flow at median plane in elastic
model. (A, B, C, D: #T= 0.00, 0.125,
0.250, 0.375)
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Fig. 4 WSS of elastic and non-deformable
model at mid-systole (#T= 0.125).

2) International and domestic conferenced, meeting, oral presentation

Effect of Elasticity on Wall Shear Stress in a Patient-Specific Aneurysm Model in
Middle Cerebral Artery, 14th Int. Conf on Flow Dynamics, (2017), 0S4-10, pp.278-

288.

Characteristics of Flow Behavior in Elastic Cerebral Aneurysm Model, Proceedings
of the 17th International Symposium on Advanced Fluid Information, Sendai, (2017),

CRF-43, pp.88-89.
3) Patent, award, press release etc.

Not applicable.
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[1] T. Yamamoto, R. Urayama, T. Uchimoto and T. Takagi: FEM simulation method for

electromagnetic ultrasonic testing and its application, Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), pp. 96-97.
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Classification General collaborative research
Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 1st year

Eddy Current Testing and Electromagnetic Acoustic Transducers: Modelling Materials
Behavior for Advanced Non Destructive Testing Techniques

Gael Sebald*t, Tetsuya Uchimoto® **.++
Bhaawan Gupta®***** Benjamin Ducharne***, Toshiyuki Takagi***
*ELyTMaX UMI3757, CNRS- Université de Lyon —
Tohoku University International Joint Laboratory, Tohoku University
**Institute of Fluid Science, Tohoku University
***Univ. Lyon, INSA-Lyon, LGEF, EA682, F-69621, Villeurbanne, France
TApplicant, 71 IFS responsible member

1. Purpose of the project

In the framework of Non Destructive Testing of metallic parts used in the field of
thermal and nuclear power plants, physical insights of the behavior of the materials
have to be better understood. In this frame, it is proposed in this project to model the
magnetic properties of the materials on the one hand, and to model the NDT on the
other hand. Doing so, it is foreseen that more accurate interpretations of NDT signals
may be obtained for an enhanced reliability.

2. Details of program implement

The modeling of tested materials include conductivity and ferromagnetism, as well as

frequency dependent properties (such as domain wall motion in ferromagnetic

structural materials). Researches show that mechanism study of frequency response of
magnetic properties 1is essential to nondestructive evaluation of materials by
electromagnetic techniques. The materials show a particular dependence of their high
frequency magnetic behavior that is aimed to be modeled by a macroscopic lumped
model. More precisely, losses can be introduced by the use of fractional order time
derivatives, which is highly effective for both ferroelectric and ferromagnetic materials.

This mathematical operator finds deep physical interpretation as a consideration for

electronic conductivity in metallic materials and is a solution of a diffusion equation.

During FY2017 following tasks were started:

* Development of models for hysteresis in ferromagnetic materials. This task lied in
the framework of the Double-Degree PhD of M. Bhaawan GUPTA, working since
October 2016 at LGEF laboratory (INSA-Lyon), ELyTMaX laboratory, and IFS,
under the supervision of Dr Benjamin Ducharne, Pr Gael Sebald, and Pr Tetsuya
Uchimoto.

* Eddy current testing and Magnetic Incremental Permeability on representative aged
and fatigued metallic samples. The different experimental results are as inputs for
the theoretical effort. Especially, the parameters of the model are screened in order to
establish discriminant and reliable structural health indexes.

3. Achievements

In this fiscal year, various hysteresis models were tested in regard to their capability to
simulate accurately magnetic hysteresis, but also hysteresis minor loops, typically
encountered in the Magnetic Incremental Permeability technique. For example,



Preisach model, or Dry-friction based model being congruent, these models are unable
to exhibit the butterfly loop shape of local permeability versus excitation field.
Experiments were conducted on chromium steel using Magnetic Incremental
Permeability (MIP) technique. It was shown that some indicator — based on MIP signals
— are especially sensitive to the number of precipitates, as well as stress during heat
treatment of aged samples.

4. Summaries and future plans

Further steps of this collaboration are:
Refinement of hysteresis models, in order to be able to simulate accurately
typical signals encountered in Non-Destructive Techniques
Other materials will be tested, in order to check the validity of our newly
developed techniques and interpretations.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
model for non-destructive eddy current evaluation; IEEE Transactions on
Magnetics, Vol. 54(3), (2018), 6200204, (Proc. of Compumag 2017, Daejon, Korea).
extended with dynarni(_: fractional derivation contribution; IEEE Transactions on
Magnetics, Vol. 54(3), (2018), 6100204, (Proc. of Compumag 2017, Daejon, Korea).

2) International and domestic conferences, meeting, oral presentation etc.
Derivative E?i\?{ééﬁé{ic Hysteresis Dynamics and Interpretation of Non-
Destructive Testing Techniques, Proceedings of the 17th International Symposium
on Advanced Fluid Information, Sendai, (2017), pp.16-18.

Modeling_(_)fT _1\7121;?;1:3{(-)0 Barkhausen Noise Enzlal_o_p_e“u_n_d_ér both Magnetic and
Mechanical Stress Excitation, XX/II International Workshop on Electromagnetic
Nondestruction Evaluation, Saclay, France, (2017).

Barkhausen noise to _q_uasi-static vector Preisach hgfége_r_eéi_s“n;odel distribution,
18th International Symposium on Applied FElectromagnetics and Mechanics,
Chamonix, France, (2017).

_i;lallcii_n_g"f;actional operators for the incremental permeability nondestructive
testing, 18th International Symposium on Applied Electromagnetics and
Mechanics, Chamonix, France, (2017).

_};}_fgt_e}esis lump rzlaaél_,"b_a_s;-d on Preisach model quasi-static contribution
extended with dynamic fractional derivation contribution, Compumag 2017,
Daejon, Korea, (2017).
model for hz)iltaésjt_r;ci_:ive eddy current testing, Compumag 2017, Daejon, Korea,
(2017).
hysteresis _f;e_(ille_r;c;r_(_i_ependence of a polymer matrix, Compumag 2017, Daejon,
Korea, (2017).

3) Patent, award, press release etc.

Not applicable.
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Classification General collaborative research
Subject area Environment and energy
Research period April 2017 ~ March 2018
Project status 1st year (progressing)

Molecular Dynamics Study of Transport Phenomena of Nanoscale Water Droplet in a Nano
Pore

Akinori Fukushima*, Takashi Tokumasu**¥, Philippe Vergne ***j+
*Facility of Engineering, University of Fukui
**Institute of Fluid Science, Tohoku University
*** LaMCoS, Université de Lyon
tApplicant, TF Non-IFS responsible member

1. Purpose of the project

The phenomenon of momentum and energy transfer between two different kinds of
material is an important issue for both theoretical and applied fields. The transfer of
momentum and heat between liquids and solids is a particular focus in a variety of
fields of study. Moreover, as a result of developments in microfabrication, nano-scale
mechanical devices can be realized, and the transfer of heat and momentum between
liquids and solids on the nano-scale can therefore be studied. Among the various
phenomena, we focused on liquid bridge shearing by solid walls. The dynamics of a
liquid bridge is more complex than that of filled liquid, which has no liquid-vapor
interface. In this study, we focus on effects of liquid-vapor interface onto the momentum
and heat transport phenomena seen in the interface region. In this year, we improve the
previous numerical model of the shear stress.

2. Details of program implement

In this study, we consider that a liquid fills a channel bounded by two parallel walls,
and is sheared by solid walls moving with a constant velocity. After a sufficient time, the
system reaches a steady state with a certain liquid temperature and velocity
distribution. Assuming that a viscosity of a liquid depends on an average temperature of
a whole liquid, we can derive an equation that evaluate an average temperature based
on an energy transport and momentum transport equations as follow,

2
o 2
T=T,+ 'UOW+'UOW 24 exp £
2 12k E } k,T

W+2&exp —
B k,T

where 7y 1s a temperature of a solid wall, Vis a wall velocity, W is a channel width, g is
a standard viscosity, &» is Boltzmann constant, £'is an activation energy, £1is a Navier’s
friction coefficient, a is a parameter to describe a temperature gap between a liquid and
a solid wall. Using this equation, we evaluate channel size dependences of temperature
and shear stress. We evaluate all parameters related to the viscosity and energy and
velocity gaps by molecular dynamics simulation. After those additional simulations, we
evaluate the channel size dependence of the temperature in the steady state.



Figure shows obtained temperature by our modified equations. Figure (a) shows a left
hand side and right hand side terms in our new equation in the case that the channel
size 1s in 10 nm. A horizontal axis is an average temperature and a vertical axis is an
expected value by our equation. The point where two lines intersect is the temperature
in the steady state. Figure (b) shows the channel size dependence of the temperature of
the liquid. In the case of nm order channels, the temperature rises greatly compared
with the temperature in the case of pm order channels.
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Figure Evaluated temperature by our equation. (a) A right-hand side and left-hand side
terms in 10 nm channels. (b) Channel size dependence of the temperature of the liquid.

3. Achievements

In this project, we expected to clarify the momentum and heat transport phenomena
between the liquid and solid walls in nano scale. In this year, we modify our numerical
model to obtain the accurate description of the temperature of the liquid and the shear
stress inside the liquid. We obtain the sufficient results and start to write a full paper.
Moreover, as the next step of the project, we start to build the simulator to evaluate the
droplet dynamics in meso scale with lower simulation cost than that in molecular
dynamics simulation.

4. Summaries and future plans

We have constructed and modified the numerical model of the temperature and the
shear stress including the temperature increase by the friction force. Compared with
previous models, the parameters that should be evaluated are less. Nevertheless, the
expected results of our model agree with results of molecular dynamics simulation. In
future plan, we construct simulator to evaluate the dynamics of the droplet in meso
scale channel based on the continuum model with lower cost than that in molecular
dynamics simulation.

5. Research results (* reprint included)

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)
Dynamics of Nano Droplet Shearing, Proceedings of the Seventeenth International
Symposium on Advanced Fluid Information, Sendai, (2017), pp.106-107.

3) Patent, award, press release etc.
Not applicable.
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2017 Maintenance Science Summer School in Sendai

Tetsuya Uchimoto*¥, Toshiyuki Takagi*
Christian Boller **+
*Institute of Fluid Science, Tohoku University
** Saarland University, 66123 Saarbriicken, Germany
TApplicant, fnon-IFS responsible member

1. Purpose of the project

Maintenance Science Summer School aims at providing participants with the opportunity to learn
practice and theory for the maintenance activities of nuclear power plants. It also intends to the friendship
exchange of students and young researchers in Asian countries.

2. Details of program implement

The 8th Maintenance Science Summer School was held at Institute of Fluid Science (IFS) from July
27" to August 1%, 2017. The first school was hold in 2010 at IFS with support from the Global COE
Program Word Center of Education and Research for Trans-disciplinary Flow Dynamics (GCOE,
2008-2012), and the schools were annually organized at various universities: Osaka University in 2011,
Tsinghua University (China) in 2012, Hokkaido University in 2013, National Tsing Hua University
(Taiwan) in 2014, The University of Tokyo in 2015, KAIST in 2016.

This year we focus on nuclear decommissioning at the Fukushima Nuclear Power Plants where we
will consider very difficult tasks in extreme environments, and learn and elaborate on how the
maintenance science can enhance nuclear decommissioning.

33 participants (5 from China, 2 from Korea, 4 from China, 22 from Japan) were joined the school.
Looking at the nationality of students, 22 students are from foreign countries such as China, Taiwan,
Indonesia, France, India (Fig. 1).

1) Classroom Lectures

Lecturers were sent to the school from the utility and vendor companies to give lectures on the
fundamental and practical aspects of design, operation and decommissioning of nuclear power plants
(NPPs). After that the current status and future challenges for the decommissioning and decontamination
of Fukushima Daiichi Nuclear Power Station from Tokyo Electric Power Company. In addition, Mr. D.
Chapin from MPR who served as a consultant of TMI accident gave a lecture on decommissioning and
decontamination (D&D) of shutdown accident-free NPPs and Accident-Damaged NPPs. After that,
students learned various technological fields such as material degradations, nondestructive testing and
health monitoring, big data analysis and so on.

2) Project Works
For the project works, participants were divided into five groups, and each group investigated the

state-of-the-art and novel ideas about the following subjects in relation to decommissioning of Fukushima
nuclear power plants:

» Corrosion and other damages

» Health monitoring & big data analysis

» NDT and robotics
Figure 2 shows the photographs of group works and presentation.

3) Scientific Tour
Students toured to Naraha Remote Technology Development Center, Japan Atomic Energy Agency, and
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Figure 2:  Group work and
presentation

Figure 3: RPV Pedestal of Fukushima Dai-ni.

Fukushima Dai-ni Nuclear Power Station, Tokyo Electric Power Company.

At Naraha Remote Technology Development Center, students experienced the virtual reality system
of the Fukushima Dai-ichi Nuclear Power Station, and visit technology. Then, they visited Fukushima
Dai-ni Nuclear Power Station that is a sister plant about 10 facilities at Fukushima Dai-ni, and learned
how they escaped Daiichi’s fate after the severe damage by the earthquake and Tsunami.

3. Achievements

Graduate students especially who participated this school learned a lot about the maintenance activities
from academic point of view, which was expected when we planed the summer school. Many of them are
stimulated by the scientific tour.

4. Summaries and future plans

Students are highly motivated and learned a lot about the maintenance science. In addition, they
developed friendship through various social events in the summer kilometers to the south and also
suffered severe damage by the Tsunami. They visited inside of the primary containment vessel as shown
in Fig. 3 as well as various some test facilities to develop robots and other remote schools such as parties
and cultural events. Next year, the school will be organized by Shanghai University.

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
(1] N3k, BT RERFEY~—2 27— 2017, fR42%, & 16 % (2017), pp. 53-55.
[2] PHf&EE: &5 8 [E{R 2R FH~— 2 7 —/L 2017 KBREE, 142%, & 16 % (2017), pp. 56-57.
[3] An-Lun Li, Yun-Tsu Tsai, Ching Ju Yang, Yu Hsuan Li: Maintenance Science Summer
School 2017 Report, fr4%, 25 16 & (2017), pp. 58-60.
2) International and domestic conferences, meeting, oral presentation etc.
Not applicable.
3) Patent, award, press release etc. Not applicable.
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Attitude Control of Supersonic Projectile by Detached Shock Pulsation
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[1] Toshiharu Mizukaki, Kiyonobu Otani, and Shigeru Obayashi: Attitude Control of a
Supersonic Projectile by Pulsation of Bow Shock, Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), pp.140-141.
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A Study on Flow Characteristics of High Concentration Nanofluids Using a Coupled
Particle-Fluid Flow Simulation

BRI BT, /INE B
FER] EA*, AR B, s BERDY, JLBR SEEp
FHRALRFER G T TERY, AR AR AR AT 7ERT
THEE, TIPSR

1. #ZEEs

SRS BRI TR & DT R A mIR BT LT RREIR Cd D i T/
TNARIE, 3D TV T4 7R Ty R Ly ha =7 AHO RS 2 40
728, BRkA BB~ OISR S DB I REER I B Ch 5. miRE T 7 A ROB
FIZBWTE, R CoF 2 K- 580 - BEEREEAN, Fr27 b r-RmOF > TEMIZ
KT kiAo IR O BFERIEEAN A EE L 70 5. AT CIE, SIRET 701 RO
EHEDOWMNIIZE T D72, Kz ARy 1 CIEff L7268 ki 72 &) ) 7 A Rextg:
&L, WifkiES) (CFD) & /R OB 112 X DM AAER 2558 L b 1-EE)
DEM)D#LY R 2 L—F Z AT, T/ A ROBAMRIICRT 5T 2 ks (O -
BEEAEN) KOV 7vA ROFENMRIEIC KT TR (EEER Y 1, TaltofEsE, A%+
DORMEMHE, FAWHE R L) OB, RmEMAED FaEmoBitE, J kL
THEE L T TNA ROVENRE L OFRBEZ T 2. I 61T, Y 2 b—Z Z[E/5/MR 3+
PR R O K OSBL7EB OFEATIZEBA L, T/ 7 A ROREAUEIZ W GRS 5.

2. HAEBRREORE

2.1 7 LUMERTFEDRESR

AMFE TR 5D CFD-DEM #E% > < = L—4 (%, SNAP WF7ERM3BH3E U 7= BRI S 2 =
L—% SNAP-F Z AR L35, AMFETIE, BHFOY I =2 L—ZITk LT b -Rim OEMA
BT OMAEMERORBLHIICEE T Z Lic Ly, RmEiih / kitaagtet /) 70, D
FREEEE & BB AT A ARE L L=, AV 2 L—XIz kv, RO AR csIT5)
TNA Raextgel LT, RiEMT /B f-D53Hk - GRESE), REMEIC KT T 7RO E%
BatcE b X 9T /oT-.

2.2 BAMTRBIZEIT ST/ FIFDREL - BEEERUVF/ 7)L14 FOFREMFHEDEZER

RifE 25 nm D ALOs T/ Ri 1/ "VE L ING IR DT ) TA Rkt E LT, EAREARM (R :
250 nm) OFAMNRHICIT DT /R Do - EERENC T RER -+ (REEMA#S 7O
Fi¥H, REEME, T /R AR, SAREE) OFBIC O THERF L. K1icvIalb
— g URERO—B AT, Mvmr E OFEFEOEWA LA UERIERT R RB W, B
RN EWGEIT R 8T 2728, BEEEIME L 2 om AWHEE OS5 A JEHER T 5.

— 107 —



—J5, NV AK U TIRBIFMEDT 1 VERER T RL TRV T, RS FFH O AWLE
FEIZBWTORGET D Z EDVREITz. LA DT 2RO « BEEE A 1 = A L AR -7
VURNVEFRNX—EESEHAT S L LB, T RO - BEERREIC K T, T
A ROFEFHENKRE BT D2 L2 oIz Lz

oleic acid decanoic acid

0 HEENTE 6
L WiRET ) 7 A RNOT I REF- OO - BERZEENC M RmE A O &

3. HIRBEEZEDERKR

CFD-DEM # %y 2 2 L—HIZ XV SHBET ) 7 v A ROV 5T 2 Rif D5y
B BEEREN L O 7 v A ROFRERRREIC M THIERA Ty 75 DG IR 1 DR A B 5N
%k, BIOEREEMATE ) FARBER OBFE—F /B A8E— T 7 A ROFENRHEE O
MEAZMAT 5 Z LI LT, IRIEER &z E2 5.

4 FLOHLSERDERE

ABFFETIE, TR RE OB 712 X DA 2% L7z CFD-DEM # I = L
—ZIZ&Y, @IRET ) A ROBEAWNRTICRT D) Rl - BEESE), T/ 7 A R
DIRENRHEA B BN LTz, £z, AWFFETIZRIZPAZERNOREME 2 FHOTREIS X 2 L—3 3
ATV, ZOWEREZAHE L TE 7. A%IE, AT I a2 b—ra URERAR 3 ABEERTE
DFIF & ORAEEB DT ~DRBINRE TH 5.

il

5. WIRAR (HIBImIHY)

1) 2 EHROTERERE @
L

2) ERF=E - ERNFER - iIR% - QBERRF

[1] Shin Usune, Masaki Kubo, Eita Shoji, Atsuki Komiya, Takao Tsukada: A study on flow
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simulation, Proceedings of the Seventeenth International Symposium on Advanced
Fluid Information, Sendai, (2017), pp.168-169.
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Electronic and Spin Properties of Carriers Localized in 3D Array of Ge/Si and Ge/Si/Sn
Nano-Disks Fabricated by Bio-Template Top-Down Etching

Stepina Natalia*7¥, Seiji Samukawa**{t
*Institute of Semiconductor Physics

**Institute of Fluid Science, Tohoku University

tApplicant, TTIFS responsible member

1. Details of program implement
Spin resonance of electron states in a Ge/Si heterosystem with Si nanoclusters
prepared by Bio-template Top-down etching has been investigated. Electron
localization in Si nanoclusters is confirmed by an analysis of the obtained g-factor
values. An isotropy of the ESR linewidth is considered as consequence of the
absence of Dyakonov- Perel mechanism in the structures under study.
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FIG. 1: The ESR signals obtained for the heterostructure with Si nanoclusters
with/without illumination; microwave power and frequency P=0.063 mW, temperature

T=6.5K.

2. Achievement

It was grown and etched QD arrays with different diameter of nanodiscs.
The ESR signal and spin relaxation time will be measured on the structures with
different size of Ge/Si QDs.
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3. Summaries and future plans

In summary, using the ESR-measurements, we have studied the electron localization
in the Si nanoclusters embedded in NCs that were fabricated by neutral beam etching of
S10.75Ge0.25/S1/510.75Ge0.25 double-quantum-well layers. It was shown that spatial
localization of electrons depends on the NC diameter. In the structures with narrow
NCs (13—15 nm), electron localization inside NCs is realized only under the illumination.
In the dark, electrons are localized in the strain-induced potential wells under the
bottom of NCs. In this case, localization sites are not separated by air barriers, and so,
the electrons can easily tunnel between them and lose the spin orientation by the DP
mechanism.

The illumination pulls electrons into Si nanoclusters embedded in NCs due to
Coulomb attraction to photoholes trapped in NCs, which results in one order increase in
spin relaxation times. In the structure with a NC diameter in the range of 20—-25 nm,
the electron localization inside NCs is realized both in the dark and under the
illumination. In this case, a separation of NCs leads to the suppression of the DP
mechanism that reveals itself in the isotropy of the ESR linewidth. The fourfold
increase in spin lifetimes under illumination in the thick NC structure is explained by
the suppression of surface- center-induced spin relaxation due to electron wave function
shrinking caused by the Coulomb interaction with photoholes.

For future we plan to change the initial composition of layers to increase
spin-relaxation time.

. 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)

Nanoclusters Embedded in Free-Standing SiGe Nanocolumns, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), pp.58-59.

3) Patent, award, press release etc.
Not applicable.
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Development and Applications of Micro-Motors
Consisting of Smart Polymer Rotor and Dielectric Liquid

Masami Nakano*f, Miklos Zrinyi**{¥
*Institute of Fluid Science, Tohoku University
** Department of Biophysics and Radiation Biology, Semmelweis University
TApplicant, Tinon-IFS responsible member

1. Purpose of the project

Electrorotation is the circular movement of an electrically polarized micron sized
particle or material. Wide range of applications (e.g. microscopic motor) motivates
researchers to find materials showing electrorotation with microfabrication
possibilities. In our previous work, we have reported the development of micron-sized
EAP composite disks that showed electrorotation in uniform DC and AC electric fields,
and presented the first direct observation of DC electric field induced rotation of
epoxy-based polymer (SU8 2075 photoresist) rotors with variable size.

As a direct continuation of our previous research work, in this study, miniaturized
micro-motors with novel EAP composite cylindrical rotors in dielectric liquid have been
fabricated and demonstrated to rotate under homogeneous DC electric field.

2. Details of program implement
The miniaturized cubic micro-motors of 3x3x7 mm inner size with a cylindrical EAP
composite rotor in dielectric oil have been fabricated using a 3D printer. The EAP
composite cylindrical rotors of diameter d and height L was fabricated as follows;
FeO(OH) particles were dispersed into the gelatin solution at 70 ° C such a way that
the mass ratio of the filling material to the dried polymer was 4. The mixture was
degassed in a vacuum, and then poured into cylindrical mold and dried carefully at
70 °C. The shaped cylindrical rotor has two styrene fiber shafts of 0.5 mm in
diameter glued to the both end surfaces. The diameter was varied between 1.0 and
1.5 mm with height of 1.0, 2.0, 2.5 mm. The motor performances such as rotational
speed without load and torque vs. rotational speed have been investigated as a
function of the DC electric field intensity and diameter and height of the cylindrical
cylindrical rotors. And also, we have performed rotational direction control
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Figure 1: Relationships between Nand £  Figure 2: Changes of relationships of
without load. torque 7'vs. rotational speed Nwith £.
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using two extra electrodes both sides of
GND electrode to break the symmetry
of the electric field.

Achievements

As shown in Fig.1, at the same electric
field intensity, the shortest rotor (Z=1.0
mm) performs the most intensive rotary
motion. And the induced torque of the
motor decreases with increasing the
rotational speed and increases with
increasing the electric intensity as
shown in Fig.2. The electric torque 7k is
obtained by adding viscous resistive
torque 7y to the measured torque 7,
where the viscous torque 7y is the
measured torque at £=0 kV/mm and is
proportional to the rotational speed N
as seen in Fig.2. So, the electric torque
Tk=T"7T might be constant above 200
rpm, independent of the rotational
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Figure 3 : Alteration of the rotational
direction by extra electrodes that
modify the field distribution.

speed. We have succeeded in controlling the rotational direction using two extra
electrodes A and B both sides of a GND electrode to break the symmetry of the
electric field, as shown in Fig.3(a). When the side electrode A is connected to the
GND, we always observed directed clockwise rotation of the rotor. On the other
hand, the connection of the side electrode B to the GND leaded to counter-clockwise

rotation of the rotor as seen in Fig.3(b).

Summaries and future plans

The obtained results will provide fundamental information on micro-motor

characteristics which is important for further micro-engineering development.

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

2)

3)

EAP Composite Rotors in Dielectric Liquid under DC Electric Field, Proceedings of
the 18th International Symposium on Applied Electromagnetics and Mechanics
(ISEM2017), France, Paper No.SP_135 (2017), (2 pages).

of 138th IIER (International Institute of Engineering and Researchs) International
Conference on Chemical and Biochemical Engineering (ICCBE), Taiwan, Paper ID:

II-CBETAI-29117-7904 (2017), (6 pages).

International and domestic conferences, meeting, oral presentation etc.

in Dielectric Liquid, Proceedings of Fourteenth International Conference on Flow
Dynamics (14t ICFD2017), Sendai, 0S12-9 (2017), pp.464-465.

Rotating in Dielectric Liquid under DC Electric Field, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information (AFI-2017),

Sendai, CRF-35, (2017), pp.72-73.
Patent, award, press release etc.
Not applicable.
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Fig.1. A series of shadowgraphs of the negative streamer propagation with pressure waves taken with an
exposure time of 5 ns at 10 Mfps when the voltage of — 23 kV was applied (a) and the synchronized
waveforms of the applied voltage and the discharge current (b), and the magnification of the discharge
current with camera gate signals (c).
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[1] T. Sato, R. Kumagai, T. Nakajima, K. Ohtani, A. Komiya, T. Kaneko, and S. Kanazawa:
Visualization of inception, propagation and collapse process of underwater positive
streamer, 3Ist International Symposium on Shock Waves (ISSW31), Nagoya, (2017),
Presentation No. SBM000288.

[2] R. Kumagai, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, and T. Sato:
Propagation analysis of negative streamer channel in water, 23rd International
Symposium on Plasma Chemistry (ISPC23), Montreal, Canada, (2017), Presentation No.
U4-10-359.

*[3] R. Kumagai, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, and T. Sato:
Visualization of Pressure Field of Negative Discharge in Water, Proceedings of the 17th
International Symposium on Advanced Fluid Information (AFI-2017), Sendai, (2017),
pp.6-7.
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Numerical Study on Gas Lubrication of a Textured Surface in Micro/Nanoscale

Shigeru Yonemura*¥, Yevgeniy Bondar**y+t
Pavel Vashchenkov**, Alexander Shevyrin**, Anton Shershnev**
*Institute of Fluid Science, Tohoku University
**Khristianovich Institute of Theoretical and Applied Mechanics
TApplicant, ¥inon-IFS responsible member

Purpose of the project

Surface texturing has been studied for improvement in tribological performance
of sliding surfaces. In the case where liquid is used as a lubricant for
microhydrodynamic bearings, the pressure cannot be lower than the pressure at
which cavities are formed in the liquid. Therefore, the pressure rise will be greater
than the pressure drop, and it has been explained that this asymmetric pressure
distribution may make the pressure averaged over the entire surface higher than
the ambient pressure. Since cavitation does not appear in gas, the mechanism of gas
lubrication is different from that of liquid lubrication and was not explained.
Recently, the applicant clarified the mechanism of high gas pressure generation
induced by a textured surface in micro/nanoscale. However, in order to design the
optimal configuration of the surface texture for good tribological performance,
further accumulation of knowledge of gas lubrication of a textured surface is
required. In the present study, numerical simulations and theoretical analyses are
performed in order to understand this phenomenon in more detail.

Details of program implement

The lubricated surface of the slider is given by the grid of 4x4 dimples cut out of
the repeated dimple pattern. The lower counter surface is sliding in the x direction.
Considering the bisecting plane along the x-axis as a symmetry plane, we only
needed to simulate the flow field in the half of the lubricated region, as shown in Fig.
la. Each dimple has the same shape of a right-angled parallelepiped, as shown in
Fig. 1b. In the reference case (Case 1), the 4x4 dimples were located inside the slider
surface, the flat parts between neighboring dimples in the repeated dimple pattern
were chosen as the front and trailing edges of the slider surface, as shown by the
solid outline in Fig. 1a. In the other case (Case 2), the centerlines of the first dimple
and the fifth dimple of the repeated dimple pattern were chosen as the front and
trailing edges of the slider surface, respectively, as shown by the dashed outline seen
in Fig. 1a. The ambient gas was atmospheric air with a pressure of 1 atm. The slider
surface is stationary, while the counter surface moves rightward at a constant speed
U. Due to the movement of the counter surface, the ambient air is involved in the
narrow gap between the two sliding surfaces and the pressure changes spatially.

Figure 2a shows the pressure distribution on the counter surface for Case 2.
Here, the ratio of local pressure P to the ambient pressure P. is presented. The
lubrication system considered here was connected to the atmospheric air in the
direction normal to the sliding direction. In such a case, the side leakage of gas is
problematic because it causes a loss of generated high pressure, i.e., it decreases the
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2)

3)

load capacity of the lubrication system. In Fig. 2a, we see that the changes of the
pressure do not extend to the side edge of the slider. In Fig. 2b, the pressure
distributions along the dashed-dotted centerlines of the outer and inner rows of
dimples are shown. The pressure distributions under the two rows of the dimples
are almost the same. It means that we successfully restrained the side leakage to
some extent based on the knowledge which we obtained in the former years.
Nevertheless, the peak value of pressure gradually decreases in the x-direction. This
means that a small amount of air leaks from the side edge of the slider.
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Fig. 1: Schematic diagrams of (a) lubricated region and (b) one dimple pattern.
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Fig. 2: Pressure distributions (a) on the counter surface and (b) along the centerlines
of the rows of dimples.

Achievements
We demonstrated that the knowledge obtained in the former years to prevent the
side leakage of gas is useful.

Summaries and future plans

In the new project, which is developed from the present project, we will
accumulate knowledge of the collective function of a group of dimples and the side
leakage to the atmosphere for practical use of this lubrication system.

Research results (¢ reprint included)

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)

Numerical Investigation of 3D Flow in Textured Micro-/Nanoscale Channel by the
DSMC Method, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information (AFI-2017), Sendai, (2017), pp. 114-115.

Patent, award, press release etc.

Not applicable.
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Simultaneous Evaluation of Plastic Deformation and Residual Stress with ENDE Methods

Zhenmao Chen*¥, Toshiyuki Takagi**f+
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1. Purpose of the project

To investigate the feasibility of the magnetic NDE method for simultaneous
evaluation of the plastic deformation and residual stress in a structure of ferromagnetic
steel, the influence of environmental conditions, i.e., rolling direction, operation
temperature and biaxial stress state was studied experimentally. The feature
parameters of the MBN and the MFL were measured with a plastic deformation
introduced under different conditions. The experimental results show that the MFL
method is more robust against the environmental influence.

2. Details of program implement

An integrated magnetic NDE system developed in the project of previous years was
adopted to measure the MBN and MFL signals for TPs of different conditions. 2 groups
of TPs of parallel and perpendicular rolling directions and of different plastic
deformations were fabricated at first. Then, plastic deformations were introduced under
high temperature to investigate the influence of the operation temperature. In addition,
a group of biaxial TPs were also designed and fabricated. Finally, the MBN and MFL
signals of TPs with different plastic deformations were measured at different rolling
direction, loading temperature and stress state.

Fig.1 gives example testing results of MFL for TPs with different rolling direction,
plastic deformation introduced under different temperature, and TPs of uniaxial and
biaxial stress state. One can find that the MBN signals were influenced by the rolling
direction while the MFL signal shown less difference. On the other hand, both the MBN
and MFL signals are quite different for room and high temperature. In addition, there is
no significant change in the MFL signals but the MBN signals show clear difference for
the uniaxial and biaxial stress state. From comparison, it was found that the MFL
technique has better robustness against the practical testing conditions.
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Fig.1 Comparison of MFL signals for different environmental conditions
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3. Achievements

The influence of the rolling direction, operation temperature and biaxial stress
state on the evaluation of plastic deformation was experimentally investigated. The
results show that the MFL method is relative robust against the rolling direction and
biaxial stress state, but can be influenced by temperature. On the other hand, the MBN
signals can be affected by all the three conditions significantly. In practice, a proper
calibration under practical conditions is helpful for the simultaneous evaluation of
plastic strain and residual stress.

4. Summaries and future plan

Based on the experimental results of this year and those of last project, it was
proved that the plastic deformation and the residual stress can be evaluated at the
same time by using the hybrid electromagnetic nondestructive techniques of MFL,
MBN and MIP method. However, to apply the method to the practical application
environment, a proper calibration under practical conditions is necessary especially for
the case with high temperature. As future plan, the nondestructive evaluation of fatigue
damage in a ferromagnetic material will be studied by using the integrated
electromagnetic NDE method and signals fusion approach.

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

Evaluation of Wall Thinning Defect in Magnetic Material Based on PECT Method
under Magnetic Saturation, Int. J. Appl. Electromagn. Mech., 55 (2017), pp.49-59.
Evaluation Using the Hybrid NDT Methods of PECT and EMAT, Studies in Appl.
Electromagn. Mech., 42 (2017), 139-149.
A_C_F_M“S_iér_lal_s_%(;r__l\for;(ie;s?t};l_ctive Inspection of Buried Pipes in Nuclear Power
Plants, E-Journal of Advanced Maintenance, 9-2 (2017), pp.104-111.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
:)f _p_lgig‘;ig _d_e_f<_)rn;z;t_i(;r_1 éﬁa_;e_s_ic_h_lal stress with ENDE methods, Proc. 17th Int.
Symposium Advanced Fluid Information, Sendai, (2017), 92-93.
Effect of Plastic Deform;rgi_o;l_ét_la_Fa_t_iél_lé Loads on Electromagnetic Properties for
304 Austenitic Stainless Steel, Proc. 22th ENDE, Saclay, (2017), 106-107.
1_15751:1_(1 PECT/EMAT NDT method based on wavelet analysis, Proc. of 4th Int. Symp.
Smart Layered Material Structure for Energy Saving, 3-4, Sendai, (2017).
Research on EMAT of Plastic Deformation Based on the Polarization of Rayleigh
Wave, Prof. of 14th Int. Conf. on Flow Dynamics, Sendai, (2017), 726-7217.

3) Patent, award, press release etc.
Not applicable.
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Project code J171085

Classification General collaborative research
Subject area Fundamentals

Research period | April 2017 ~ March 2018
Project status 1st year

The Development and Applications of Pressure-Sensitive Paint on the Investigations

1.

of Gases Mixing in T-Type Micromixers

Chih-Yung Huang*t, Hiroki Nagai**{+t
*Dept. of Power Mechanical Engineering, National Tsing Hua University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

In this project, Pressure-Sensitive Paint (PSP) has been developed for the
application of detecting gas mixing in T-type micromixers. This technique has been
used and demonstrated as the promising experimental for macroscale pressure
measurements in wind tunnel test. This is the first time adapting this technique to
quantitatively visualizing different gases mixing in T-type micromixers with great
details. The evolution of gas mixing due to diffusion effect can be characterized at low
Reynolds numbers as in laminar flow regime. Enhanced mixing as the twisted flow
patterns can be identified at high Reynolds numbers, as in engulfment flow regime.

Details of program implement

The PSP sensor of Rudpp has been successfully applied to T-type micromixers,
which were made by micro-fabrication using PMMA plates. A fluorescence
microscope with a scientific grade CCD camera was used to acquire the luminescence
images inside the micromixers, and those images were later translated to the oxygen
concentration after in-situ calibration. Different gases mixing, such as
Nitrogen-Oxygen, Argon-Oxygen, and Helium-Oxygen, have been carefully examined
through different Reynolds numbers ranging from laminar flow regime to
engulfment flow regime. Simulation results using ANSYS CFX have been included
for the comparison, and favorable agreement was established. From the
experimental results, Helium-Oxygen has better performance at low Reynolds
number around 120, which is due to the superior diffusion coefficient. On the other
hand, Argon-Oxygen showed greater mixing efficiency at high Reynolds number of
600, which is attributed to the early triggering of engulfment flow.
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Figure 1 : Nitrogen-Oxygen mixing at Reynolds number of 120: (a) PSP experiment (b)

simulation (c) lateral Oxygen distribution in the mixing channel.
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Figure 2 : Helium-Oxygen mixing at Reynolds number of 120: (a) PSP experiment (b)

simulation (c) lateral Oxygen distribution in the mixing channel.
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Figure 3 : Mixing quality of different gas mixing in the mixing channel at the Reynolds

3.

2)

3)

number of 600.

Achievements

The detailed flow profiles as well as the oxygen concentration of different gases
mixing between Oxygen-Nitrogen, Oxygen-Argon and Oxygen-Helium inside T-type
micro-mixers has been successfully obtained by using PSP technique. The numerical
data from ANSYS CFX was also included for comparison, and good agreement has
been established.

Summaries and future plans

The detailed flow fields and the evolutions of oxygen concentration with different
gas mixing have been successfully acquired by using PSP technique, which
demonstrates the capability of PSP experiments in detecting various gas mixing. The
experimental results have been compared with numerical simulation with good
agreement. For future plan, novel design of micromixers will be studied instead of
conventional T-type micromixers to further enhance the mixing efficiency. Different
gases will also be applied to examine the performance of new type micromixers.

Research results (¢ reprint included)

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)
Pressure-Sensitive Paint on the Investigations of Gases Mixing in T-type
Micromixers, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information, Sendai, Sendai, Japan, (2017), pp.150-151.

Patent, award, press release etc.

Not applicable.

— 120 —



AR J171086

X5 — SRR
SHRESEE | BREE - TR L0
MFFEIR 2017.4 ~2018.3

HkfoEFEL 1H GER)

Me-DLC +/ #EIZ & S EEMBEREEET BT 5FE L S HOME
Study on the Function of Me-DLC Nano—Composite Coatings Acting as Thermo-Sensor in the
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*[1] Minoru GOTO: Preparations and tribological properties of soft-metal / DLC composite
coatings by RF magnetron sputter using composite targets, International Journal of
Mechanics and Materials in Design, (2017) DOI 10.1007/s10999-017-9376-3.

2) EFERE - EBNFER - RS - OERRF

[2] M. Goto, M. Oda, and T. Nawata: Effect of Chemical Composition of Tribofilm for
Tribological Properties of Soft-Metal/DLC Nanocomposite Coatings, Proc. 44th
Leeds-Lyon Symposium on Tribology; Liyon, France, (2017), USB P3-3 (2017) p.69.

[3] Minoru Goto, Toshiyuki Takagi, Kosuke Ito, Hiroyuki Miki, Hiroyuki Kosukegawa:

Study on the function of Me-DLC nano-composite coatings acting as thermo-sensor in
the sliding interface, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information, Sendai, (2017), pp. 94-95.
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Project code J171088

Classification General Collaborative Research
Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 3rd year

Analysis of Transport Phenomena of Oxygen Ion in Electrolyte
of Solid Oxide Fuel Gell

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, ¥inon-IFS responsible member

1. Purpose of the project

The key properties of solid oxide fuel cell 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 membrane
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 membrane was investigated experimentally and through
simulation. From these results, we suggest a new dual-phase membrane concept which
exhibits high ionic conductivity.

2. Details of program implement

To improve the stability of the MIEC an additional exclusively ionic conductive material
was added at varying ratios to the overall material composition. Ceo.2Smo.s02-5 (SDC)
was selected as the additive material to be combined with the high performing
SrSco.1C00.903-5 (SSC) MIEC material. Based on a weight ratio, the materials were mixed
together using a ball milling technique, then formed into bar-shaped samples using a
dry pressing machine where they were subsequently sintered at high temperatures
(1200 °C). After sintering, the material morphology and structure were investigated
using a scanning electron microscope (SEM). After examining the morphology and
structure of the fabricated samples, it was found that the inclusion of additive materials
increased the number of grain boundaries, prompting the development of an accurate
simulation model. After fabrication, the composite samples’ total (ionic and electronic)
conductive properties were investigated. The ionic and electronic conductivity was
measured by a four-probe D.C. method. It was found that the addition of SDC into the
membrane’s composition, reduced the total conductivity.

Regarding the simulation analysis, we focused on the grain boundary (GB), which is a
nanoscale structure in the membrane. Molecular Dynamics (MD) simulation models
including GBs were constructed for SrSco.1C00.903.s membrane having perovskite

b - wfes
Figure 1: SEM images of the dual-phase OTM surfaces arranged in incremental order
a) 0 wt.% of SDC additive b) 30 wt.% of SDC additive and c¢) 50 wt.% of SDC additive
after sintering for 5 hours at 1200 °C
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GB GB el L il
Figure 2: a) A constructed MD simulation model including GBs. b) MSDs in different
GB distance systems. e.g. GB2 denotes the distance between GBs is two coincident site
lattices. ¢) MSDs in bulk region and GB region of GB2.

structure (see Figure 2-a)). By using constructed models, mean square displacement
(MSD) of oxygen ion was analyzed. In this analysis, we changed the distance between
GBs to evaluate the effect of GB on oxygen ion diffusivity. This analysis clarified that the
GB reduces the oxygen ion diffusivity (see Figre2-b)). Moreover, we analyzed the effect
of GB in detail by dividing the simulation system into GB region (near the GBs) and bulk
region (far from the GBs). The MSD in the regions was compared (see Figure 2-¢)). This
comparison shows that the oxygen ion diffusivity decreases in GB region.

3. Achievements

The inclusion of an additional material (SDC) showed no modification to the original
perovskite-type material (SSC). As more SDC was added, the fabricated samples showed
an increase in grain boundaries throughout the entire structure. Upon further
investigation, the total conductivity was shown to decrease with the addition of SDC.
As for the simulation analysis, we constructed MD simulation models including GBs and
clarified that the GB reduces the oxygen ion diffusivity.

4. Summaries and future plans

The structure and conductive properties of a MIEC material comprised of two different
materials was investigated. The fabricated membranes showed an increase in grain
boundaries throughout the structure with the addition of SDC. Additionally, the total
conductivity of the membrane material was found to decline with the inclusion of more
SDC within membrane’s composition. Future experimental work will aim to investigate
the ion and electron mobility at the interface between both materials.

Regarding the simulation analysis, we constructed MD simulation models including GBs
and clarified their effect. As plans, the oxygen ion diffusivity in dual-phase membrane
will be analyzed and we will propose a membrane showing high ionic conductivity.

5. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)
[1] H. Nagashima, S. Tsuda, N. Tsuboi, A. K. Hayashi, and T. Tokumasu: JJ. Chem. Phys.,
147, (2017), 024501.

Science and Technology, 12, (2017), JFST0028.
2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)

Transport Phenomena of Oxygen Ion in Electrolyte of Solid Oxide Fuel Cell,
Proceedings of the Seventeenth International Symposium on Advanced Fluid
Information, Sendai, (2017), CRF-53, pp.108-109.

3) Patent, award, press release etc.  Not applicable.
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Project code J171096

Classification General collaborative research
Subject area Mechanical

Research period | April 2017 ~ March 2018
Project status 1st year

Microcombustion for Glean and Efficient Syngas Formation and Fuel Cell Applications

Jeongmin Ahn *¥, Kaoru Maruta**{+
Ryan Milcarek*, Takuya Tezuka**
*Department of Mechanical and Aerospace Engineering, Syracuse University
**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project

Superadiabatic combustion utilizing heat recirculation has been identified as a way
of surpassing the upper flammability limit of a fuel and thus allowing for greater
syngas generation at high fuel/air equivalence ratios. Many microcombustion and
mesocombustion based superadiabatic combustion studies have achieved over 30%
syngas in the exhaust. Recent work utilizing a conventional burner for combustion
reforming only generated 20% syngas in the exhaust. Higher syngas generation
with microcombustion is predicted to result in higher power density and electrical
efficiency when utilized in a fuel cell.

In this work, a microcombustor is combined with a Solid Oxide Fuel Cell (SOFC) in
a dual chamber configuration for syngas and heat cogeneration in the reactor and
heat and power cogeneration in the fuel cell.

2. Details of program implement
To investigate fuel-rich micro combustion and to assess the fuel utilization and
efficiency of the SOFC, a plan consisting of three main tasks was developed.
Task 1) The micro flow reactor has already been developed and investigated at
Tohoku University for other areas of research in micro combustion. To assess the
potential of creating a micro combustion based SOFC the reactor was integrated
with a micro-tubular SOFC and tested with the following methods. The I-V
(current—voltage) method with the 4-probe technique was used to investigate the
electrochemical behavior of the FFC. The open circuit voltage (OCV), power density
and polarization were assessed using a Keithley 2420 sourcemeter interfaced with a
computer for data acquisition. The polarization curves were used to assess the
SOFC fuel utilization and efficiency.
Task 2) Combustion exhaust composition was examined computationally in fuel-rich
combustion conditions. Chemical equilibrium analysis using CHEMKIN software
and NASA Chemical Equilibrium with Applications code was conducted. The
computational investigation was used to predict the syngas concentration after
combustion at fuel-rich equivalence ratios of propane/air.
Task 3) After assessing the micro combustor computationally, a micro flow reactor
was designed and assessed experimentally. A gas chromatograph was used to
measure the exhaust composition at different equivalence ratios. The micro
combustion exhaust was examined for the generation of Ha, CO, COz2, N2, O2, CHa,
C2Hz, C2H4, and C2Hs and soot formation. The experimental results were compared
with the computational results. The maximum micro flow reactor wall temperature
was fixed at 800°C, 900°C, and 1000°C. A fixed total flow rate of fuel and air was
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investigated at equivalence ratios of 1-5.2. Total flow rates of 10, 50, 150, 250 and
350 mL.min"! were investigated.

3. Achievements
As a result of Task 1, a SOFC achieved a significant power density (~450 mW.cm2)
and electrical efficiency (23%). The power density is among the highest reported to
date for this type of fuel cell system and was achieved without optimizing the micro
combustion conditions. The electrical efficiency was achieved in a furnace. Heat
recirculation is needed to achieve that electrical efficiency in practice, but the result
indicates that a higher electrical efficiency than ever previously reported for micro
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Figure 1: SOFC polarization and power density curves with propane/air at equivalence
ratios from 1.4-5.2.

As a result of Task 3, the micro combustion exhaust composition was investigated.
The results confirm that the reforming reactions to syngas are temperature
dependent. Higher wall temperatures and local flame temperature resulted in
higher syngas concentration. Optimal conditions for Hz (19%) and CO (23%)
concentration occurred around an equivalence ratio of 3 which reflects chemical
equilibrium predictions.

4. Summaries and future plans

To summarize, high FFC power density, electrical efficiency and syngas
concentrations were achieved which will be among the highest ever reported by
researchers in this field. The potential for creating a high electrical efficiency micro
power generation system is evident from these results. With a better understanding
of the micro combustion exhaust variation with temperature, flow rate and
equivalence ratio, more research is needed on the SOFC performance in these
conditions.

5. Research results (* reprint included)

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

2) International and domestic conferences, meeting, oral presentation etc.
Micro-tubular Flame-assisted Fuel Cell Cogeneration, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), pp. 110-111.

3) Patent, award, press release etc. Not applicable.
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Project status 3rd year

Measurement—Integrated Analysis Methodology for Complex Flow Systems

Toshiyuki Hayase*¥, Luca Brandt**{f, Shervin Bagheri**
Fredrik Lundell**, Suguru Miyauchi*, Kosuke Inoue*
*Institute of Fluid Science, Tohoku University
**Mechanics, Royal Institute of Technology KTH
TApplicant, ffnon-IFS responsible member

Purpose of the project

The collaborative research project aims to establish a measurement-integrated
analysis methodology applicable to complex flow systems. It is important to exactly
reproduce complex real flows in many situations, such as clarification of blood flow
phenomena in a living body and estimation of flow states in turbulent flow control,
but existing method of measurement or numerical simulation cannot solely solve the
problem. International collaboration is performed to investigate the measurement-
integrated analysis methodology and apply the method to several flow-related
problems to confirm its validity.

Details of program implement

International collaboration is performed to apply the novel fluid-structure
analysis and data assimilation schemes of KTH to the measurement-integrated (MI)
simulation of IFS. Target problems of the proposed project are 1) interaction between
a red blood cell and endothelial cells on a blood vessel wall and 2) analysis method for
a turbulent flow in a hybrid wind tunnel.

In this fiscal year, we did numerical simulations for elucidating the interaction
between a red blood cell and endothelial cells. We shared the program code for the
fluid-membrane coupling analysis developed by KTH side. The basic equations of the
fluid and membrane were discretized by the finite difference method and spectral
method using the sphere harmonics, respectively. The interaction model for coupling
the fluid and membrane was the immersed boundary method. IFS and KTH sides
investigated the erythrocyte and spherical capsule behaviors in a fluid subject to the
inclined centrifuge force, respectively.

Achievements

As the results of the capsule simulation, the steady state in which the inclined
centrifugal force and hydrodynamic force balance was obtained, and capsule
deformation in the steady state was investigated in the wide range of the angle of
the inclined centrifugal force. In spite of the different shape of the capsule from
erythrocytes, the frictional characteristics obtained by the simulation are in
agreement to that of measurement data using actual erythrocytes.

In the erythrocyte simulation, the steady state was not reached due to the
numerical instability. However, the simulation indicated that the deformation of the
erythrocyte model was largely affected by the bending stiffness of the erythrocyte
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model and the steady state was reproduced only in the small bending stiffness case

(figure 1).
F4
/JL—) ¥

Fig. 1 The shapes of the erythrocyte models at nondimensional time ¢= 35.
left: with zero bending stiffness, right: with bending stiffness

4. Summaries and future plans
In order to obtain insights on the interaction between the erythrocyte and blood
vessel wall, the simulations using the erythrocyte model and spherical capsule were
performed. Future plan are the implementation of the numerical code with high
numerical stability for the longer-term simulation and modeling of the endothelium
on the blood vessel.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
dimensional numerical simulation of the behavior of a circular capsule subject to an
inclined centrifugal force near a plate in a fluid, Journal of Fluid Science and
Technology, Vol.12, No. 2, (2017), JFST0015.

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

Dimensional Numerical Analysis for an Erythrocyte Behavior near a Wall in a Fluid
under an Inclined Centrifugal Force: The Effect of Bending Stiffness of an
Erythrocyte on the Deformation, Proceedings of the Seventeenth International
Symposium on Advanced Fluid Information, Sendai, Japan, (2017), pp.138-139.
3) Patent, award, press release etc.
Not applicable.
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Classification General collaborative research
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Characteristic Simulation of Neutral Beam Etching Fabricated Nanodisks for New
Material Applications

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

1. Purpose of the project
Based on the investigation in the 1st and 2nd years, we in this project successfully
examine the electrical and physical properties of neutral-beam-etching (NBE)
fabricated nanodisks (NDs) by solving a set of electronic transport and quantum
mechanical equations. The key findings of this study show promising characteristics
of the explored nanometer-scaled materials for advanced applications of energy
harvesting devices.
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Figure 1 : The SEM image of the Si/SiC QD superlattice before passivation. (b) A
schematic plot of each nanopillar, where the L =4, r= 3.2 nm, A= 4 nm, and zDot = 2
nm. (¢) The illustration of the unit cell with four QDs for L = 4 QD superlattice. L
increases as the number of QD layer increases.
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Figure 2 : (a) The measured (brown line) I-V curve of Ales QDSL. The s1mulated Jse =
4.77 mA/ecm2 (symbol) is well matched with the experimental Jsc = 4.75 mA/cm2. (b) The
simulated conversion efficiency and (c) the Js of square SiC and Al:Os QDSLs as a
function of L and zDot. (d) The conversion efficiency (solid lines) and the Js (dash lines)
as a function of sDot and zDot under square and hexagonal QDSLs. The Al:O3-QDSLs
with sDot = 0.3 nm feature a high Jsc and efficiency due to its high v.

2. Details of program implement

As shown in Fig. 1, we explore the electrical and physical properties of the NBE
fabricated multi-layer NDs by intensively performing 3D numerical simulation of

— 129 —



electronic structure for the nanostructure system firstly. As shown in Fig. 2, the
measured (brown line) I-V curve of Al:Os-QDSL is shown and the simulated Js =
4.77 mA/cm? (symbol) is well matched with the experimental Js. = 4.75 mA/cm2. The
key findings of this study benefit advanced applications in the field of QDSL devices.

3. Achievements
We have developed physical and transport models and 3D simulation methodology to
explored NBE fabricated multi-layer NDs. The achieved results well meet the target
stated in the application form. Both the electrical and physical characteristics have
been insensitively explored in this project. We have discussed interesting studies and
have good joint publications in journals and conferences from both universities.

4. Summaries and future plans

We have explored the electrical characteristics of SiC-QDSLs and AloO3-QDSLs by
the miniband engineering. Under the consideration of QD geometry, structure
patterning, and passivation layer, Al203-QDSLs outweigh SiC-QDSLs in terms of the
compatible minibands which accounts for the high Jsc and the conversion efficiency.
The main finding indicates that the performance of Al203-QDSLs is less sensitive to
the process variation, so that the Al203 passivation treatment on QDSLs 1s expected
to provide a plausible way toward advanced applications of QDSLs. In the next
project, we will control the energy of multi-layer NDs for thermoelectric devices.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
of Intermediate Band Solar Cell with Ultradense Type-II Multilayer Ge/Si Quantum
Dot Superlattice, JEEE Transactions on Electron Devices, Vol. 64, No. 11, Nov. (2017),
pp. 4547-4553.

(;fT _S_1/_S_1E3_21;1ar_11:111;1_ d:)‘g -superlattice solar cells with passivation layer of aluminum
oxide, Nanotechnology, Vol. 28, No. 48, Nov. (2017), 485401 (9pp).

Yusuke Hoshi, Noritaka Usami éél}l_ Samukawa: Effect of ALD-Al:Os Passivated
Silicon Quantum Dot Superlattices on p/i/n+ Solar Cells, IEEE Transactions on
Electron Devices, Vol. 64, No. 7, July (2017), pp. 2886-2892.

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

international conference without peer review)

Silcion/Silcon Carbide Quantum Dot Superlattice Solar Cells, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information (AFI 2017),
Sendai, Japan, (2017), pp. 62-63.
Si/SiC  quantum dot superlattice solar cells with Al203 passivation layer,
Proceedings of 2017 IEEE 17th International Conference on Nanotechnology (IEEE
NANO 2017), Pittsburgh, PA, July 25-28, (2017), pp. 341-344.
for Si/SC Quantum Dot Superlattice Solar Cells, Proceedings of NSTI
Nanotechnology Conference Expo. (NSTI Nanotech. 2017), Washington, DC, USA,
May 14-17, (2017), vol. 2, pp. 41-44.

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

J171102

Classification

General collaborative research

Subject area

Health, welfare and medical care

Research period

April 2017 ~ March 2018

Project status

2nd year

Development of Program for Surveying Stent Strut Position

Makoto Ohta*f, Bastien Chopard**ft
Kazuhiro Watanabe*** Mingzi Zhang **** Hitomi Anzai*****
*Institute of Fluid Science, Tohoku University
**Geneva University, Swizterland
***Graduate School of Biomedical Engineering, Tohoku University
***%*Graduate School of Engineering, Tohoku University
##+%%*% Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
TApplicant, tinon-IFS responsible member

Purpose of the project

Purpose of this study is to calculate all possibilities of place of stent strut. This
study is a bottom up study and is the first time in the world. We will find a proper
stent strut distance through this study.

Details of program implement

The lattice Boltzmann (LB) methods was used for fluid simulation which is
performed using the open source LB solver Palabos, version 1.5. One idealized
aneurysm model was used for simulation. Parabolic velocity boundaries with
U=0.230 m/s was imposed on the inlet. A constant pressure boundary was imposed
on the outlet. Rectangular solids
were used as a simple model of

struts. The struts were defined el e
only in the plane of the 25 #
aneurysm neck (Figure 1). de u

Two comprehensive studies ' i
were performed using one strut i

and two struts. The struts were 14 {,!_.u i
defined perpendicular to the
aneurysmal inflow. Then, the
average flow velocity (1) within

the aneurysm was calculated.

Figure 1 Strut placement on the neck plane

I i
Evaluation of the flow reduction 'E' o g
was based on the flow reduction = :g
ratio (%), as follows: E:: ol
Feo F 'EH ng

R S w100 B
N B

:

where 1.;. denotes the

average velocity without the
strut.

qﬁiiiii:

.
L) Ep 'Di:i::lil,.t-mellh

Figure 2: Flow reduction ratio with idealized
aneurvsm model and two struts
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3. Achievements
Expected results

4. Summaries and future plans
We will try to make a stent.

5. Research results (x reprint included)

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

[1] Mingzi Zhang, Yujie Li, Xi Zhao, David 1. Verrelli, Winston Chong, Makoto Ohta, Yi
Qian: Haemodynamic effects of stent diameter and compaction ratio on
flowdiversion treatment of intracranial aneurysms: A numerical study of a
successful and an unsuccessful case, Jounal of Biomechanics, 58 (2017), 179-186.

*[2] Narendra Kurnia Putra, Pramudita Satria Palar, Hitomi Anzai, Koji Shimoyama,
Makoto Ohta: Comparative Study between Different Strut’s Cross Section Shape on
Minimizing Low Wall Shear Stress along Stent Vicinity via Surrogate-based
Optimization, 12th World Congress of Structural and Multidisciplinary
Optimisation, (2017).

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

[3] Narendra Putra, Pramudita Satria Palar, Hitomi Anzai, Koji Shimoyama, and
Makoto Ohta: Variation of strut parameter effects with wall deformation on stent
deployment via surrogate model 5th International Conference on Computational
and Mathematical Biomedical Engineering, April 10-12, (2017), Pittsburgh, US.

[4] Hitomi Anzai, Norman Juchler, Makoto Ohta, Sven Hirsch, Daniel A. Riifenacht,
and Isabel Wanke: Where does CFD identify lesion instability in small aneurysms?,
5th International Conference on Computational and Mathematical Biomedical
Engineering, April 10-12, (2017), Pittsburgh, US.

Surveying Stent Strut Position, Proceedings of the Seventeenth International
Symposium on Advanced Fluid Information, Sendai, (2017), pp.80-81.

3) Patent, award, press release etc.

(Patent)

Not applicable.

(Award)

[1] Travel Award “HOW TO FIND OUT OPTIMAL INTERVAL OF STRUTS FOR
CEREBRAL ANEURYSM?” Kazuhiro Watanabe, Hitomi Anzai, Makoto Ohta, Sep.
14, 2017, Parkhotel Beau Site, Zermatt, Switzerland, 5th Switzerland-Japan
Workshop on Biomechanics.

[2] Best Paper Award, “Effects on Pulsatile Inlet Conditions on the Hemodynamic
Conditions of Stent with Deformed Wall Simulation” Narendra Kurnia Putra, 6-7
November 2017, 2017 5th International Conference on Instrumentation
Communications Information Technology and Biomedical Engineering.

(Press release)
Not applicable.
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Project code J171103

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2017 ~ March 2018

Project status 2nd year

Research of High-Speed Contact with Medical Devices

Makoto Ohta*¥, Vincent Fridrici**+t
Yuta Muramoto***, Philippe Kapsa**
*Institute of Fluid Science, Tohoku University
**Ecole Centrale de Lyon, France
***Graduate School of Biomedical Engineering, Tohoku University
TApplicant, Tinon-IFS responsible member

Purpose of the project

Purpose of this study is to measure the forces during drill such as torque or
thrust to bone model. Based on the results of measurement, the bone model will be
developed and evaluated.

Details of program implement

Poly(methyl methacrylate) (PMMA) of dental application was used as a base
material since PMMA is used to replace human hard tissue. The obtained dental
PMMA was composed of monomer liquid (Miky liquid, Nissin Dental Products Inc.)
and polymer powder (Miky blue, Nissin Dental Products Inc.). Solid specimen of
PMMA was obtained by mixing the monomer and the polymer, so-called quick
polymerization method.

Table 1 Materials prepared for drilling tests

Nami, Combinalken ralks
o
Pumbser iAddigiveVrTorsl wekehl) Svolation

1 [Acrylic, 100w} PMMA
F Wooad Mear, 4wi%s WF
L] Cellulove fiber, 10w CF
4 { gllubsar nana Miher, Flwk®e e
g Pohwrethane foam 2ipsi FUL0
b Falywrethane foam SO0psl FLIS0
7 Parcime femoral bone Ikxni

Table 1 lists materials obtained for drilling tests, including additives, detailed
compositions of materials and notations. Additives used in this study can be
classified into plant-derived organic materials such as wood flour (Cellulosin #100
derived from hemlock, 100 mesh pass, Kajino Seizo Co., Inc.), cellulose fiber (Just
Fiber BH200FCC, Morimura Bros. Inc.) and cellulose nano fiber. Cellulose nano
fiber was kindly supplied by Prof. Fredrik Lundell through Innventia AB as a bottle
of slurry, where 1.87% of cellulose nano fiber was dissolved in pure water.
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3. Achievements
Expected results.

4. Summaries and future plans
Comparison between drill methods of load constant and speed constant for
regulating the drill method.

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

(1] 58—, KBE, kR ERAREED 7 — 7 WCBIT 20l - B2 EE
L7 EEBEER -, I AR R, Vol.62, No.1 (2017), pp.30-36.

[2] Ren Takahashi, Kazuma Tamura, Tadashi Yamaguchi, Yasutomo Shimizu, Makoto
Ohta: Development of a poly (vinyl alcohol) hydrogel phantom to allow physical
measurtement in ultrasonographic conditions: a model for scatter, 2017 IEEE
International Conference on Cyborg and Bionic Systems, Oct. 17-19th (2017),
Beijing, China.

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

The 6th World Tribology Congress (WTC 2017), 17-22 September, (2017), Beijing
China.

Proceedings of the 17th International Symposium on Advanced Fluid Information,
Sendai, Miyagi, Japan, (2017), pp.82-83.

[5] Makoto Ito, Simon Tupin, Hitomi Anzai, Anna Suzuki, Makoto Ohta: Location
Related Variability of Permeability Characteristics in Cancellous Bone, The 14th
International Conference on Flow Dynamics, November 1-3, (2017), Sendai,
Miyagi, Japan.

[6] Yuta Muramoto, Dominik Hiisener, Gaétan Bouvard, Makoto Ohta, Vincent Fridrici,
materials for bone biomodel, ELyT Workshop 2018, March 6-8, (2018), La
Gentilhommaieére, Satillieu, France.

3) Patent, award, press release etc.
*[7] Makoto Ohta, Dominik Huesener, Yuta Muramoto, Simon Tupin: Biomodel of Hard
Tissue for Dynamic Mechanical Testing of Medical Device, The Keports of the
Institute of Fluid Science, Tohoku University, Vol. 29, (2017), pp. 11-20.
(Patent)

Not applicable.
(Award)

Not applicable.
(Press release)

Not applicable.
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Project code

J171104

Classification

General collaborative research

Subject area

Environment and energy

Research period

April 2017 ~ March 2018

Project status

1st year

Optimization and Data Mining for Transonic Compressor Blade via Active Subspace Method

for an Energy-Efficient Turbomachinery Design

Lavi Rizki Zuhal*¥, Koji Shimoyama**{+t
Pramudita Satria Palar**, Cahya Amalinadhi*, Yohanes Bimo Dwianto *
*Faculty of Mechanical and Aerospace Engineering, Bandung Institute of Technology
**Institute of Fluid Science, Tohoku University
tApplicant, ¥FIFS responsible member

Purpose of the project
To discover important and useful knowledge for the optimum design of transonic
compressor blade that would be useful for improving the energy efficiency of a
turbomachinery system.

2. Details of program implement

Multi-objective and knowledge exploration of transonic compressor blades were
performed. In this research, we utilized the NASA Rotor 37 as the datum shape to be
optimized in a multi-objective fashion. Initially, we wanted to apply active subspace
methods for both optimization and data mining since we expected that the number of
shape variables would be high. However, we found out that the utilization of active
subspace is not applicable since the number of design variables could be reduced to
only two.

Prgars

I
|

erGars. SO
1an

UL

Figure 1 : Pressure contours on the datum and optimized blade shapes
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We then refocused the research to solely optimization and knowledge exploration. To
that end, we developed a code for performing multi-objective optimization using
Kriging surrogate model and combined it with computational fluid dynamics tool in
order to obtain the aerodynamic performance of the datum and optimized designs.
The outcome of this procedure is the set of optimized designs that lies in the Pareto
front, where we thoroughly analyze the shapes of these new designs and compare it
with the datum design to uncover important knowledge and physics.

3. Achievements

We were able to find a set of optimum blade shapes using the multi-objective
optimization algorithm code that we developed and the datum shape of NASA Rotor
37. We observe that the negative twist angle should be added to the reference blade
in order to increase the pressure ratio, On the other hand, an additional swept-black
angle results in an increasing efficiency. The results also show that the pressure
ratio and the efficiency are two conflicting objectives that could not be attained
simultaneously.

4. Summaries and future plans
In this research, our focus is on multi-objective optimization and data mining of
transonic compressor blades. For this research, we have to change the main focus
since the number of design variables could be reduced to only two variables. We
successfully uncovered important physics that would be important for future design
processes of transonic compressor blades.

The optimization method developed in this project will be carried on to the next
project, i.e., “Multipoint Wind Turbine Blade Optimization by Utilizing Gradient
Information for Maximum Power Coefficient”. Both problems are similar in the
sense that they involve shape optimization of blade designs. The technical
knowledge that are obtained from the present research would also be transferred to
the next project.

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

Multi-Objective Bayesian Global Optimization Strategies for Aerodynamic Design,
2018 AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials
Conference, (2018), p. 0914.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
and Data Mining of Transonic Compressor Blade, Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), pp.28-29.
3) Patent, award, press release etc.
Not applicable.
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Project code J171105

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2017 ~ March 2018

Project status 1st year

The Sensitity Analysis and Multi-Objective Optimization of the Biodegradable Zinc

1.

Alloy Stent

Aike Qiao*f, Makoto Ohta**+y+f
Koji Shimoyama**, Kun Peng*
Hitomi Anzai***, Narendra Kurnia Putra**
*College of Life Science & Bioengineering, Beijing University of Technology
**Institute of Fluid Science, Tohoku University
***Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
TApplicant, TFIFS responsible member

Purpose of the project

Unlike a permanent stent, a biodegradable zinc alloy stent provides only a
temporary opening into the stenotic artery. Thus, they are a prospective solution for
complications caused by the incompatibility between an artery and permanent
stent. However, insufficient scaffolding has limited the clinical application of
biodegradable zinc alloy stents. Therefore, in this project, a new stent concept is
designed to improve the scaffolding. Furthermore, the mechanical performance of
the newly designed stent is investigated and analyzed by finite element method.

2. Details of program implement

The collaborators discussed and made the detailed research plan and the
division based on this program. Besides, an non-IFS member of this program stayed
in IFS as a special research student last year to carry out the program better. The
research has been finished well up to now and the results have been published in
The Fourteenth International Conference on Flow Dynamics, Sendai, (2017). The
detailed research results are described as follows:

As shown in Fig. 1, the new stent design is presented. Similar to the traditional
stent design, two sinusoidal struts are connected by straight links and each strut
comprises six sinusoidal peaks. The width and thickness of the struts and links are
both fixed at 0.17 mm. The lengths of the struts and links are kept constant at 1.7
and 0.4 mm, respectively, and the outer diameter when crimped is 2.4 mm.

Different from the traditional stent structure, the highlight of the new design is
two semicircular strutting rings that are inserted through the links, as shown in
Fig. 2: the gray and white parts represent the links and strutting rings, respectively.
Two semicircular strutting rings are connected to a symmetrical pair of solid links
and run through other links that have trapezoidal holes. These two semicircular
strutting rings can allow the stent to expand but not contract as the result of the
interaction between them and the links. Thus the scaffolding performance of the
newly designed stent can be improved.

Besides, a traditional stent structure is chosen as the control group to investigate
and analyze the mechanical performance of the newly designed stent. The analysis
results are shown in Table 1. Both the newly designed stent and the traditional
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stent expand to the same diameter 0.24mm. The recoil displacements are 0.11 and
0.20 mm for the new stent design and the traditional design, respectively. Thus, the
new design enhances the scaffolding performance by 44.8% compared with the
traditional stent. This suggests that the new stent design can provide strong
support for remodeling of the vessel, which is of significance in clinical applications.

~ |77

W £y

Fig. 1 New design of biodegradable zinc alloy stent ~ Fig. 2 Sectional view of the links and rings

3.

2)

Table.1 The analysis results of the newly designed stent and the traditional stent

New design stent Traditional design stent
Expansion Pressure 0.58 MPa 0.45 MPa
Diameter after expansion ~ 2.88 mm 2.88 mm
Expansion Displacement ~ 0.24 mm 0.24 mm
Recoil Displacement 0.11 mm 0.20 mm
Recoil Rate 45.8% 83%

Achievements

A novel structure for stent fabricated from biodegradable zinc alloy material with
strong scaffolding performance was proposed. The mechanical performance of this
design such as the stress distribution, the expansion pressure, and the recoiling
displacement were tested via the finite element method. The analysis results
suggested that the new stent design could provide much stronger scaffolding than a
traditional stent. The simulation results suggested that the stent design is ready
for further development.

Summaries and future plans

The torsion and bending stresses of the newly designed stent must be considered
along with the usual mechanical tests. These analyses are reserved for future
studies.

Research results (¢ reprint included)

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)

Kurnia Putra: A Novel Structure Design of the Biodegradable Zinc Alloy Stent,
Proceedings of the Seventeenth International Symposium on Advanced Fluid
Information, Sendai, (2017), pp.86-87.

3) Patent, award, press release etc.

Not applicable.
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Project code J171107

Classification General collaborative research

Subject area Multi-scale mobility for humans and materials
Research period | April 2017 ~ March 2018

Project status 3rd year

1.

Aerodynamic Design and Optimization of High Speed Transport Aircraft

Romie Oktovianus Bura*¥, Shigeru Obayashi**{+
*Faculty of Mechanical and Aerospace Engineering, Bandung Institute of Technology
**Institute of Fluid Science, Tohoku University
tApplicant, TFIFS responsible member

Purpose of the project

The focus of the proposed research is the study of sonic boom propagation in real
atmospheric condition, by estimating the pressure wave through the turbulence field,
using a high fidelity numerical method, i.e. Reynolds-Averaged Navier-Stokes
(RANS) solver. Previously, the study was carried out by the Khokhlov
-Zabolotskaya-Kuznetsov (KZK) equation-based tool. The numerical results will be
compared with experimental results.

Details of program implement
The research was proposed to be implemented in three year times. The general
research plan is:

The Year 1/Former Year:

In the first year of preliminary study, the research activity is directed in evaluating
loudness effect of supersonic flight, by developing a method which is based on general
CFD tools, that has been used generally by industries. To simplify the process, wedge
configuration is used, because this configuration is easy to be predicted. This method
is based on N wave evaluation that is produced by supersonic flight. Then, by doing
FFT, N wave could be converted to Sound Pressure Level with respect to Frequency
to measure its loudness.

The Year 2:

Finally, the proposed tool is applied to the real-world case. We employ the low boom
model (LBM), which utilizes a sonic boom reduction technique in the D-SEND#1
experiment, as the present application. Turbulent field is considered in the
atmospheric boundary layer at less than 1000 [m] above the ground. each column.
This study has been carried out using KZK tool. In the present year, high fidelity
numerical method, i.e. Reynolds-Averaged Navier-Stokes (RANS) solver will be used
and very fine meshes of the models have been generated.

The Year 3:

Effort is centered on refinement of the high-fidelity numerical results, based on
Reynolds-Averaged Navier-Stokes (RANS) solver and the incorporation of sonic boom
analysis methods into conceptual design studies of high speed transport aircraft.
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3.

2)

3)

Achievements
We have obtained some results thorough this project as follows:

» Low boom model (LBM) and NWM (new wave model) of the D-SEND#1 experiments
have been modelled with RANS numerical methods.

+ Sound pressure levels at several heights and the density gradients of both models
have been generated.

Summaries and future plans

For the present/second year results are still ongoing and I plan to have the final
results of the second year by early or middle of March 2017, by publishing the results
in an international journal. Another journal paper is also planned for submission in
2017. T also have planned to register in two international conferences in aerospace
and acoustic in 2017 for result publication. At least 1 journal paper and 1
international conference paper are planned for 2018, containing 2018 research
results. Hence, in total, it is planned to generate at least 3 international journal
papers and 4 international conference papers.

In future, it 1s expected to generate better analysis of the sonic boom propagation
through turbulence atmosphere using both proven and high-fidelity methods for
better high speed transport aircraft.

Research results (k¢ reprint included)
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.
(Patent)  Not applicable.
(Award)  Not applicable.
(Press release) Not applicable.
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Project code J171108

Classification General collaborative research
Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 2nd year

Evaluation of Flow Field in Glosed Cavity under Temporal ly Variable Thermal Condition

Atsuki Komiya*f, Nicholas Williamson**{+
Linjing Zhou**, Steve Armfield**
* Institute of Fluid Science, Tohoku University
** School of Aerospace, Mechatronic Engineering, The University of Sydney
tApplicant, T¥Non-IFS responsible member

1. Purpose of the project

In this study, we numerically analyze the transient natural convection problem
in a two dimensional square cavity subjected to temporal change of thermal
boundary condition of side wall. Quantitative measurement of the transient
temperature field in a closed cavity are also performed using a phase-shifting
interferometer, and the results used to validate the two dimensional numerical
simulations. The possibility of thermal boundary layer control will be discussed
using both numerical and experimental results.

2. Details of program implement

In this research, visualization experiments and two dimensional numerical
simulations of flow fields in a closed cavity were performed to evaluate the effect of a
temporally variable boundary condition on natural convection thermal boundary
layer. The phase-shifting interferometry setup developed by Tohoku University was
used to precisely measure the temporal variation of thermal boundary layer. To
enhance the spatial resolution of temperature field, a phase-shifting technique was
installed in a Mach-Zehnder type interferometer, and an unwrapping method shown
in Fig.1 was applied. To achieve a precise temperature control of side walls, a
specially designed thermal cell shown in Fig.2 was used.

;:‘l‘-—i_
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Figure 1: Visualized image of temperature field Figure 2: temperature controlled
and unwrapping method cell

pml

Using above-mentioned equipment, the visualization experiments of temperature
field in a closed cavity were performed. The temperature on the left side wall was
varied sinusoidally in time using a controlled Peltier module. Two dimensional
numerical simulations were also performed using the same boundary conditions.
Both results are shown in Fig.3. As is obvious from Fig.3, the numerical results are
qualitatively accordance with experimental ones, and the simulation method
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presented in this study is able to evaluate and analyze the transient natural
convection problem in a square cavity. However, there are differences between
experimental and numerical results. Especially, the low temperature area remains at
the bottom of square cavity in case of experimental result compared with numerical
one. This will be caused by incomplete thermal insulation. For more complete
evaluation, the difference should be minimized.

i -

R Sy S N

{a) experimenial

o b

(B} numecal

Figure 3: Experimental and numerical results of temporal changes of temperature
distribution.

3. Achievements
At the University of Sydney, two dimensional numerical simulations of temporal
variation of temperature field were performed to analyze the natural convection
thermal boundary layer problem. In parallel, at Tohoku University, a series of
visualization experiments measuring the temperature field in a square cavity were
performed. The progress in this fiscal year will be evaluated to be good and 90% of
the research plan was completed.

4. Summaries and future plans

In this fiscal year, we performed both numerical simulation and visualization
experiment, and compared both results. A PhD student in the University of Sydney
stayed in Sendai for 1 month and performed the experimental work. This contributes
to an educational activity in this research framework. From the comparison between
numerical and experimental results, it was clear that the present numerical method
qualitatively gives a temporal change of thermal boundary layer and we’re ready to
discuss the possibility of thermal boundary layer control. In the future, we will
modify the temperature control cell and quantitatively evaluation will be achieved.

5. Research results (¢ reprint included)
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)
Evaluation of Flow Field in Closed Cavity under Temporally Variable Thermal
Condition, Proceedings of the Seventeenth International Symposium on Advanced
Fluid Information, Sendai, (2017), pp. 66-67.
3) Patent, award, press release etc.
Not applicable.
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Project code

J171109

Classification

General collaborative research

Subject area

Multi-scale mobility for humans and materials

Research period

April 2017 ~ March 2018

Project status

2nd year

1.

Application of Data Assimilation to Aviation Safety System

Junho Cho¥*, Takashi Misaka**, Shigeru Obayashi**jt
Kwanjung Yee*, Shinkyu Jeong***{

*Department of Aerospace Engineering, Seoul National University
**Institute of Fluid Science, Tohoku University
***Department of Mechanical Engineering, Kyunghee University
TApplicant, TFIFS responsible member

Purpose of the project

Air traffic has been forecasted to be the largest on record in this year and has grown
steadily by about four percent every year. The airport capacity has reached its limit
with the steady increase of aviation demands. Thus a method for improving the
efficiency of airport capacity has been required. For this it is recommended to adjust
the time interval of the take-off and landing between consecutive aircrafts.
Meanwhile, unreasonable shortening would cause an accident due to the wake
turbulence. In this study, data assimilation will be applied to predict the wake
vortices which restricts the number of aircraft take-off and landing in airport.
Aircrafts generate a pair of long-lived counter-rotating wake vortices which is a
potential risk for the following aircraft especially when it is taking off and landing.
The decay process of wake vortex is dependent on various factor such as clear air
turbulence, horizontal wind velocity, and the strength of wake vortex pair. In this
collaboration we have developed a fast-time prediction model of wake vortices. Such
a prediction model helps to adjust take-off and landing separations at airports.

Details of program implement

In this study, measurement integrated simulation wusing incremental
four-dimensional variational (4D-Var) data assimilation method was used for
accurate wake vortex prediction and the POD reduced order model was used for
efficient prediction. we investigated the difference in the behavior of vortices
between when they are generated in a calm atmosphere and when they are
interacted with vortices from another aircraft. The validity of the LES simulation
was confirmed by comparing the results to a previous study under same conditions.
The results of present study are expected to be useful for adjusting the interval
between aircraft during the take-off and landing. The results are divided into two
parts. First, a general one pair of wake vortices behavior is examined, and then the
results are to be verified by comparing them to those of previous research. The
second part of the paper is about the behavior of wake vortices under the interaction
with other wake vortices.

Achievements

The behavior of post roll-up vortices with respect to turbulence intensity is described
in figure 1. The Two-phase decay is shown in evaluation of wake vortices. In the first
phase, the circulation intensity does not substantially decrease before the vortices
form a ring. The second phase begins with the formation of a ring due to Crow
instability. The larger the dimensionless turbulence intensity, the faster the point
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becomes. This is consistent with previous studies and De Visscher's model can be
applied to explain the results.
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Figure 1 Wake vortices transport and decay at three different times for the case of
weak (e* = 0.0789) and strong (¢* = 0.5844) turbulence intensities

4. Summaries and future plans
Although vortices from light aircraft dissipate quickly, there is also an impact on the vortices
from medium aircraft (Figure 2). At the beginning, the lateral separation of the vortices from
medium aircraft is slightly reduced by the induced effect of vortices from light aircraft. In
addition, the slope of the time-vertical position graph shows that the descent rate also
becomes slightly higher. At the same time, the circulation intensity is slightly increased as
the vortices from medium aircraft reach the vertical position of the vortices from light
aircraft. Once the circulation is added, the vortices from medium aircraft make the vortices
from light aircraft dissipate. As a result, it can be seen that secondary vortices are generated
more compared to the case when just a single pair of wake vortices from medium aircraft is
considered. For more detailed comparison with the separation parameter will be adjusted to

more realistic case to integrate current result in real airport operation system.
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Figure 2 Lateral separation, vertical position, circulation with respect to t* and top-view
snapshot at t” = 4.86 of medium wake vortices interacted with light and without interaction

5. Research results (* reprint included)

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

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

Automatic Differentiation Based Discrete Adjoint Method for Aviation Safety, Proc.
of the 17th Int. Symp. on Advanced Fluid Information, Sendai, (2017), pp.68-69.
3) Patent, award, press release etc.
Not applicable.
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1. Purpose of the project
In this project, we design and fabricate functionalized triboelectric materials. The
output performance of triboelectric nanogenerators (TENGs) as next-generation
mechanical energy harvesters are critically dependent to the surface characteristics.
We investigate the effects of the interfacial properties on output behaviors of TENGs.
Based on the surface treatments, we find and understand the optimization design of
surfaces for output performance and life-time of TENGs. This project has three
objectives: (1) Investigation of the effects of the interfacial properties on output
behaviors of TENGs; (2) Characterization and Optimization design of surfaces for
output performance and life-time of TENGs; (3) Development of high-performance
and sustainable TENGs.

2. Details of program implement
We utilized the neutral beam (NB) treatment to modify the surface properties of
triboelectric materials for high performance. To understand the effects of NB
treatment on output performance of polymeric material based TENGs, the following
actions were progressed:

(1) Fabrication of NB treated polymers:
First, polydimethylsilane (PDMS) and thermoplastic polyurethane (TPU) were
selected as treatment target materials to confirm the property changes of negative
and positive triboelectric materials. Secondly, two different gas sources (.e. O
and N2) were selected to obtain the effects of gas types on surface properties. To
suggest the optimized treatment condition, four different beam energies per gas
were applied on PDMS and TPU.

(2) Triboelectric characterization:
The triboelectric output signal evaluation was conducted to compare the
functionality changes before and after NB treatment. We controlled the contact
area, frequency and load to be 300 mm?2, 2.5 Hz, and 5 N, respectively. Based on
the material group, the individual performance was evaluated and combination
tests of NB treated polymers were conducted.

(3) Physical and chemical characterization:
The physical and chemical analysis were conducted to objectively understand the
changes in triboelectric behavior. Chemical changes were confirmed by chemical
bonding analysis and physical changes were defined by surface roughness and
surface image analysis.
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Figure 1: (a) Triboelectric performance of NB treated TPUs with pristine PDMS; (b)
Triboelectric performance of NB treated PDMSs with pristine TPU.

3. Achievements

Figure 1 shows the output performance of NB treated polymers at addressed test
conditions. Figure 1a indicates the output voltages of NB treated TPUs with PDMS
as a counter triboelectric material. The output voltages proportionally increased with
increment of beam energy after N2 gas based treatment. After applying Oz gas based
treatment, the maximum output voltages were observed at beam energy of 6 eV.
However, the voltages were noticeably dropped in higher beam energies (i.e. 25 and
40 eV). Therefore, we confirmed that Nz gases based NB treatment at high beam
energy and Oz based treatment at low beam energy are proper for enhancing output
performance of TPU. In NB treated PDMS cases, the different trend was observed as
shown in Figure 1b. After N2 treatment, the output performances significantly
decreased at beam energy range from 6 to 10 eV. For PDMS, Oz based treatment was
more effective than N2 treatment. The output performance was enhanced 1.39 times
at beam energy of 6 eV. From these results, we could verify the proper process
conditions for TPU and PDMS.

4. Summaries and future plans
We confirmed that Oz and N2 gases based NB treatments are effective method to
enhance the output performance for TPU and PDMS. Based on the triboelectric
behavior, physical and chemical analysis, the mechanism will be proposed to
optimize the NB treated TENGs. Furthermore, we will utilize a different gas to
enhance the output performance of negative triboelectric materials.

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)
Not applicable.

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

— 146 —



2. B %ﬁk%#ﬁ

[ 4

%>






BN riass J17H001

X5y WA SELFIRIFSE
SREAYEY | BREE - LX)
eI 2017.4 ~2018.3
ke 2 4EH

BEHORZE ISy TOMEEIZL B TILIEDZ HiFEDHRE
Aerodynamic Improvement of a Delta Wing by Using Combination of Leading Edge Flaps

A BB, T SR
TR PESLxv*, =Yg i
SRR IR TR, AR AR AR AT e
R IR - BTV AT A TEHE, SRR ARRE T v T o TR
THEE, TIPSR

1. #ZEEs

VTAESSERHC IS DIRIHER, INFER, T ol CoBRINES 2 N E LT, EAM
ZERER RTATIR DBFZEBIRE DN AN AT O TV D, —T, 2020 EEOFT S BiF & HiE L
U 72 KR RERL TREO BT S AR A 2L BREIICED G LTS, 2D & 9 55 I
BT, MEEIRENE <, FREDINELITIRNT V2B, BOFTEBEOEME LTEXD
NTW5. TR, AifRBERC L0 L > TEL2E 25T Y, (KAMa6E
B CTILRIBER O % § 6D > DM RBERIIT-OUT, il A iR\ Tl AR B 5

(Vortex breakdown) % 725X E O D FNZEJRMUGEICEN D DO L E 2 Hib. A
eI, EMEROCFREORRT 7 v 7 E2lAabtE, Il > TRMITAEEZZEbS

T, IR ESGET D FEEAZENE LTND.
2. E){"j."’bj-jz%@pq?g. Type root midl mid2 tip
AWFFETIE, A NACA0012, A KEE @) ©) @) ©)

572mm, EHE 400mm, %R 70°, T ALY -30 -30 90 90

MELS OFNEFERIGIZLT, 1D LD -30 30 30 60

(ZHilkR 7 7 v TRtk 2 I B AT, 45 45 30 60

SIMPLEC {54 FUW = EEfitr, 225 3E & -15 -15 30 60

OPIV itz L, LLTFOfSima1S7-. 45 30 -15 30

(1) LAt 45 & LT RANS, ELfiET L e -15 30 60

U CHEAE k-g & WV THUERENT 2170, 1K 30 -15 30 60

T (0°=a=20°) [ZBWTEMBILEL-30° -15 30 60 90

HRRTER(1)90° , HRERERR)90° , EbEEE 90° D 30 30 30 90

O |0 | Q||| |W|IN|—=|O
1
(o8]
()

BT A EE (Typell) ZH 9 DRi&E 7 7 7D NA 30 60 90

BWER R ST, mEAE (20°=a=40°) 10 0 0 0 0
TIE, BEIRIUEB-60° , THHEER(1)90° , HIFHERED 11 30 90 90 90
(2)90° , b 90° OHUTIF AL (Typel3), 12 45 90 90 90
Post stall fEIE (40°=a=60°) TIL, FARTH 13 60 90 90 90

-60° , HEHR(D-60° , HPREERR)90° , i 60 | 60 | 90 9

—_
~

i 90° DEUFIALE (Typeld) DA THD

— 147 —



FHOMELTE . (a)No LEF
Q) BEfEpTRE A FUC 6 43 ie — R L& Hu =22
RATRNE 24TV, AR SES 3\ TRUBMRHT & [F]
FROFERG O, mHlAfE (20°=a=40°) T
VIELAEARAT S F & 1 ZIERRR D, FARITE-30° , HrfH
HEB(1)-30° , HREER2)90° , E¥EEE 90° OHUTIT A
J£ (Type0), Post stall fElEE CiE, FRICH-60° , H
FER(1)90° , HFEIER(2)90° , S 90°  (Typel3)
OEAHTAENGR T D EDMERTE T, (b) LEF typed
() ZERITMEIZB N TORENIZRRR T 7 v 7 Of
%, WRIRT RN 5 72012 PIV #HIZAT
STz, ZORER, K 1@)bIWIRT LIS, EndifeE
18D a=40°, x/L=0.6 AR AL 7> B OYica 7 A,
LR KEE) [ZBWT, 714 SR CIRmrs
IIN—Z NEGAHERTE 53, WYIZRRTR T 7 >~
TVAT U NERT 5T NZ R TIEEOTRE DR
FIBERBE T AT B L OV DR TR T X D,
Z OANIL=0.8 12725 & LV PHE & 72V, 90° LEF
SRR RIBER 2 %% £ COIRRELFIC L EE o8
DINRD B DHHFDP RS T
@DTX AL TIN—TTEIT AL NEGTDH2HD
CCD #1 A & Xl o 2 a—F (2 L 0 FEEATETR D
AEERF Y U T L—v a3 FL— hEANWT, AT
VA PIVEHIT AT A ZMEE L, > — MEN =&t
WERT NVOBEHNFREE 7podz. TORER, X2
(ORT L= MG AEL TOLHEBICE M2 PIV AT LAFHIEE WI=08,
WTC, SRAVT ABREER K & 70 D F3 R STz, =40°)
3. HIEBEDERIKR
1 BeBE L U CHUERITIC X > CHR/R LEF LA 70 R &R0 IAR, 52 Bt L L Cai
FERA FNT DU Lo TR E AR A REE, @A T, Post stall BEIIC F61T 2 i 72
LEF LA 7 U ML T 52HNTE, SFEEONZE B IRER CE b0 LB 6.
4. FLHESHEDZRE
ANGILFERFFEOEREIZ LV, AT\ TR E 2 UGE S DR 7 7 v 7'V
AT N RHTENTE . A%OBE E LT, Post stall fEIRIZISIT 5 KV /7R PIV fif
MraElii L, 28R 88T—4 L5 L& T Vortex Breakdown Z HENAEE C& 5V AT
LD ZHED TS .
5 BAEAE IBIRIHY)
1) ZFiiR EoOTERERE RHFZE0)
7L
2) Ef=E - ERER - IRE - OBEXERSE
*[1] T. Ishide, M. Itazawa, T. Misaka. K. Shimoyama: Aerodynamic Improvement of a Delta
Wing in Combination with Leading Edge Flaps, Proceeding of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), pp.26-27.
3) T (5sF, ZE, YRAIIHRKRDE)
7L

— 148 —



R J17H002
X5 HAZEAGEILRINFSE
REE | BREE - =L — R
AIFFEHH] 2017.4 ~2018.3
S 24FH
PUL = ERATICE T D ERREOF DM
Effectiveness of Flexible Wing in a Flapping Flight
A R, KBRS
HREP PR R SETR Y
7N e A IS 2 Il S N VT Y S S 2 A
ORI R BRHE - BT AT A LRI
THERE, THTPRICEE
1. EJTjLE Y
ITHESSERAZ 31T 2RISR, WG, 7 oBlG CoFHdES4~ Al e L,

VBT

& (MAV: Micro Air Vehicle) DAF4E Fa'ﬁ%%ﬁ@/u IATHON T\, MAV [ZEER STV B9 EY

A X, FATROVEEREIT
5. ZOXIRERTITENT, B
Rl7e EORATAED O EE 228 TIMEREIC
EHL, FDORA =R L% MAV (27
HBINAF I AT 7 AT e —F )
HEHINTWD. AUETIE, Zhbo
WrgeEhn e LC 3D ZU X2 &2 H
WCHE 2 OFHREZRIEL, TOHEIE
IZOWTHHET2E 2 BE LT 5.

2. HERROAR

AWFIE CIIRHERICR | &fiE, R 11
IR FEA DFffEE 3D SV XK o
THRYEL, M-8 EAA =y 7 oL
= RoTETANICERE L, E—bE v
ST LU FoOfsmEST.
(1) BIESICTRESOT— %Mz
Yit, 47D (57—, 0.50) M3
R EHEE, B D CLaom DRE 722
B AMER T D L TERE (K
1 ).

B HNCTERE S OT — %7
e, Y47 H (7—,3033) M350
I EHEE, D CLam DRE 72

D HEM AR T A R TERE (K
1 2MR).

@ #

= Type CE A

Tip FFA

--...-

=Tyt AL F&=T
& Type WA=
THr et
= Tyt BLF &=
= Tyt U F =T ey
THCwan 11§

Fypa LAk &~
— Ty HLF&=T

N
_,--,.-l-*"""‘;..,.. o

HeACusr 1
LA 1)

A s T

THriwsr 1§

HA w17

, BUFOMIZRE L R Db OTH Y, HFHHILRBINAFELE & S

T I

& Topar A -0l 1
= Topen TLF A= mand
= Type U S =Dl et
& Topr [BF -0l
= Togue I F iy ol | i 1
Topse F N =08 L Uz 173
Tovper 0.0 A -0 anr
Tocpar HFA Lo ey ]

] L

h B 1 577
[ I |
i
" "

= Type A FA=Tn ezl )
=+ Type BFA=THA Cincd)
==Type CFA=THACaned)
i Tope [N Fbu=THeA Case T}
= Type EFA=THACase)
Type FFA=THa Cassi 1)
Twpe G FA=THACase 1 1)
=Ty¥pe HFA=TH= asr | 3

il L] 3%

2 b

— 149 —



F 1 ERfER

AK-clear | Vero White |Vero White | Vero White | Vero White | Vero White | Vero White
Ségf film Plus Plus Plus Plus Plus Plus

+SUS 304 (RGD835) (RGD835) | (RGD835) | (RGD835) (RGD835) (RGD835)
60mm | 60mm 60mm 60mm 60mm 60mm 60mm 60mm

film:50pum| root:1.5mm | root:1.5mm | root:1.5mm Ity telin Ity
0.2mm edge:1.5mm | edge:1.5mm | edge:1.5mm
’ . . - . trailing trailing trailing

vein:0.2mm|  tip:lmm tip:0.75mm | tip:0.5mm edge:Imm_| edge:0.75mm | edge:0.5mm

() K2 RISkt kv, #
W& ENE T — e HT D5 A
E 1%, A a=3°~4" |[Z)F T
Cl/Co Mot R & 72 0, T
Bt R L OOV DGR T
7-.

XA 7D (77— 050) 128
UWNTEARTTER D> B BRI AT
T, BEHENT S — MEa s
L, PIV R U A —FHiI% 506 L
sk = S P R W v AR N Ay
FHEIZ 3 THEE D Rk HIBER
EEEICHR Y AP0 Tn D B
fEED3, PIV FRHTRE R 200 Bz
FHEFIZX L T43%THY, MOEEX A 7L L CEVMETH D HEPMHERR TE 7.
3. EARBEDZERIKR

AR | & &, 3D 77V o & CHRIUWE U 7= B3 o B N OV J7 17— S D 2 110 h e
BMAHER T, XHST 25 PIV TS bRk R S 2 — 2 & OBhEME S X0 Bz 72 0,
SO BRI NEL TE b D B LS.

)

3PIV fRHriE R (Type D, o=16°, 6=0°y/b=0.75)

4. FEHLSHRDRE
ARANGEILRRFFEDO TR LV, R OZE R RIZ OV T O R A G L EN TE . 4141,
RE K ORME S T — "G T 2 FHABYEL, ZOaIMEE RS ThE L.
5 HREE
1) 2 EROTEERE BHREEED)
oL
2) EFRE - BRFER - RS - OBERKRSE
[1] T Ishide, K. Nakano, R. Fuijii, T. Kaerivama, K. Shimoyama, S. Obayashi: Effectiveness
of flexible wing in a flapping flight, Proceeding of the Seventeenth International
Symposium on Advanced Fluid Information, Sendai, (2017) , pp.24-25.
(2] PR, AHIE, BasERd, EEss EELAENR, FIUssElR, KW MR- & RTIcE
T OTHEOEINE, AR 2 2017 FEEFRRS, BFERT, (2017), J0240203.
3) oMt BFEF, RE, YRAIIHRH)
L

— 150 —



R J17H003

X5 B AGEILFRINFSE
AREOE | BREE - L8
HFFEHHE 2017.4 ~2018.3
ST 2 %H

KENAFIRAREBDBREIAFTIUR
Dynamics of Thermal Pyrolysis Occurring in the Interior of Wood Biomass

Kb RIS, ek s, KEE
PR A
SRS 2 7 DRSBTS, BRI eT
I, RIS

1. #EEs
neke, BEUROERRZBI LTI, BAEEFHAMO ARG G A% FV =SOSR OWIE A T
OITET. ZoOFEE, BRI, PRICE— /2R - BE %A
T5] ZEERAHEE LTWA. LLARRG, BREEEISRO L 5 IZEERIK L E OB 3
AT DIFTBOTIINEOIREE, BEOW—MMET-N TN D S13E 2L <, BEEHH
NS RRRSORIEIHE L= FETH 5 LTSV,
T 1L, WEOHFIEICEBNT, B EMEY SPring-8 ZFH LEiR R A O
NE A F~ ZAREND X S e I Z AT - 7. ANAIEFIEL, BT ORE A F~ A
WENDBE LA Z ) T NAEA L THETHHDOTH D, MnHELE Lz ERIC 5 CT &
B2 <ATHITNDN, AREED L 5 ZRERNEROIEEF FHl M F23 72 <, R
FNZ LT HARD THBIEDENE DO TH 5.
KBRS I~ AN OBEINIL, B n—REDESF OB L 0 AT A0 TH
L. XoT, EURNERDEE AR ORI b2 FHIIT 5 2 & C, BEUROB MR SHE 45
ETDHZENAMREL D EEZOND. AT, miEFHKTOER ORER A 4~
) PEROBEEDIEEFEARET S Z LIk 0, BEARNE T U 2 B RSS R 4
HT 2877 FEEHE T Z L2 HNET 5.

2. HIEBRONE

BORFOREL (B /%, B 6mm, HS 6mm) WO XSSy, KA
Y% SPring-8 (2 CfT-72. 3EBRIE, 10, 20, 40 K/min @ 3 SONEGEE S FIZIBWT
IR 650 K £ CHIBZITY, FRIEFRICI T 25O &) & ikl 2 EiE 92 X Bk
FEZA V2 [RIRR IR HEI L 7=
IR X v Bt e = b T, BB R L, X BEEOEEIIE TS, X R
BEFEEFERUE & REANA A~ ZABEEOMIZIE, LR ORI T 5.

I = lyexp(—pumpl) (1
Z T, 1 iIWEE RGO X RO, 1, lawiIZWEE RGO X AEE, u, [mZkgli3F
BIOEEWIUEEL, p kgmdliZWEOEE, | [mliIEEETHS. X1 23T
THZEIZLY, UTORMRNGEOND.

o= upM 2
ZZT, o laulE HEHEO X BEEREM, M kel BoERETHS. X2 LV,

— 151 —



U T EMOFBICHIT HEE 2R L TWD Z LR35,

113, AFHREEICBT Dy, & FEKIRBEORFRE R L T\ 5, BVifafelY, XA
R LYy DIED R D 3 SOl (BiAK, BR A, Ui B) IZ00 I TnD Z &R
binsd. b, BOfiE B O T, FIREEOE NI X > T, OENRR2 S Z LI
Mz, BAGREIZLIENBROND. ZiUuE, FHREEOENCLY, BEHIhbcENR
o TNDIdTHDHEBZ BN, 2 RotIEERFZESEFHEIZ L 0 BE—EORERICKE
T DB E ORI A1 T o 7RG, 28R & [RRRONIEGIE F IR W CHEANIZIE & A SR
JEENEURNWZ EnboTe. T7bb, K1ICAOLNDRERIT, BN E =R DS
HidVE IR T 5 aTREMED B .

[N E

01z k - pyralysis-IE
BE00 f-
:q-::-. gnE | desiccation

E e ——
=088 80 K min

= 04 F e 20 Kfmin

002 F o@D Kmn pyrolysis-A
000
] 375 473 57T% k] T3
T [K]

4 1 2 A FHRIEEE S D B S y, & SRR DBEFR

3. WIRBIROERIKR
AWFFETIIBNTIES, WEBICIREE, O —MEAVE T 2 541 FIZIW TR R L
ZRETDHZEHHME LTV, ZHLETOMRIZEY, FIRSEFOENCE Y B DK
JEIECTND Z EDGI-T1278, ZIUTBREOFETITHWTTE 20, LT, Adf
FEUC L 0BT 2R HTHEOR R HER S Tz

4 FEDHESEDEE
ERNER OB FREOSHAE OREINTIS, B AR OIEMERENNE TH D, ANETE
DREZ BT 572012, A%, X EEHORE R LA THS.

5 HIREE IEAIRIHY)

1) 2 EHROTERRE BRFZEV)
L

2) Ef=:E - ERNFER - iIRE - QBERRF

[1] R. Sasaki, G. Hirabayashi, Y. Ogami, T. Daitoku, H. Nakamura: Reaction Rate of Thermal

Pyrolysis for Thermally-Thick Wood Biomass, Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, (2017), CRF-16, pp.32-
33.

3 FoM (FEF, ®E, YRAIIEXRF)
L

— 152 —



A J17H004
X5 BRSBTS
B b HARARE 2B
eI 2017.4 ~2018.3
BSTATEEA'S 2 F-H
AT/ 1 TOBRIVERAI & BUEREMT
Field Observation and Flow Analysis of a Flying Pipe
R BBy, CEH By
IR SR N IR, R R R
FHALRFIAR PR ZERT, **[FS LR BE L
ok ] F AR g
THFER, TITPIRICHIZEE
1. BA%RBE®

1.1 FROEBEREBH
—UZ, LA VARSI D Rt IR i E D HTAUTAZE S O T, AR —
VIREDSESE T TEETHDN, “ otk L il % LAFgE b7 <, A7
b 3 RITMIRDEAREE & L TIESCHR: & ORpFANZET bis. 22T
AT HEY B, SHIZEHEL TWDIREZ B XD,
HE9E LTI, EHELZRDORIATT D3 TORYT A T = X LA 2ELRT 15880 BB
LNNCT DT EE2ARNETS.

1.2 HARHENOREEE
WA K DR B AAT, KR T VORuE « BE8E1S5. BB CIk
FER L FREDOSRMFTIRILY R 2 L— 3 U EFT, BT AVEBOFEMR TN E1S5.

2. HARFEEORNE
2.1 ETILOREAOER
Alal, N AE—F  BFF « T AT EHOTIRE LT-F 7 /L OBREAEIGIZ =Rk eEShfE
WraiTo 2 & T, 7 /VHERT DA @/85070), =4 bERML, Wik - £
— A BT NAOHPGEIZE S B L T D0 EfER LT,

2.2 SIHEZREDKET - WE
INFETOERTIIADOFIC I > TEIBL TEY, o= ONmizk, BEhlE, T
Bl ENT TR TV e, FEMZREET 217, 7 U A &R 572
WIS DOEEFIET 2 MEN DD, FDT-OICET VO HIEEZRE L, 2Z2E L
WAATH . AFEIIEEONE - FHHTBEORGT 21TV, EEMEORG 21T-7-.

2.3 BMERRITIC & ETIILEBEOFHEME RN DT

BAEAAT CIEERR & FRRORMET 3 WILY R 2 L—a &2 T, BT /VEHOFER
NEfFHZENTET.

— 1563 —



2)

3)

2R BN ZERIRR

AT ET VITERT 20 (Bi/bt)), =22 MERIL, Wil - E—A
NETIVOFIEIZE DB L T D0 EMRTE . £z, FHHEEOBRGHI LR e
T EMNTE, BT VOEBINT 21T O IO DOUEF A D D Z LN TE 2. BAERTIC
BWTIEERR L FREOSLMET 3 Ity 2 2 b— 3 VAT, BF VEBOEEMR TR A5
HIEMNTET.

FLHELESHBDFE

AAEPEDIEENT, AT/ A TIBLSTAET) - T— A2 "L TOHGEICE 9 FEL T
HNERMERTE 2. A%, K VFERIRE 21T O IO HZEE OB STETH 5. Fifi
FEFTICB W CIIBIIERR &L T A =2 BHbE v 2 b—y 3 VT, BT VRO
MZRTENEIGFD Z EMTETZHLOD, BUERREPH TV DIT—BIOATH LD, 5% S
FIFERNRT AL TEEfT 21TV, 52 ENREEND.

BAERAER (EAIR&HY)
Fiiites (BEROSERRE MEFEEST)
L

Elf=iE - BNER - RS - OERKSE

[1] Kouhei Miyahara, Yusuke Naito, Tatsuya Inoue, Hirochika Tanigawa, Katsuya
Hirata, Masami Nakano: Field Observation and Flow Analysis of a Rotating Pipe
in Flight, Proceedings of the Seventeenth International Symposium on Advanced
Fluid Information, Sendai, (2017), pp.176-177.

*[2] R, PUEREST, thErEcs, )Rk, SR bk, EEBERK o ST R T SA
7 D ESMER & BAERRYT, B AR 2017 FEFIRKRS, H AR 2 2017 5
R RS SCE, SWi=F, 2017.9.3-6, G0500306, (2017), pp.1-5.

[3] Kouhei Miyahara, Tatsuya Inoue, Hirochika Tanigawa, Katsuya Hirata, Masami
Nakano: Field Observation and Flow Analysis of a Rotating Pipe in Flight, 7he
Ninth JSME-KSME Thermal and Fluids Engineering Conference, TFEC9-1061,
2017.10.28-30, Okinawa, (2017), pp.1-5.

*[4] PUBRIEAY, BRIk, PR - AT DR A T D EMELHI & FfiEfi
Br, ARV G 93 HIERHGR SRS, AR =B G5 93 Wi
IR AR SCEE, 2018.3.12-13, K, No.184-1, (2018), pp.630.

ZTof (B, RE YR IRRFH)
L

— 154 —



AMRIRE

= H G4 %7':/17 >







Multiple Collaborative Research Project
Project code J17R001

Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 3rd year

Physical Insight into Mach Reflection Transition and Its Hysteresis in
Axisymmetric Intakes in Continuum and Rarefied Flow Conditions
for High-Speed Air Breathing Propulsion

Hideaki Ogawa*7¥, Georgy Shoev**ft, Sannu Molder***f+, Ben Shoesmith****
Nicolas Téa***** Ramandeep Kaur®, Evgeny Timofeev™*}t, Yevgeniy Bondar**
Kiyonobu Ohtani******4{ Shigeru Obayashi****%*

*School of Engineering, RMIT University
**Khristianovich Inst. of Theo. and Applied Mechanics, Russian Academy of Sciences
***Department of Aerospace Engineering, Ryerson University
**¥#*Department of Mechanical Engineering, McGill University
#***F*French Air Force Academy
wxkk**nstitute of Fluid Science, Tohoku University
TApplicant, T+IFS or non-IFSresponsible member

1. Purpose of the project

The air intake constitutes a key component of airbreathing engines such as turbojet,
turbofan, ramjet and scramjet engines for economical high-speed transport including
supersonic and hypersonic aircraft. It is responsible for diffusion and compression of
incoming supersonic airflow to conditions suitable for combustion, while ensuring a high
total pressure for thrust production. Thorough understanding of intake physics and
accurate prediction of the flowfield is of crucial importance for efficient engine operation
and reliable intake start. In particular shock wave interactions play a primary role in
diffusion and compression of incoming flow.

conical shock

M

Busemann intakes feature axisymmetric
geometries that can enable highly efficient ;4
flow compression through initial isentropic
compression followed by a downstream
conical shock, which is the only entropy
source and realigns the flow to parallel
stream in the inviscid flow regime (Figure 1).  u

v [m]
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The theoretical axisymmetric Busemann T T T R T T T
intake is generally regarded as producing an x [m]

efficient compression field and is often used Figure 1:Supersonic Busemann intake
as a basis for hypersonic intake studies. The flowfield for Mach 1.95 freestream.
axisymmetric full Busemann intake for a

Mach 8 freestream can achieve a total pressure recovery of 97% and uniform outflow in
inviscid flow, with the 3% loss occurring over a downstream conical shock wave at the
end of the initial isentropic compression. Boundary layer losses, on the long (and heavy)
isentropic surface, of such intakes, can lead to as much as a 50% decrease in total
pressure recovery. The presence of the boundary layer also has a considerable effect in
modifying the inviscid flow (Figure 2). These two factors suggest that the inviscid intake
should be shortened and that the effect of such shortening on the inviscid core flow be
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compensated so as to retain as much as possible of its original performance.

Inviscid

0.2
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Figure 2 : Hypersonic Busemann intake flowfields for Mach 8 freestream.

Intake stunting (axial contraction) has been suggested as a shortening method to
improve the overall performance of the Busemann intake. These studies noted that mode
transition of the centerline shock reflection occurred from a configuration with an
infinitesimally small Mach disk, resembling a regular reflection (which is prohibited
theoretically at the centerline due to singularity that exists on the symmetry axis) to
that with a distinct Mach disk (stem), as seen in Figure 3.

a8l

~a i

@ e e

Figure 3 : Centerline shock reflection in stunted Busemann intakes before/after
transition (Mach number). Left: apparent regular reflection, right: Mach reflection.

The intermediate transition process is characterized by highly unsteady, complex flow
structures including a toroidal (ring) vortex, as shown in Figure 4. The variations of the
centerline pressure in the stunting process in inviscid flow indicated that the shock
reflection features a reflected shock in the two-shock regular reflection before mode
transition and a three-shock Mach reflection after transition. Simulations for the reverse
(stretching) process revealed possible existence of hysteresis during mode transition of
shock reflection, that is, occurrence of mode transition at differing intake lengths.

triple reflected
. shock waves
point - S1¢ Mach

l%—-:. slem

Figure 4 : Flow structure of centerline shock reflection in stunted Busemann
intakes (Mach number and adaptive grid). Left: during mode transition, right: Mach
reflection after transition.

slip Rayer

Such pronounced effects of the intake geometry on the internal flowfield observed here
suggest substantial impact on the engine performance. New theories and physical
modeling are thus required essentially to predict the shock behavior for axisymmetric
configurations accurately and reliably. The present project has been proposed to develop
fundamental understanding of the flow characteristics and physical insight into the
underlying mechanism, with particular focus on the shock structure and reflection
associated with various intake geometries. The intake flowfields are primarily
investigated by means of computational and analytical approaches including Euler and
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Navier Stokes solvers, the curved shock theory, and method of characteristics. The flow
structures are further scrutinized by Direct Simulation Monte Carlo (DSMC) to examine
the influence of viscosity on the shock behavior as well as the characteristics in the
rarefied regime. Experimental investigation is conducted in the IFS Shock Wave
Research Facilities to examine the flow behavior in reality by means of flow visualization
and measurement.

2. Details of program implement
The overall proposed program is described below, consisting of two phases:

(1) The first stage investigates intake flowfields using numerical and theoretical
approaches, focusing on Mach reflection (MR) and flow behavior in the stunted (Ze.,
axially contracted) Busemann intakes as well as so-called M-flow intake rings:

(a) The shock structures and behavior in continuum ambient conditions have been
studied numerically by probing into inviscid and viscous transitional flowfields
with Euler and Navier-Stokes solvers (namely CFD++ and Masterix/Fluent,
respectively) in Mach 8 freestream for stunted Busemann intakes and Mach 2
freestream for M-flow intake rings. Analytical investigation is conducted in light
of shock polar analysis and curved shock theory. A reliable boundary layer
correction method is to be developed to enable intake design that can reproduce
the inviscid flow features in the presence of viscous effects.

(b) The characteristics of the intake flowfield in rarefied flow environments are
investigated by applying an in-house DSMC (direct simulation Monte Carlo)
software system SMILE to airstream at a large Knudsen number due to large
mean free path at Mach 8 for stunted Busemann intakes and Mach 2 for M-flow
intake rings. Simulation is performed at Kn = 0.03, where the mean free path of
molecules is greater than the Mach stem height, and the results are compared
with continuum flow.

(2) In the second phase, experiments are conducted in shock wave facilities for various
representative configurations. Intake geometries to be examined include: (a) stunted
Busemann intakes on the verge of Mach reflection transition to be tested at Mach 4
or 5 in a ballistic range (b) M-flow intakes with various shock angles to be tested at
Mach 2 in a supersonic wind tunnel. Viscous correction is employed for both
configurations to account for the influence of the boundary layers. Annular rings with
the forebody contours are employed to allow visualization of the shock structures via
the Schlieren method, while establishing the intended flow features of interest.
Further numerical investigation via DSMC will be conducted to identify the key flow
physics and examine the MR behavior and hysteresis of axisymmetric flow in the
rarefied environment.

The Phase 1 was implemented in the preceding projects (J15R005 and J16090), while
the present project (J17R001) has undertaken the Phase 2, as follows:

In Multiple Collaborative Research Project J15R005, a boundary-layer correction
method was developed at RMIT and McGill University in collaboration by coupling
CFD++ with an edge detection method based on total enthalpy coded to iteratively
converge on the corrected surface geometry coded in MATLAB. Its capability was verified
by comparison of flowfields between the viscous-corrected and inviscid simulations.
Desired inviscid flow characteristics have been achieved successfully in the presence of
viscosity in hypersonic freestream of Mach 8 for full and stunted Busemann intakes
(Figure 5) and supersonic freestream of Mach 2 for M-flow intake rings (Figure 6).
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Figure 5 : Comparison of the inviscid and viscous-corrected flowfields in full Busemann
intake for Mach 8 freestream (Mach number, right: close-up).
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Figure 6 : Comparison of inviscid and viscous-corrected flowfields in M-flow intake ring
for Mach 2 freestream (Mach number).

The characteristics and behavior of flowfields in rarefied gas environment were
investigated at Russian Academy of Sciences using the SMILE (Statistical Modeling In
Low-density Environment) software system. DSMC simulations were performed for
these configurations at a Knudsen number of 0.003, at which the mean free path of
molecules is greater than the Mach stem height, resulting in a distinctly different
shock structure from those in the continuum flow regime. The flow behavior in a rarefied
gas at a high altitude has been examined for the Busemann intake with DSMC,
exhibiting distinctly different features including a peak in centerline pressure occurring
at a further downstream location, as compared to inviscid and viscous flowfields in
continuum regime (Figure 7).
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(a) Mach number (b) centerline pressure

Figure 7 : Comparison of the Mach number (left) and centerline pressure (right)
distributions for viscous-corrected continuum and rarefied gas (Kn=0.003) flowfields.

In General Collaborative Research Project J16090, the flow characteristics were further
investigated for full and stunted Busemann intakes as well as M-flow intake rings in
hypersonic and supersonic freestream, respectively, in numerical and analytical
approaches. The flowfields were scrutinized with particular attention to the behavior

— 158 —



and possible hysteresis of centerline shock reflection at the symmetry axis at RMIT
University. Unique phenomena originating from the singularity were observed,
including a drastic change in the flow attributes behind the Mach stem across transition
and a ring vortex structure featuring toroidal flow recirculation, such as features
displayed in Figure 4. Analytical studies were conducted for the M-flow intake
geometries at shock angles from 100° to 150° at Mach 2 by means of the curved shock
theory and method of characteristics at Ryerson University and McGill University,
respectively. Numerical simulations were performed for these geometries with viscous
correction applied. The results were examined and compared for validation and further
understanding of the flowfields.

The Phase 2 has been undertaken in the present project (J17R001), with particular focus
on the centerline shock reflection in supersonic freestream at Mach 2 in numerical and
experimental approaches, as outlined below:

Conditions and configurations

Busemann intakes (full, stunted) and M-flow intake rings have been considered in
the numerical studies, while the experiment employed the latter configuration.

The Busemann intake captures a uniform supersonic airflow at Mach 1.95 with a
static pressure of 13,996 Pa and temperature of 166 K, based on the total pressure
of 1 atm and temperature of 293 K corresponding to the experimental conditions
(Table 1). It has an entrance radius of 22.2 mm and an area contraction ratio of 1.55,
with a conical shock angle of 51.9° (Figure 1).

Table 1 Busemann intake configurations and flow conditions (/. =1.95)

Entrance radius 22.2 mm Area contraction ratio 1.55
Static pressure p» 13,996 Pa Static temperature 7% 166 K
Reynolds number Re 2.89x105 Specific heat ratio y 1.4 (air)

Table 2 M-flow inta

ke ring configurations and flow conditions (M. =2)

Entrance radius 30 mm Internal cone angle 100°
Static pressure p» 55.8 Pa Static temperature 7% 166.7K
Continuum flow Rarefied gas
Specific heat ratio 1.4 (air) Specific heat ratio 1.4 (N2)
Reynolds number Re 1,450 Knudsen number Kn 0.01

Table 3 M-flow intake ring configurations and flow conditions (M. =1.95, experiment)

Entrance radius 22.5 mm Internal cone angle 100°
Total pressure pw 101,325 Pa Total temperature 7% 293 K
Reynolds number Re 2.94x105 Specific heat ratio y 1.4 (air)

The M-flow ring, which produces a supersonic, axisymmetric internal flow behind
an inward-turning conical shock wave, captures a uniform airflow a static pressure
of 55.8 Pa and temperature of 166.7 K at Mach 2.0 for comparison with kinetic
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simulation, and a total pressure of 1 atm and temperature of 293 K at Mach 1.95 for
comparison with experiment. The Reynolds number is 1,450 and 2.94x105, based on
the entrance radius 30 mm and 22.5 mm, respectively (Tables 2 and 3). The air is
taken to be calorically perfect with a specific heat ratio of 1.4. Kinetic simulations
employ a diatomic nitrogen gas, which is treated to be calorically perfect. The
specific heat ratio and Prandtl number are 1.4 and 0.72, respectively. A Knudsen
numbers of 0.01 is considered in this study (Table 2).

Computational fluid dynamics

For steady flowfields in continuum regime, simulations have been performed by
utilizing a commercial high-fidelity code CFD++, which solves the Navier-Stokes
equations implicitly with 2nd-order spatial accuracy, assisted by multigrid
convergence acceleration. The advanced wall-function technique is used for near-
wall treatment and turbulence is modeled by the two-equation SST k—@ RANS
model. The air is treated to be a calorically perfect gas with a specific heat ratio of
1.4. The intake surface is set to be adiabatic for viscous simulations. The
axisymmetric computational domains are represented by two-dimensional fully
structured meshes. The domain for the stunted Busemann intakes is composed of
220,000 cells. The minimum cell thickness on the wall is 105 m for viscous
computations, which provides a dimensionless wall distance value y* of 1.4. Stunting
simulations are performed using an inviscid solver Masterix featuring adaptive
meshing for unstructured grids.

In the rarefied gas regime, the flowfields are simulated by means of the Direct
Simulation Monte Carlo (DSMC) method using the SMILE (Statistical Modeling In
Low-density Environment) software system. Rectangular grids are used for
modeling molecular collisions and sampling the gas dynamic parameters, refined to
ensure the linear cell size smaller than the local mean free path of molecules. The
domain 1is initially populated by the model particles according to the Maxwell
distribution function corresponding to the freestream parameters. Supersonic flow
is assumed for the outflow boundary, while the specular reflection condition is
imposed on the lower boundary.

Experiment

Experimental testing has been performed in the
supersonic wind tunnel at the IFS Shock Wave
Facilities. It is a suction type tunnel connected to a
vacuum chamber, with the air taken from the
ambient through a square intake. Supersonic
freestream generated with a Mach 2 de Laval nozzle
is measured to be at Mach 1.95. The flow conditions
are tabulated in Table 3 (while the ambient flow
conditions were subject to minor variations). The M-
flow intake ring has an entrance diameter of 45 mm
and produces an internal cone at an angle of 100°. Its
contour has been designed by applying the
aforementioned viscous correction method, aiming to
reproduce the flowfield simulated by inviscid Euler
computation. The Reynolds number based on the
entrance radius is and 2.94x105. Figure 8 presents
the M-flow intake ring model mounted in the working section with a support. The
flowfields are visualized by Schlieren photography with a high speed camera.

Figure 8 M-flow intake ring
model installed in the IFS
supersonic wind tunnel
with a support (M.=1.95)
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3. Achievements

The results obtained from numerical and experimental studies are described below,
followed by the statement on the achievement levels with respect to the expected result.

Busemann intakes (stunting in continuum)

Simulations have been performed for a Busemann intake in Mach 1.95 freestream
with dynamic stunting with 100% — 70% of full length and restretching for 70% —
80% length. Figure 9 compares the instantaneous flowfields at 80% length in the
nominal (stunting) and reverse (restretching) processes. Sizable Mach stems can be
seen in both processes, characterized by differing positions and heights, indicating
an apparent hysteresis. However it may be attributed to the change rate of intake
length, which is found to be 0.0348 m/s on average, comparable to the intake length.
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Figure 9 : Comparison of stunted Busemann intake flowfields.

The centerline pressure distributions are compared in Figure 10 at various lengths.
All distributions are commonly characterized by an initial peak across shock
reflection followed by a gradual decrease downstream. The pressure rise becomes
more perpendicular with stunting due to the coalescence of isentropic compression
waves. The pressure peak is maximum at 90% length, indicative of completion of
transition from the RR-like shock reflection to MR between 95% and 90% lengths.
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Figure 10 Centerline pressure distributions in
stunted Busemann intake flowfields.
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M-flow intake rings (continuum vs rarefied)
Behavior of a conical shock wave in a M-flow intake ring in a low-density
environment is simulated. Flowfields in the absence and presence of boundary
layers are simulated by Euler and Navier-Stokes solvers for the former, and
applying specular and diffusive boundary conditions for the latter, respectively.

Mach number distributions are compared in Figure 11, where continuum flowfields
from Euler/Navier-Stokes simulations are shown by black contours, overlaid on
kinetic flowfields from DSMC simulations. Close agreement can be seen between
continuum and kinetic results in both cases, especially in Figure 11b. The difference
in the radius and position of the curved Mach disk observed in Figure 11a is assumed
to originate from the shift of the triple point due to small difference in the incident

shock angle, which is slightly larger for kinetic than Euler results.
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Figure 11 : Comparison of M-flow intake ring flowfields (continuum
flowfields are shown by black contours, overlaid on kinetic flowfields.

M-flow intake ring experiment
The M-flow intake ring configuration was tested in the experimental campaigns
conducted in July and October 2017 in the supersonic wind tunnel at the IFS Shock
Wave Facilities, following preliminary testing with a simple ring intake in April.

The flowfields visualized by the Schlieren method showed transient flow structures
that seemingly resemble an internal cone with a sizeable Mach disc (somewhat
similar to the flowfield in Figure 6) in the first campaign in July 2017. However,
considerable fluctuation was observed in the entire flowfield as well as the motion
of the internal cone including the Mach disc. Closer assessment also revealed the
discrepancy of the internal cone angle as well as the position and size of the Mach
disc. Upon further inspection it was concluded that supersonic flow was not
established in the internal passaged inside the ring but rather remained subsonic,
that is, the M-flow intake ring was choked and unstarted. This was attributed to
excessive blockage incurred in the channel due to the boundary layer development
on the ceiling, floor, and side walls, exacerbated by a detached bow shock that formed
at the leading edge of the model support with a wedge-shaped cross section in front,
which was assumed to merge with the thick boundary layer on the tunnel floor.

An M-flow intake ring with reduced cross section hence blockage was fabricated and
tested in the second campaign at the end of October 2017, mounted with a model
support that was also shaved to suppress the blockage. However, supersonic flow
was not established successfully, with the model bent at the connection with the
support at its bottom due to large moment from dynamic pressure experienced.
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Achievements level

The project has been advanced reasonably and yielded new insights into the
behavior of centerline shock reflection in a dynamically stunted Busemann intake
in the supersonic flow regime and the characteristics of M-flow intake ring flowfields
with supersonic freestream in continuum flow and rarefied gas environment by
means of Euler/Navier-Stokes simulations and kinetic simulations, respectively.

In particular, an apparent hysteresis was observed between the stunting and
reverse processes in Mach 2 Busemann intakes, while it called attention to the
importance of the change rate of the intake length during stunting relative to the
flow speed in the intake, which is considerably lower than that of the Mach 8
Busemann intake investigated in the preceding studies.

In the studies for the M-flow intake ring, the effectiveness of the viscous correction
method was verified and the influence of the boundary layer in the rarefied gas
regime was revealed from numerical investigation. On the other hand, the
experimental study was hampered by unexpected difficulty in establishing
supersonic flow in the M-flow intake ring, which resulted in highly unsteady
(presumably subsonic) flowfields caused by blockage in the flow channel.

Overall, the objectives may well be deemed partially fulfilled in terms of the
achievements in the numerical aspect (albeit the need to further examine or exclude
the effects of the change rate of the intake length during the stunting process),
whereas progress was obstructed by an unforeseen situation in the experimental
aspect. Consequently, new physical insights have been gained into underlying
physics of centerline shock reflection, its transition, and potential hysteresis
during stunting/restretching processes owing to international collaboration,
while further investigation and efforts remain necessary particularly from the
experimental perspectives for the establishment of the new criteria for
shock reflection and elucidation of the driving mechanism of its transition
and (possible) hysteresis as well as the acquisition of essential knowledge
for the design of high-performance axisymmetric airbreathing engines that
operate reliably and efficiently in supersonic and hypersonic regimes.

4. Summaries and future plans

This activity report has described the background, objectives, methodology, and progress
of the International Multiple Collaborative Research Project on the intake physics for
high-speed airbreathing propulsion with particular focus on the characteristics and
behavior centerline shock reflection, which is yet to be fully understood and has been
investigated in our preceding IFS Collaborative Research Projects extensively. The
overall project has progressed to a stage where supersonic intake flowfields are examined
in order to acquire thorough physical understanding in both numerical and experimental
approaches in conjunction with analytical methods. It generated new insights into the
stunted Busemann intakes and M-flow intake rings in Mach 2 freestream in continuum
and rarefied regimes from the numerical perspectives, while experimental progress was
impeded by the difficulty encountered in starting the tunnel in the presence of the ring.

The research will be further advanced and pursued in the General Collaborative
Research Project entitled “Investigation of centreline shock reflection and viscous effects
in axisymmetric supersonic flow” (Project code: J181042). This project will continue the
endeavor to scrutinize the M-flow intake ring in the IFS supersonic wind tunnel with a
revised setup to improve the startabilitiy, which will allow the investigation of the effects
of viscosity on centerline shock reflection in conjunction with numerical analysis.
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5. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)

Reflection in Stunted Busemann Intakes, Shock Wave Interactions, Springer, (2018),
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internal flows, Shock Wave Interactions, Springer, (2018), Springer, pp. 355-366.

2) International and domestic conferences, meeting, oral

presentation etc.
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1) Mechanical characterization of Inter-particle sintering of Ultra High Molecular Weight
Polyethylene (UHMWPE)-Fumed nano-alumina (FNA) composites

UHMWPE, due to its molecular weight, is used in several applications like orthopedic
implants, armor plates, ship rudders because of its high wear resistance, impact
resistance, and cavitation erosion resistance. Processing of UHMWPE via a technique
called cold-spray was made possible thanks to an understanding of classical compression
sintering and the high-speed compaction of UHMWPE. Cold spray is a coating
technology in which fine particles (5-100 pm) are impacted onto a target surface at high
velocities (200-1000 m/s) to obtain thick coatings/sintered consolidates avoiding the
traditional tools like monitored temperature presses. In the case of UHMWPE, Ravi et al.
reported that particle binding agents like FNA and particle temperature were the
primary parameters that permitted the buildup of coating thickness. This research work
aims at understanding the effect of interfacial loading during the processing of
UHMWPE interfaces because of effect of shot-peening seen during coating process.
Thereby, helping to predict and understand the cold spray buildup mechanism. Hence,
the study is a first step towards understanding the cohesive strength and physical
properties of the cold-sprayed deposited material with respect to the interfacial loading
conditions and effect of FNA particles.

2) Piping sYstem, Risk management based on wAll thinning MonItoring and preDiction
(PYRAMID)

We aim to develop new tools and techniques to detect and quantify wall thinning due to Flow
Assisted Corrosion in piping systems. Corrosion modes and rate will be predicted by
numerical simulations at any position for actual layouts of piping systems. These predictions
will be validated by electrochemical experiments under controlled mass transfer coefficient.
From the previous results ultrasonic guided modes EMAT networks will be designed. Their
performances will be investigated in corrosion test facilities and the adequate signal
processing techniques based on bayesian approaches will be developed. To increase the
method reliability, simulations will help selecting the best technical solution, based on
Probability of Detection and flaw characterization performance. Special ultrasonic imaging
techniques will also be applied if necessary. From all the data gathered during the project, an
industrial risk evaluation of any kind of piping system subject to corrosion will be performed.

3) MIniature-Scale Energy Generation by Magnetic Shape Memory Alloys

Recently, ferromagnetic shape memory alloy (FSMA) attract attention as a new SMA
with the magnetically induced shape memory effect. Using FSMA as the actuator
element, it is expected that high-speed operation and high stress load become the
possible. As the example of the shape memory alloy in which magnetic property is
greatly related to mechanism of the generation of shape memory effect, Ni-Mn-X (X = In,
Sn) type FSMAs have been found and their meta-magnetic phase transition (MT) has
been observed from ferromagnetic austenitic (A) phase to antiferromagnetic or
paramagnetic martensitic (M) phase. FSMAs are expected to exhibit the shape memory
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effect (SME) associated with the reverse MT induced by a magnetic field. For the
properties described above, metamagnetic shape memory alloys (MSMAs) are attractive
for micro-actuation due to their multifunctional properties.

The project MISTRAL exploits the potential of magnetic shape memory alloys
(MSMAs) for use in energy generation on a miniature scale. The objectives are two-fold:
(1) The Villari effect in single crystalline NiMnGa will be implemented in a new
generation of vibration energy harvesting devices. (2) The temperature-induced change
of magnetization in Ni-Mn-X (X = In, Sn) films and plates will implemented in novel
thermomagnetic energy generators. In both cases, resonance effects will be exploited to
maximize energy conversion and efficiency. Experiments include material
characterization (thermal, magnetic, mechanical properties) as well as characterization
of device performance (force-/temperature-induced change of magnetization, mechanical
performance, generation of electrical energy). Based on obtained empirical data, finite
element and lumped element models will be developed to simulate coupled physical
properties and device characteristics in order to enable performance prediction as well as
efficiency improvement.

3. WIEBZEDERINR

WHgEEs L OWFFEIARTHI ORI DWW TEHIO B A 43Rk L7z, FRIAMIZEAS 218 U C,
CNRS @ Unite Mixte Internationale (UMI, EBSEAAIFEAT, ELyTMaX O%E D72 8|2 EE
72BN B o7z, ELyTMaX (280D, AL —{RE 7o THEEAT © F4RH DMk A5 LT,
F77, PRk 3044 AT, T HOEARAEE LT, MEEERIC X0 AR TR Y 2
RS —HRE L. VI k=TI, BELTAENY I ATRHEL, [ERRILREZE A HE
HET 5. - TC, Rz ¥ —3 ElyTMaX &l U CEEMERILFEIC A HEET 5 & & big,
AMFFEAGRI 31T 2 [E N DBEBICEN ORI A2 X 2 =7 1 —& U 3 RF & OgE
W 1 ZHEET D F 25 .

4 FEOHESHRDERE
ARFFEASTE T, FIROREEIR & R & OFEMERICE B L7 LW A =L —HRe 2 5281

T HOOFHIEMEAERT D & LB, ISHEROIZOOMSEEHEE LTz, Fop I Tieo

BYThHD.

1) #BEoER) =F L (UHMWPE) ZEfOE 48RS HW0NTE T 2 v 7 Hbr By
REZR 1—)L R R 7 L— it 2 U SeBRT TN S|/ 5 & & bIT, MBI L iRl E
DB DRI A R B LTz,

2)  RFEBIEEN A B S 2T MZEBWT, EEEGRTE T H O S 5 RS B R
JEOIHEEIRT S & & BICEORIBIORTREMEZ A DN Lz, &b, BEMERIINZ,
oA R =D/ B E LT, SEEES VD T A Re U—Oea Bts L.

3) Brur—RF /T 7 A3— (CNF) ZJ5EHE T2 5 « @ittt r o — 2 Bl o fI5yE
\ZOWT, HiE & OFESEAICE H L= CNF BLHlEEI SR ES I X DR At % &
B ST EH T 0 A B AT LT

4) THNAX—T T MBI HEERAEHEE, AR LT v et v
VIEIERLIEE=2 ) 7RG S, LW A7 EBOT ORI BTG L
7.

— 168 —



5. BARAR (HIAEIRIHY)

1)
1]

[2]

(3]

[4]

(5]

(6]

[7]

(8]

[9]

FifTHEE ESROTERRE BHFES0)

Jun Ishimoto, Toshinori Sato and Alain Combescure, "Computational approach for
hydrogen leakage with crack propagation of pressure vessel wall using coupled particle
and Euler method", International Journal of Hydrogen Energy, Volume 42, Issue 15, 13
April (2017), pp. 10656-106822017, https:/doi.org/10.1016/j.ijhydene.2017.01.161

Kenji Yoshimizu, Yuta Yamamoto, Kei Asahina and Kanjuro Makihara., "Strategy for
enhancing the active harvesting of piezoelectric energy", Journal of Intelligent Material
Systems and  Structures, Vol. 28 (8), (2017), pp.  1059-1070,
https://doi.dox.org/10.1177/1045389X16672592

Kanjuro Makihara and Kei Asahina., "Analog self-powered harvester achieving
switching pause control to increase harvested energy", Smart Materials and Structures,
Volume 26 (2017), 055007, April 2017, https://doi.org/10.1088/1361-665X/aa676¢

Sho Takeda, Hiroyuki Miki, Hiroyuku Takeishi, Toshiyuki Takagi, "Cu-Bases
MoS2-Dispersed Composite Material Formed by the Compression Shearing Method at
Room Temperature", Tribology Online, Vol.12, No.2, April (2017), pp.29-36,
https://doi.org/10.2474/trol.12.29

Yuya Kurihara, Takuya Mabuchi, and Takashi Tokumasu, "Molecular Analysis of
Structural Effect of Ionomer on Oxygen Permeation Properties in PEFC", Journal of
The Electrochemical Society, 164 (6), April (2017), F628-F637.

Jun Ishimoto, Toshinori Sato and Alain Combescure, "Computational study for
dynamic crack propagation in pressure vessel wall with hydrogen leakage using
coupled particle and Euler method", Proceedings of the Fifth International Conference
on Computational Modeling of Fracture and Failure of Materials and Structures
(CFRAC 2017), June (2017) [in USB memoryl.

Sagiri Takase, Helmut Takahiro Uchida, Arata Yagi, Masae Kanda, Olivier Lame,
Jean-Yves Cavaille, Yoshihito Matsumura and Yoshitake Nishi, "Adhesion of
Polyethylene/Polyethylene  Terephthalate (PE/PET) Laminated Sheets by
Homogeneous Low Potential Electron Beam Irradiation (HLEBI) Prior to Assembly
and Hot-Press above Melting Point", Materials Transactions, Vol. 58, No. 7, July (2017),
pp.1055-1062, https://doi.org/10.2320/matertrans.M2016460

Suguru Miyauchi, Toshiyuki Hayase, Arash Alizad Banaei, Jean-Christophe Loiseau,
Luca Brandt, Fredrik Lundell, "Two-dimensional numerical simulation of the behavior
of a circular capsule subject to an inclined centrifugal force near a plate in a fluid",
Journal of Fluid Science and Technology, Vol. 12, No. 2, August (2017), Paper No.
27-00190, DOI: 10.1299/fst.2017jfst0015

Cuixiang Pei, Pan Xiao, Siqi Zhao, Zhenmao Chen, Toshiyuki Takagi, "A flexible film
type EMAT for inspection of small diameter pipe", Journal of Mechanical Science and
Technology, Vol.31, No.8, August (2017), pp.3641-3645, DOI 10.1007/s12206-017-0701-4

[10] Shejuan Xie, Mingming Tian, Hong-En Chen, Ying Zhao, Lei Wua, Zhenmao Chen,

Tetsuya Uchimoto, Toshiyuki Takagi, "Evaluation of wall thinning defect in magnetic
material based on PECT method under magnetic saturation", International Journal of
Applied Electromagnetics and Mechanics, Vol.55, No. S1, pp.49-59, October (2017), DOI
10.3233/JAE-172257

[11] Gael Sebald, Masami Nakano, Mickaél Lallart, Tongfei Tian, Gildas Diguet, Jean-Yves

— 169 —



Cavaille, "Energy conversion in magneto-rheological elastomers", Science and
Technology of Advanced Materials, Volume 18, Issue 1, October (2017), pp. 766-778,
https://doi.org/10.1080/14686996.2017.1377590

[12] Masataka Nakauchi, Takuya Mabuchi, Takuma Hori, Yuta Yoshimoto, Ikuya Kinefuchi,
Hideki Takeuchi, Takashi Tokumasu, "Gas-Surface Interaction Study of Oxygen
Molecules on Ionomer Surface in Catalyst Layer", 80 (8), ECS Transactions, October,
(2017), pp. 197-203, doi: 10.1149/08008.0197ecst

[13] "Hiroyuki Kosukegawa, Sophia Berkani, Hiroyuki Miki, Toshiyuki Takagi, ""Structure
and electrical properties of molybdenum-containing diamond-like carbon coatings for
use as fatigue sensors"", Diamond & Related Materials, Volume 80, November (201), pp.
38-44, https-//doi.org/10.1016/j.diamond.2017.09.018"

[14] G. Vértesy, T. Uchimoto, T. Takagi, I. Tomas, H. Kage, "Graphite structure and
magnetic parameters of flake graphite cast iron", Journal of Magnetism and Magnetic
Materials, Volume 442, 15 November (2017), pp. 397-402,
https://doi.org/10.1016/;.jmmm.2017.07.014

[15] Hitoki Hasegawa, Michael C. Faudree, Yuichi Enomoto, Sagiri Takase, Hideki Kimura,
Akira Tonegawa, Yoshihito Matsumura, Itaru Jimbo, Michelle Salvia and Yoshitake
Nishi, "Enhanced Tensile Strength of Titanium/Polycarbonate Joint Connected by
Electron Beam Activated Cross-Weave Carbon Fiber Cloth Insert, Volume 58,
November (2017), pp. 1606-1615, https://doi.org/10.2320/matertrans.M2017012

[16] /INES SR, "ERRGER S A T RIS O JLEE & FofrBhm), SHII & HIEE, 55 56 & 11 5, 2017
411 H, (2017), pp. 839-844, https://doi.org/10.11499/sicejl.56.839

[17] Satish Tailor, Alexander G Rakoch, Alexandra A Gladkova, Phan Van Truong, Daria M
Strekalina, Georgia Sourkouni, Manjunath S. Y., Toshiyuki Takagi, "Kinetic features of
wear-resistant coating growth by plasma electrolytic oxidation", Surface Innovations,
December (2017), https://doi.org/10.1680/jsuin.17.00054

[18] Jun ISHIMOTO, "Vitrification of Biological Cells Using a Cryogenic Fine Solid
Particulate Spray", Interdisciplinary Information Sciences, Volume 23 (2017), Issue 2,
December (2017), pp.167-170, https:/doi.org/10.4036/iis.2017.S.01

[19] Yoshitake Nishi, Junya Ohkawa, Michael C. Faudree, Masae Kanda, Kaori Yuse,
Daniel Guyomar and Haru-Hisa Uchida, "An Improved H2-Gas Pressure Operated
LaNi5 Powder-Dispersed Polyurethane/Titanium 2-Layer Actuator with Reversible
Giant and Rapid Expansion by Hydrogenation", Materials Transactions, Vol. 59, No. 1,
January (2018), pp. 129-135, https:/doi.org/10.2320/matertrans.M2017212

[20] Sho Takeda, Hiroyuki Miki, Julien Fontaine, Hiroyuku Takeishi, Toshiyuki Takagi,
"Role of MoS2 Addition in the Consolidation of Metal from Powder to Plate by the
Compression Shearing Method at Room Temperature", Tribology Online, Vol. 13, No.1,
February (2018), pp.15-19.

[21] Naruya Tsuyuki, Anna Takahashi, Sagiri Takase, Daisuke Kitahara, Masae Kanda,
Noriyuki Inoue, Kaori Yuse, Daniel Guyomar, Akira Tonegawa, Yoshihito Matsumura
and Yoshitake Nishi, "Effect of 100 keV Class Electron Beam Irradiation on Impact
Fatigue Behavior of PZT Ceramics", Materials Transactions, Vol. 59, No. 3, March
(2018), pp. 450-455, https:/doi.org/10.2320/matertrans.M2017250

— 170 —



2) Ef=:iE - ENFER - iRE - QBERRFEF

[22] Jun Ishimoto, Toshinori Sato and Alain Combescure, "Computational study for
dynamic crack propagation in pressure vessel wall with hydrogen leakage using
coupled particle and KEuler method", The Fifth International Conference on
Computational Modeling of Fracture and Failure of Materials and Structures, Nantes,
France, Oral Presentation, MS5, June 14, (2017).

[23] Atsuki Komiya and Sébastien Livi, "Experimental Study on Active Control of Protein
Transport Phenomena by Membrane", The 28th International Symposium on
Transport Phenomena (ISTP-28), Paradeniya, Sri Lanka, Oral presentation,
September 24, (2017).

[24] Masataka Nakauchi, Takuya Mabuchi, Takuma Hori, Yuta Yoshimoto, Ikuya Kinefuchi,
Hideki Takeuchi, Takashi Tokumasu, "Gas-Surface Interaction Study of Oxygen
Molecules on Ionomer Surface in Catalyst Layer", 232nd ECS MEETING, MD, U.S,.
Oral Presentaion, 1377, October 1, (2017).

[25] Jun Ishimoto, "Computationally Assisted Study for Cryogenic Fine Particulate Spray
in Application to Photoresist-Removal Cleaning Technology", The 26th Surface
Cleaning Users Group Meeting, Cleaning Technology Symposium (KSCUGM), Ansan,
Korea, Oral Presentation, October 26, (2017).

[26] K. Ogawa, K. Lee, Y. Ichikawa, K. Sato, "Functionally Graded Thermal Barrier
Coatings Fabricated by Cold Spray Technique", The 12th Pacific Rim Conference on
Ceramic and Glass Technology Hilton Waikoloa Village, Hawaii, USA, Oral
Presentation, May 24, (2017).

[27] T. Uchimoto, T. Takagi, T. Matsumoto, G. Dobmann, "Evaluation of Degradation of
Structural Materials by Magnetic Incremental Permeability Method", 14th
International Far East Forum on Nondestructive Evaluation/Testing, Xi’ an, China,
Oral Presentation, Invited, EB1015, June 22, (2017).

[28] Kalpakli Vester, Y. Nishio and P. H. Alfredsson, "Unraveling tumble and swirl in a
unique water-analogue engine model", 12th International Symposium on Particle
Image Velocimetry, Busan, Korea, June 18-22, (2017).

[29] Yuta Yamamoto, Yushin Hara, and Kanjuro Makihara, "Sensor-Less Control for
Switch-Regulated Energy Harvester Using Alternate State-Estimators", The 31st
International Symposium on Space Technology and Science, Matsuyama, Japan, Oral
Presentation, ISTS-2017-q-09, June 9, (2017).

[30] Yuya Kurihara, Takuya Mabuchi, Takashi Tokumasu, "Molecular Analysis of Oxygen
Permeation Properties in Ionomer on Pt Surface in PEMFC", 6th EUROPEAN PEFC
& Electrolyser Forum, Lucerne, Switzerland, Poster Presentation, B0807, July 6,
(2017).

[31] Masataka Nakauchi, Takuya Mabuchi, Takuma Hori, Yuta Yoshimoto, Ikuya Kinefuchi,
Hideki Takeuchi, Takashi Tokumasu, "Molecular Simulations of Oxygen Scattering
and Surface Diffusion on Ionomer Surface", 6th EUROPEAN PEFC & Electrolyser
Forum, Lucerne, Switzerland, Oral Presentation, B0804, July 6, (2017).

[32] Hiroyuki Kosukegawa, Ryoichi Urayama, Toshiyuki Takagi, "Characterization of
Laminated Structure on Scarfed Slope of CFRP by Utilizing Eddy Current Testing",
The 18th International Symposium on Applied Electromagnetics and Mechanics,
Chamonix Mont Blanc, France, Oral Presentation, 436, September 4, (2017).

— 171 —



[33] Takanori MATSUMOTO, Tetsuya UCHIMOTO, Toshiyuki TAKAGI, Gerd DOBMANN,
Satoru ABE, Hideki YUYA, "Electromagnetic NDE of plastic deformation in carbon
steels by incremental permeability method", The 18th International Symposium on
Applied Electromagnetics and Mechanics, Chamonix Mont Blanc, France, Poster
Presentation, P-NDE-3:6, September 5, (2017).

[34] Tetsuya UCHIMOTO, Toshiyuki TAKAGI, Mitsuo HASHIMOTO, Ziyue XU, Yanzhen
ZHAO, "Length Sizing of Cracks in Ferromagnetic Steels by Transmitter-receiver Type
Eddy Current Testing Probe by Transmitter-receiver Type Eddy Current Testing
Probe", The 18th International Symposium on Applied Electromagnetics and
Mechanics, Chamonix Mont Blane, France, Oral Presentation, 453, September 5,
(2017).

[35] Hongjun SUN, Ryoichi URAYAMA, Mitsuo HASHIMOTO, Fumio KOJIMA, Tetsuya
UCHIMOTO, Toshiyuki TAKAGI, "Novel Electromagnetic Acoustic Transducer for
Measuring the Thickness of Small Specimen Areas", The 18th International
Symposium on Applied Electromagnetics and Mechanics, Chamonix Mont Blanc,
France, Oral Presentation, 246, September 5, (2017).

[36] Fumio Kojima, "Inverse Problem for Internal Temperature Distribution of Metal
Products using Pulser-Receiver EMAT", The 18th International Symposium on Applied
Electromagnetics and Mechanics (ISEM2017), Chamonix Mon Blanc, France, Oral
Presentation, September 5, (2017).

[37] Bhaawan GUPTA, Benjamin DUCHARNE, Gael SEBALD, Tetsuya UCHIMOTO,
Yoann HEBRARD, "From magnetic Barkhausen noise to quasi-static vector Preisach
hysteresis model distribution", The 18th International Symposium on Applied
Electromagnetics and Mechanics, Chamonix Mont Blanc, France, Oral Presentation,
September 4, (2017).

[38] Benjamin DUCHARNE, Bhaawan GUPTA, Gael SEBALD, Tetsuya UCHIMOTO,
"Dynamic hysteresis lump model including fractional operators for the incremental
permeability nondestructive testing", The 18th International Symposium on Applied
Electromagnetics and Mechanics, Chamonix Mont Blanc, France, Oral Presentation,
September 4, (2017).

[39] Tetsuya Uchimoto, Kazuhiro Nakajima, Toshiyuki Takagi, Eiichi Sato, Mitsuharu
Shiwa, Shusuke Hori and Masao Takegoshi, "Eddy Current Testing of Copper Alloy
Combustion Chamber of Rocket Engine", The 22nd International Workshop on
Electromagnetic Nondestructive Evaluation, Saclay, France, Oral Presentation, 93,
September 8, (2017).

[40] Hiroyuki Kosukegawa, Rie Yamada, Noriyuki Sato, Keisuke Ura, Toshiyuki Takagi,
"Nondestructive Evaluation of Hardening Degree of Epoxy Resin in CFRP with Eddy
Current Testing", The 22nd International Workshop on Electromagnetic
Nondestructive Evaluation, Saclay, France, Oral Presentation, 68, September 7, (2017).

[41] Takanori Matsumoto, Tetsuya Uchimoto, Toshiyuki Takagi, Gabor Vertesy, Hidehiko
Kage and Gerd Dobmann, "Nondestructive Evaluation of Mechanical Properties of
Cast Iron by Magnetic Incremental Permeability Method", The 22nd International
Workshop on Electromagnetic Nondestructive Evaluation, Saclay, France, Poster
Presentation, 66, September 8, (2017).

[42] Hongjun Sun, Ryoichi Urayama, Mitsuo Hashimoto, Fumio Kojima, Tetsuya Uchimoto,

— 172 —



Toshiyuki Takagi, "Continuous Wave and Pulse Wave Electromagnetic Acoustic
Res-onance for the Measurement of Pipe Wall Thickness", The 22nd International
Workshop on Electromagnetic Nondestructive Evaluation, Saclay, France, Oral
Presentation, 49, September 7, (2017).

[43] Fumio Kojima, Naoyuki Kubota, "Void Detection of Steel Products for Process
Monitoring System using Electromagnetic Acoustic Transducer", The 22th
International Workshop on Electromagnetic Nondestructive Evaluation, Sacley, France,
Oral Presentation, September 8, (2017).

[44] Toshiyuki Takagi, Hiroyuki Kosukegawa, Tetsuya Uchimoto, "Simulation and
Measurement of Electromagnetic Nondestructive Testing for Carbon Fiber Reinforced
Plastic", The 18th International Symposium on Electromagnetic Fields in
Mechatronics, Electrical and Electronic Engineering, Lodz, Poland, Oral presentation,
Invited(IL1), September 14, (2017).

[45] Shigeru Obayashi, "Multi-Objective Design Exploration - Fusion of Optimization and
Data Mining," EUROGEN2017, Madrid, Spain, Plenary Lecture, September 15, (2017).

[46] Yuta MURAMOTO, Vincent FRIDRICI, Philippe KAPSA, Gaétan BOUVARD, Fredrik
Lundell, Makoto OHTA, "Drilling of PMMA-based bone biomodel: effect of additives",
The 6th World Tribology Congress, Beijing, China, Oral Presentation, September 22,
(2017).

[47] Toshiyuki Takagi, Hiroyuki Kosukegawa, Tetsuya Uchimoto, "Functional
Fiber-reinforced Plastic and Nondestructive Evaluation for Advanced Maintenance",
The 3rd Symposium on SIP Innovative measurement and analysis for structural
materials (SIP-IMASM 2017) and TIA-Fraunhofer workshop, Tsukuba, Japan, Oral
Presentation, Invited, October 4, (2017).

[48] Hidemasa Takana, Yusuke Takeda and Fredrik Lundell, "Control of Cellulose
Nanofibril Alignment and Rotary Diffusion in Flow by Alternative Electric Field", The
4th International Cellulose Conference 2017 (ICC 2017), Fukuoka, Japan, Poster
Presentation, P-070, October 18, (2017).

[49] Gerd Dobmann, Toshiyuki Takagi, Tetsuya Uchimoto, Takanori Matsumoto, "R&D to
NDT-Tasks in Energy-relevant Pipeline-Steel-Applications - Sensitive Detection of
Residual Strain and a special View on the Qualification Procedure to a Hardness-Spot
Detection Technique", Fourth International Symposium on Smart Layered Materials
and Structures for Energy Saving, Sendai, Japan, Oral Presentation, OS16-1,
November 1, (2017).

[50] Shejuan Xie, Mingming Tian, Zhenmao Chen, Tetsuya Uchimoto, Toshiyuki Takagi, "A
Signal Separation Method for Hybrid PECT/EMAT Nondestructive Testing Method
Based on Wavelet Analysis", Fourth International Symposium on Smart Layered
Materials and Structures for Energy Saving, Sendai, Japan, Oral Presentation, OS16-2,
November 1, (2017).

[51] Jun Ishimoto, Toshinori Sato, Alain Combescure, "Coupled Computing of Hydrogen
Leakage with Crack Propagation Using Hybrid Particle and Euler Method", Fourth
International Symposium on Smart Layered Materials and Structures for Energy
Saving, Sendai, Japan, Oral Presentation, 0S16-3, November 1, (2017).

[52] Xiaojuan Xu, Hongli Ji, Jinhao Qiu, Toshiyuki Takagi, "Interlaminar Electrical
Resistance and its Influence on Eddy Currents in CFRP Composites", Fourth

— 173 —



International Symposium on Smart Layered Materials and Structures for Energy
Saving, Sendai, Japan, Oral Presentation, 0S16-4, November 1, (2017).

[53] Hiroyuki Kosukegawa, Tetsuya Uchimoto, Toshiyuki Takagi, Gerd Dobmann,
"Advanced Maintenance Technique on CFRP - Eddy Current Testing and
Functionalization in Mechanical/electromagnetic Properties -", Fourth International
Symposium on Smart Layered Materials and Structures for Energy Saving, Sendai,
Japan, Oral Presentation, 0S16-5, November 1, (2017).

[54] Hidemasa Takana, Yusuke Takeda, Mengfei Guo, Christophe Brouzet, Nitesh Mittal,
Fredrik Lundell, "Experimental and Numerical Study on Control of CNF Alignment by
Alterative Electric Field", Fourth International Symposium on Smart Layered
Materials and Structures for Energy Saving, Sendai, Japan, Oral Presentation, 0S16-6,
November 1, (2017).

[55] Li Qian, Hongguang Liu, Kan Bian, Kongjun Zhu, Ke Xiong, "Nonlinear Deformation
Behavior of Ionic Polymer-Metal Composite Actuators under DC Voltages Applied",
Fourth International Symposium on Smart Layered Materials and Structures for
Energy Saving, Sendai, Japan, Oral Presentation, 0S16-7, November 1, (2017).

[56] Hiroyuki Miki, Koki Tsuchiya, Eijiro Abe, Sho Takeda, Makoto Ohtsuka, Marcel
Gueltig, Manfred Koh, Toshiyuki Takagi, "Improvement in Magnetic Properties of
Metamagnetic Shape Memory Alloy Processed by Compression Shearing Method at
Room Temperature", Fourth International Symposium on Smart Layered Materials
and Structures for Energy Saving, Sendai, Japan, Oral Presentation, OS16-8,
November 1, (2017).

[57] Kongjun Zhu, Juntao Hu, Jing Wang, Ke Xiong, Jinhao Qiu, "Preparation and
Properties of Polyvinylidene Fluoride / Nd-doped BaTiO3 Nanocomposites", Fourth
International Symposium on Smart Layered Materials and Structures for Energy
Saving, Sendai, Japan, Oral Presentation, 0S16-9, November 1, (2017).

[58] Ai Suzuki, Ryuji Miura, Nozomu Hatakeyama, Jean-Yves Cavaille, Gildas Diguet, Gael
Sebald, "Multiscale Modeling of Electro-mechanical Coupling in Electroactive
Polymers", Fourth International Symposium on Smart Layered Materials and
Structures for Energy Saving, Sendai, Japan, Oral Presentation, OS16-10, November 1,
(2017).

[59] Kesavan Ravi, Olivier Lame, Kazuhiro Ogawa, Jean-Yves Cavaille, Tiana Deplancke,
Chrystelle Bernard, "Inter-Particle Sintering of UHMWPE-FNA Nano-Composites
Under Different Interfacial Loading Conditions", Fourth International Symposium on
Smart Layered Materials and Structures for Energy Saving, Sendai, Japan, Oral
Presentation, 0S16-11, November 1, (2017).

[60] Yukie Ishizawa, Kenji Inaba, Ryuji Miura, Ai Suzuki, Naoto Miyamoto, Nozomu
Hatakeyama, Akira Miyamoto, Kazuhiro Ogawa, Chrystelle Bernard, Jean-Yves
Cavalille, Olivier Lame, Kesavan Ravi, "Molecular Simulation Analysis for Adhesion
Mechanisms Involved in Polyethylene Processed by Cold Spray", Fourth International
Symposium on Smart Layered Materials and Structures for Energy Saving, Sendai,
Japan, Oral Presentation, 0S16-12, November 1, (2017).

[61] Stéphanie Lafon-Placette, Julien Fontaine, Maria-Isabel De Barros-Bouchet,
Christophe Héau, "Tribochemistry of Hydrogen-Free DLC Coatings in Base Oil: the
Origin of Wear", Fourth International Symposium on Smart Layered Materials and

— 174 —



Structures for Energy Saving, Sendai, Japan, Oral Presentation, OS16-13, November 1,
(2017).

[62] G. Sebald, B. Ducharne, B. Gupta, T. Uchimoto, T. Takagi, "Fractional Order Derivative
for Magnetic Hysteresis Dynamics and Interpretation of Non-Destructive Testing
Techniques", Proceedings of the Seventeenth International Symposium on Advanced
Fluid Information, Sendai, Japan, Poster Presentation, CRF-8, November 2, (2017),
pp.16-17.

[63] G. Sebald, M. Nakano, M. Lallart, T. Tian, G. Diguet, J. Y. Cavaille, "Experimental
Testing of Pseudo-Villari Effect in Magnetorheological Elastomers", Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai, Japan,
Poster Presentation, CRF-9, November 2, (2017), pp.18-19.

[64] Y. Muramoto, G. Bouvard, V. Fridrici, P. Kapsa, F. Lundell, M. Ohta, "Research of
High-Speed Contact with Medical Devices", Proceedings of the Seventeenth
International Symposium on Advanced Fluid Information, Sendai, Japan, Posterl
Presentation, CRF-40, November 2, (2017), pp.82-83.

[65] J. Ishimoto, A. Combescure, "Coupled Analysis of High-Density Hydrogen Safety
Management", Proceedings of the Seventeenth International Symposium on Advanced
Fluid Information, Sendai, Japan, Posterl Presentation, CRF-48, November 2, (2017),
pp.98-99.

[66] T. Takayama, H. Kosukegawa, T. Takagi, "Theoretical Consideration on Mechanical
Properties of Nanoparticle Dispersed Carbon Fiber Reinforced Plastic", Proceedings of
the Seventeenth International Symposium on Advanced Fluid Information, Sendai,
Japan, Poster] Presentation, CRF-57, November 2, (2017), pp.116-117.

[67] S. Miyauchi, T. Hayase, A. A. Banaei, J. C. Loiseau, L. Brandt, "Three-Dimensional
Numerical Analysis for an Erythrocyte Behavior near a Wall in a Fluid under an
Inclined Centrifugal Force: The Effect of Bending Stiffness of an Erythrocyte on the
Deformation", The Seventeenth International Symposium on Advanced Fluid
Information, Sendai, Japan, Poster Presentation, CRF-66, November 2, (2017),
pp.138-139.

[68] Xiaobo Han, Naoya Sakamoto, Noriko Tomita, Hui Meng, Masaaki Sato, Makoto Ohta,
"The Influence of TGF- 31 from ECs on SMC MMP Productions under Shear Stress
using a Co-Culture Model", Fourteenth International Conference on Flow Dynamics,
Sendai, Japan, Oral Presentation, 0S4-6, November 3, (2017).

[69] Hongjun Sun, Ryoichi Urayama, Tetsuya Uchimoto, Toshiyuki Takagi, Lalita Udpa,
"Influence of Signal Frequency on Thickness Measurement by Electromagnetic
Acoustic Transducer", Fourteenth International Conference on Flow Dynamics, Sendai,
Japan, Poster Presentation, 0S17-3, November 1, (2017).

[70] Sho Takeda, Hiroyuki Miki, Julien Fontaine, Matthieu Guibert, Takamichi Miyazaki,
Toshiyuki Takagi, "Interparticle Bonding of Metal Powder under Repetitive
Unidirectional Friction Force", Fourteenth International Conference on Flow Dynamics,
Sendai, Japan, Poster Presentation, 0S17-5, November 1, (2017).

[71] Satoshi Yamazaki, Hiroyuki Kosukegawa, Hiroyuki Miki, Toshiyuki Takagi,
"Investigation of Electromagnetic Properties and Morphology of Cobalt-containing
Diamond-like Carbon Aiming for Magnetic Sensor", Fourteenth International
Conference on Flow Dynamics, Sendai, Japan, Poster Presentation, OS17-6, November

— 175 —



1, (2017).

[72] Yuki Tokita, Tetsuya Uchimoto, Yoshikazu Ohara, Toshiyuki Takagi, "Evaluation of
Superconducting Electromagnetic Acoustic Transducer with Large Amplitude",
Fourteenth International Conference on Flow Dynamics, Sendai, Japan, Poster
Presentation, 0S17-9, November 1, (2017).

[73] Hiroyuki Furuya, Tetsuya Uchimoto, Toshiyuki Takagi, Mitsuo Hashimoto, Eiichi Sato,
Mitsuharu Shiwa, Shusuke Hori, Masao Takegoshi, "Application of Multi-frequency
Eddy Current Testing to Crack Detection in Rocket Engine Combustion Chambers",
Fourteenth International Conference on Flow Dynamics, Sendai, Japan, Poster
Presentation, 0S17-10, November 1, (2017).

[74] Takanori Matsumoto, Tetsuya Uchimoto, Toshiyuki Takagi, Gerd Dobmann, Shinji
Oozono, Hideki Yuya, "Investigation of Magnetization Methods to Evaluate Residual
Strain in Carbon Steel by Eddy Current Magnetic Signature Method", Fourteenth
International Conference on Flow Dynamics, Sendai, Japan, Poster Presentation,
0S17-13, November 1, (2017).

[75] Riona Hayashi, Hiroyuki Kosukegawa, Toshiyuki Takagi, "Improvement of the
Interfacial Shear Strength of Surface Modified Carbon Fiber and Polymer Blend",
Fourteenth International Conference on Flow Dynamics, Sendai, Japan, Poster
Presentation, 0S17-16, November 1, (2017).

[76] Y. Kiso, H. Kosukegawa, R. Urayama, T. Uchimoto, T. Takagi, L. Udpa, "Eddy Current
Evaluation of Ground Laminated Structure of CFRP Aiming for Automation of Scarf
Repair", Fourteenth International Conference on Flow Dynamics, Sendai, Japan,
Poster Presentation, 0S17-17, November 1, (2017).

[77] S. Nagai, S. Takeda, H. Miki, T. Miyazaki, H. Kosukegawa, T. Takagi, "Grain Refined
Al Thin Plate Fabricated by Compression Shearing Method at Room Temperature",
Fourteenth International Conference on Flow Dynamics, Sendai, Japan, Poster
Presentation, 0S17-18, November 1, (2017).

[78] M. Guo, H. Takana, "Computational Simulation on Electrostatic Alignment of Cellulose
Nano-fibrils in Flow", Fourteenth International Conference on Flow Dynamics, Sendat,
Japan, Poster Presentation, 0S17-24, November 1, (2017).

[79] H. Yamamoto, T. Uchimoto, T. Takagi, Y. Ohara, "Elucidation of Change in Eddy
Current Testing Signals of Fatigue Cracks by Heating", Fourteenth International
Conference on Flow Dynamics, Sendai, Japan, Poster Presentation, OS17-61,
November 2, (2017).

[80] Siyuan Gao, Kazuhiro Ogawa, "Development of Laser Pre-treatment technique for
improvement of deposition efficiency of Cold Spray Coatings", 8th Asian Thermal Spray
Conference (ATSC 2017), Jeju, Korea, Oral Presentation, Nov. 6, (2017).

[81] Kazuhiro Ogawa, "New Concepts of Thermal Barrier Coatings", 8th Asian Thermal
Spray Conference (ATSC 2017), Jeju, Korea, Oral Presentation, Nov. 6, (2017).

fn 68 1

3 ol BHEF, RE YRAIIERF)
L

— 176 —



Multiple Collaborative Research Project
Project code J17R003

Subject area Environment and energy
Research period | April 2017 ~ March 2018
Project status 3rd year

Investigation of Inhomogeneous Mixing of Plasma Species in the Hybrid-Stabilized
Argon-Water Arc Discharge for Subsonic—Supersonic Quasi-Laminar Plasma Flow

Jiri Jenista*t, Hidemasa Takana**, Satoshi Uehara**, Hideya Nishiyama**j+t
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1. Purpose of the project

Numerical simulation of mixing of plasma chemical species in the discharge and
near-outlet regions of the worldwide unique type of thermal plasma generator with
hybrid stabilization of electric arc by axial argon flow and tangential water vortex.
Comparison of the calculated results with our former calculations and available
experiments.

2. Details of program implement

Further elaboration of the existing numerical code and its necessary testing, involving,
for example, investigation of the peculiar velocity maximum shift for currents higher
than 400 A or the influence of boundary conditions on behavior of plasma plume.

3. Achievements

1) Preparation and submission of a paper “Modeling of inhomogeneous mixing of
plasma species in argon—steam arc discharge” to Journal of Physics D: Applied Physics.
The paper was issued on-line in January 2018.

2) Testing the performance of the numerical code for different grid sizes, especially in
the radial direction. Motivation for this task was the appearance of a high numerical
viscosity on relatively rare grids used for testing and tuning purposes with high aspect
ratios (i.e., when the distance between the neighboring grid points in one direction is
much larger than in the other direction). In a consequence, physically unrealistic peaks
of temperature emerged in a time-fluctuating plasma plume in the outlet region
showing the Kelvin-Helmholtz vortex sheet structure with the main plasma flow
directed perpendicularly to the larger distance between the neighboring grid points. We
finally suppressed this unwanted numerical phenomenon by decreasing the aspect ratio
and finding the appropriate grid size.

3) Checking the influence of the radial velocity boundary condition on the level of
plasma plume fluctuations at the plasma outlet.

4) Elucidation of the problem of double-peak velocity at the arc axis near the exit nozzle
for currents higher or equal to 400 A. At first it was assumed that plasma transport and
thermodynamic properties, masses and combined diffusion coefficients depend in one
case on temperature, pressure and argon mole fraction, while in the other case on
temperature and pressure only. The results of simulation did not confirm disappearance
of the double-peak velocity profile. It was finally confirmed that the velocity profile with
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double peaks in the downstream region can appear or disappear depending on the
upstream argon mole fraction profile boundary condition, unknown from experiments.

4. Summaries and future plans

1) Further clarification of the problem of double-peak velocity at the arc axis for
currents higher or equal to 400 A through different numerical tests: Influence of the
argon mole fraction profile at the inlet boundary on the velocity and temperature
distributions in the outlet region. Possible extension of the existing calculation domain
in the argon-inlet upstream region with the aim to obtain more realistic condition for
the argon mole fraction profile in the vortex-stabilized arc section.

2) Improvements of the numerical model (for example: taking the radial current density
component and the induced axial magnetic field into account; the way of calculation of
pressure and temperature from the energy and state equations).

3) Calculations of the inhomogeneous model for currents higher than 400 A and argon
mass flow rates between 15 and 40 slm.

4) Comparison of the results with more recent experiments, based on the optical
emission spectroscopy measurements of Arl, OI and HI lines, obtained at IPP (Institute
of Plasma Physics AS CR, v.vi) in Prague. Radial profiles of argon mole fraction at the
outlet will be evaluated from experiments and they will be compared with the
calculations carried out within this project.

5) Possible further extension of the inhomogeneous model, including the entrainment of
surrounding air into the plasma discharge.

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

Murphy: Modeling of inhomogeneous mixing of plasma species in argon—steam arc
discharge, J. Phys. D Appl. Phys., vol. 51, no. 4, (2018), 045202 (22pp).
On-line: https://doi.org/10.1088/1361-6463/aa9f6f

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

international conference without peer review)

Murphy: On the effect of inhomogeneous mixing of plasma species in argon—steam
arc discharge, Book of Extended Abstracts, 23th Int. Symp. on Plasma Chemistry
(ISPC 23), 30. 7. — 4. 8. (2017), Montréal, Canada.

On-line: http://www.ispc-conference.org/ispcproc/ispc23/301.pdf

Argon—Steam Arc Discharge, Proceedings of the 17th Int. Symp. on Advanced Fluid
Information, Sendai, (2017), pp. 194-195.

Discharge: Comparison Between Inhomogeneous and Homogeneous Mixing
Assumptions, Proc. 14th Int. Conf. on Fluid Dynamics ICFD2017), November 1-3,
(2017), Sendai, Japan, USB Flash Disc, pp. 612-613.

3) Patent, award, press release etc.

(Lectures)
14th Int. Conf on Fluid Dynamics (14th ICFD), November 1-3, 2017, Sendai, Japan.
Title: Numerical Modeling of Diffusion of Plasma Species in Argon-Water Arc
Discharge: Comparison Between Inhomogeneous and Homogeneous Mixing
Assumptions.
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1. Purpose of the project

The vortical structures which appear in various flows are often curved as exemplified
by vortex rings ejected from circular pipes and helical vortices emanated from rotating
wings. Curved vortices are subjected to curvature instability, which is due to the
curvature of the vortices, as first shown analytically for the vortex ring (Fukumoto and
Hattori, 2005; Hattori and Fukumoto, 2003). Helical vortices with axial flow are also
shown to be subjected to the curvature instability (Hattori and Fukumoto, 2009, 2012,
2014). However, this instability has been shown only for Kelvin's vortex ring which has
constant vorticity inside the core at the leading order of the thickness. Vortices with
smooth or continuous distribution of vorticity should be dealt with carefully since
existence of critical layers change the situation significantly.

Recently Blanco-Rodriguez and Le Dizés (2017) analyzed the linear stability of a
Gaussian vortex ring with axial flow and showed that it is also subjected to the
curvature instability. They found that some important features of the instability are
quite different from those of Kelvin's vortex ring owing to the presence of critical layers.
Unfortunately, however, clear evidence of the curvature instability has not been
observed in experiments or numerical simulations as far as the authors know.

The objective of the present project is to reveal the mechanism of instability,
nonlinear evolution of the instability and transition to turbulence in the curved vortices
encountered in various flows. The results would contribute to development of methods
for predicting when the curved vortices are destabilized and controlling flows which
have curved vortices.

2. Details of program implement

2.1 Plan of the research project

In order to study the dynamics of vortical structures which appear in the nature and
engineering applications we should deal with vortices which have continuous vorticity
distribution like Gaussian vortices. The effects of buoyancy are also important in
astrophysical and geophysical flows. Thus the research plan of the project consists of
the following three sub-projects.

— 179 —



(1) Nonlinear Dynamics of Vortex Rings with Continuous Vorticity Distribution

The destabilization of the vortex rings with continuous vorticity distribution is
studied by DNS. In viscous flows the core radius of vortex rings grows as time
proceeds to break the resonance condition for parametric instability; as a result the
unstable growth saturates depending on the initial energy of the disturbance. We
investigate how nonlinear evolution of vortex rings depends on the initial disturbance
and the Reynolds number and clarify whether the vortex rings break up after becoming
turbulent or turbulent vortex rings survive.
(2) Nonlinear Dynamics of Vortex Rings with Variable Density

Vortex rings having interface across which density has a jump is studied by linear
stability analysis. A criterion for instability is derived based on the energetics of the
waves on vortex rings; the theory developed by Hirota & Fukumoto (J. Math. Phys.,
2008) is extended by taking account of density distribution and surface tension.
(3) Nonlinear Dynamics of Helical Vortices

The stability of helical vortices is studied by DNS. Characteristics of linear stability
including resonance condition and growth rate are compared to theory so that the
effects of torsion and dependence on the Reynolds number are elucidated.

2.2 Results
2.2.1 Nonlinear Dynamics of Vortex Rings with Continuous Vorticity Distribution

Prior to DNS, numerical linear stability analysis is performed to investigate
competition between curvature and elliptic instabilities. We consider a vortex ring in
cylindrical coordinates (r; 0, 2), where the zaxis coincides with the axis of symmetry of
an undisturbed vortex ring. A numerical method with high accuracy is developed to
solve the incompressible Navier-Stokes equations. The base flow is a vortex ring with
swirl (axial flow) also obtained numerically solving axisymmetric equations starting
with Gaussian distributions of axial vorticity and velocity. Then the linearized
equations for disturbances are integrated for sufficiently long time starting with
randomized initial conditions; if there is an unstable mode, the most unstable mode is
obtained. We impose Nsfold symmetry in 0: f(r; 0 +2 7 /Ns 2=f(z; 0, z ). The
linearized Navier-Stokes equations are decomposed into independent equations for
Fourier modes in 0, which reduces numerical costs. The axial wavenumber & should
satisfy &= ¢ N;, where ¢ is the ratio of the core to ring radius of the vortex ring. The
Reynolds number is set to Re=I"/(2 = v )=104. The magnitude of swirl is set to W=0.638v
0 ,max/ Vrot, max—0.2.

In figure 1 growth rate is plotted against axial wavenumber. For ¢ =0.1 (left figure)
both curvature instability (triangles) and elliptic instability (circles) appear as narrow
bands since these instabilities are due to parametric resonance. Three modes of
curvature instabilities found by Blanco-Rodriguez and S. Le Dizés (2017) are identified:
(m,m+1;[LAL BD=(-1,0:[1,3]) at 4=1.16, (-1,05[1,4]) at &=1.30 and (-1,0;[2,4]) at 4=
1.85. Several modes of elliptic instability are also identified, among which the
(-2,05[2,2]) mode at £=3.33 has the largest growth rate. For ¢ =0.18 (right figure), on the
other hand, the instability bands widen and at least one unstable mode exists at almost
all values of k. The curvature instability mode (-1,0;[2,4]) survives but the other two
found for ¢=0.1 are surpassed by the elliptic instability as the growth rates of the
curvature and the elliptic instabilities are proportional to ¢ and ¢ 2, respectively.
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Figure 1: Growth rate plotted against axial wavenumber. Triangles: curvature
instability, circles: elliptic instability. Re=104, W=0.2. (Left) ¢ =0.1, (right) ¢ =0.18.

Next, we investigate nonlinear evolution of a destabilized vortex ring. Figure 2 shows
time evolution of a vortex ring destabilized initially with curvature instability mode
(-1,05[2,4]). The Reynolds number is Re=5000. The left figure shows time evolution of
energy decomposed in 0: En={ |un|2 rdrdz, u(r, 0, 2=2nun(r,2) einds ' Here Ns=10
is chosen to satisfy k= ¢ Ns with 4=1.84 and ¢ =0.18. At first the linear mode grows
exponentially. It saturates at t=50 and decays. Then it grows again. This second
growth is due to elliptic instability. The second growth also saturates at t =130.
Shortly after this, however, the vortex ring goes into breakdown process as higher-order
modes grow rapidly, small scale structures develop and the circulation is lost. The right
figure shows structures of the vortex ring during the breakdown (t=160). Structures like
bending waves are observed around the core of the vortex ring; they are surrounded by
elongated vortex tubes.

1 0—8 1 I I I
0 50 100 150 200 250

t

Figure 2: Nonlinear evolution of disturbed vortex ring with axial flow. Re=5000, W=0.2.
(Left) time evolution of mode energy; (right) iso-surface of magnitude of vorticity at
t=160.

2.2.2 Contour dynamics

We have been investigating the nonlinear dynamics of a confined vortical region
extending the contour dynamics technique presented by Zabusky et al. (1979). The
advantage of the method is only the evolution of the boundary needs to be computed
rather than a full DNS calculation. The technique was originally developed initially for
2D domains, but was subsequently extended to axisymmetric problems (see Pozrikidis
1986 and Shariff et al. 1989). We have been considering two extensions: first the role
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of buoyancy and second a formulation for contour dynamics with helical symmetry.

(1) Axisymmetric contour dynamics with buoyancy

We first consider a vortex ring with a density that differs from the environment’s. The
flow is assumed to be inviscid and incompressible. Buoyancy is included and both
non-Boussinesq and Boussinesq (weak density jump) cases are considered. In both
scenarios, a vortex sheet forms on the interface due to baroclinic generation of torque
because of the density jump across the interface. The density difference is quantified by
the Atwood number, A. As the density difference increases (A decreases), the interface
forms an outcrop that rolls up. This is associated with the evolution of the vortex sheet
and a singularity that begins to develop (Figure 3).

Figure 3: The evolution for A= 0.01, Q=1 and ST= 0 from t= 0-2.5 (Left)
non-Boussinesq case; (Right) Boussinesq limit.

Surface tension is also included in our theoretical formulation. We find that surface
tension delays the onset of the singularities but does not appear to prevent them
altogether, and can also introduce numerical stiffness to the problem. We have used this
formulation to further study for the motion of a vortex ring as the Atwood number and
Weber number vary. The bulk motion is presented by calculating the centroid of vortical
region. We see that the density difference magnifies the expansion rate and the
translation of the buoyant vortex ring, but the surface tension has only a minimal effect
on its bulk motion.
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Figure 4: The evolution of centroid for different (Left) Atwood; (Right) Weber numbers.
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(2) Helical symmetric case

A family of vortex equilibria was obtained by Lucas et al. (2009) in the case of helical
symmetry. The nonlinear evolution problem has been studied using DNS calculation
(see Delbende et al. 2012). However, a contour dynamics calculation has not been yet
been developed. We have outlined a formulation for helical contour dynamics and
started to develop a numerical scheme. Unlike the axisymmetric case, the major
challenge here will be inverting the linear operator and finding its Green’s function.
This will probably need to be carried out numerically since a closed form does not seem
attainable. While this means that the formulation is no longer strictly limited to
computing quantities on the contour, it remains an exact solution of the Euler equations
and hence of intrinsic interest.

2.3 Organized Session in ICFD2017

An organized session closely related to the present project was held in ICKFD 2017
with Prof. Yuji Hattori and Prof. Stefan G. Llewellyn Smith as co-organizers. The
name of the session was Vortex Motion: stability, nonlinear dynamics, and transition to

turbulence. There were 26 talks including two invited talks from Prof. Bartosz Protas
and Prof. Mark Blyth.

3. Achievements

Vortical structures are important since they often determine the properties of
incompressible flows. They are curved in general owing to self-induced velocity,
interaction with other vortices and boundary conditions in the presence of rigid bodies.
Therefore, by exploring the effects of curvature in vortex dynamics the present project
would contribute not only to understanding the mechanisms of flow phenomena in a
wide variety of areas but also to development of control method of these flows. In
particular, it would be possible to stabilize or destabilize the wing-tip vortices generated
by rotating wings by changing the geometry of the wing tips based on the instability
mechanisms of curved vortices which have continuous vorticity distributions. Moreover,
understanding nonlinear dynamics and transition to turbulence and thereby clarifying
the turbulent structures near the wing tips and wakes are indispensable for improving
the performance of the wings and reducing the aeroacoustic noises. The combined
effects of curvature and density change are important in understanding and prediction
of vortices in aeronautical, astrophysical and geophysical flows.

This year the numerical method established last year was used to explore the linear
stability of vortex rings with continuous vorticity distribution and nonlinear evolution.
The numerical method for contour dynamics taking account of buoyancy was also
established. The project has achieved this year’s goal.

4. Summaries and future plans

We have investigated the curvature instability of Gaussian vortex rings by DNS.
The linear stability of vortex rings with continuous vorticity distribution has been
investigated in further detail using the numerical method developed last year. It is
shown that the curvature instability can be dominant for thin vortex rings, while the
elliptic instability is dominant nearly for all values of the wavenumber when ¢ =0.18.
Nonlinear evolution of the disturbance on vortex rings with continuous vorticity
distribution was also studied. The process leading to the breakdown of the vortex ring
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was clarified. The numerical method for contour dynamics taking account of buoyancy
was also established.

In the third year the linear stability and nonlinear evolution of helical vortices will be
studied by direct numerical simulation and contour dynamics. Detailed stability
diagram and the process leading to turbulence are to be explored.

5. Research results (* reprint included)
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)
Instability and Nonlinear _]5}_fr_1ar_n_1<_:s_ _()%_él_lr\_/(;(i_\7<)_r_‘ci_c_e_s: ﬁzjo_c;;&;ngs of the 17th
International Symposium on Advanced Fluid Information, Sendai, (2017), pp.
192-193.

Evolution of Destabilized Vortex Ring with Axial Flow, /[UTAM Symposium on
Dynamics and Topology of Vorticity and Vortices, June 13 — 16, (2017), Marseille,
France.

PR 2017 FERKE RS, 2017 4 9 H, K, (2017).

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

Geothermal energy that is widely available in US and Japan would provide
sustainable energy systems. However, the lack of understanding of the hydraulic
properties in the geothermal reservoir leads to large risks for the development and
management. Generally, tracer testing has been conducted by monitoring the fluid flow
between the injection well and the production well to obtain the hydraulic properties
between the two wells. On the other hand, micro seismic monitoring observe fracture
creation due to water injection and water movement to extract fracture properties G.e.,
position, number, scale, etc.) in the whole reservoir. In this way, both are measurement
methods performed on different objects with completely different measurement
principles and techniques and try to elucidate the hydraulic properties from each
limited information. In this research, a new approach integrating tracer and
microseismic analyses to evaluate comprehensive hydraulic properties is proposed for
designs of sustainable geothermal development. The results from tracer testing are
influenced on connectivity of the fracture networks that can be apparent in micro
seismic analysis. Both results should have correlations between each other. Our
approach would not only improve the reliability of the hydraulic properties obtained
from both but lead to an understanding of more comprehensive hydraulic properties.

2. Details of program implement

Overview of this study is shown in Figure 1. We use tracer response curves and
microseismic data obtained from the geothermal EGS site. Tracer and microseismic
data will be analyzed separately. The applicant (Suzuki) is in charge of tracer analysis,
and the MIT group (Mukuhira) is in charge of microseismic analysis.

2.1. Tracer analysis

Tracer response curves at production wells are analyzed to determine flow rate
and pore volume at each flow path, and effective heat transfer areas are optimized by
short-term thermal response curves from the same production wells. The estimation
method was validated by comparing with numerical simulation results [2][3]. The
estimation results show good accuracies of the effective heat transfer areas in the
numerical simulation. This method was applied to data from the Balcova geothermal
field[4]. The estimated heat transfer areas were reasonable.
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2.2. Microseismic data analysis

Because microseismicity is caused by injected fluid of hydraulic stimulation,
the hypocenter of microseismicity provides the information of fracture where its
permeability has been enhanced by shear slip. Spatio-temporal distribution of
microseismicity can offer the fracture system of the reservoir. Here, we will use the
microseismic information of hydraulic stimulation and extract the hydraulic parameter
between the injection and production well, where tracer test was conducted afterwards.
We will infer the existing fracture density between injection and production well and
the orientation and stress state of those fractures. In addition to these analyses of each
microseismic events, we also will infer macroscopic permeability tensor from time series
hypocenter distribution of microseismic events, and 3-D shape of the microseismic
cloud.

A. Tracer and micro seismic date analyses

Tracer data Aeoustie emissian[AL) 4t
[Applicant] [MIT group)

Bl B. Links of hydraulic properties El

Numerical simulation [Stanferd group)

Geotharmal power pland

_

[ £
C. Understanding :

comprehensive
properties . E

Figure 1: Overview of this study.

Flow channels

[ Pm-du-:tlunn will

Injection Well
Figure 2: Schematic of flow path model.
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Figure 3: (a) Estimated results of fracture surface area. The color difference
shows each surface area for each flow path.The total surface area is the sum of each
surface area. The black line describes the objective function (.e., fitting errors of
temperature decline curves). (b) Fitting curves in the case of six flow paths in the flow
path model, which gives the lowest objective function in (a).

3. Achievements

We attempted to analyze using data from Soultz field in France, but because the
temperature data was insufficient, we did not reach the analysis. Therefore, we shifted
to using data of Fenton hill and reacquired the data. Fenton Hill is a field that Professor
Mike Feller (MIT) has been analyzing for many years. We organized its findings.

We also held a research seminar in terms of this project and deepened the discussion.
Especially, we invited Dr. Ishibashi from AIST to the seminar, and were able to proceed
active discussion. Dr. Ishibashi will participate in this project from this year.

Figure 4: Field data from Fenton Hills: (a) thermal breakthrough curves and (b) tracer
response results.

4. Summaries and future plans

Current geological developments have studied in each field and technology
independently. Comprehensive analyses and interpretations would achieve a novel
breakthrough in the geoscience. The applicant (Suzuki) and Professor Horne
developed a mass transport model in heterogeneous media that succeeded to analyze
tracer responses in fractured reservoirs. They recently conducted tracer test by using
3D printed fracture networks and clarify correlations between fractures and hydraulic
properties. This is the world’s first research to verify experimental results that was not
able in previous studies.

On the other hand, the MIT group (Fehler and Mukuhira) succeeded to integrate
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crustal stress into micro seismic analysis first in the world and extract hydraulic
properties by using micro seismic data. The Stanford group has been developed an
integrated model for description of dynamic behavior. The collaborations among three
research groups are most suitable for integrating tracer and micro seismic data
analyses.

Also, since this year, Dr. Ishibashi (AIST) and Dr. Kang (KIST) will participate in
the meeting, which will enable us to expect multifaceted discussions. Dr. Ishibashi has
been doing AE measurement and flow experiments in a laboratory experiment using
rocks, and it is related to our research target. Dr. Kang has been progressing pioneering
research in the field of inverse analysis using field data of groundwater, They would
provide great discussion.

The expected outcome of this research is contribution to the design of sustainable
geothermal energy extraction system. The findings obtained in this research can
contribute directly to geothermal energy production planning, position determination of
production wells and reduction wells, and maintenance capacity planning of reservoirs.

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)

Microseismic Analysis to Comprehensive Understanding of Hydraulic Feature of
Fractured Geothermal Reservoir, The fourteenth International Conference on Fluid
Dynamics, Sendai, Japan, November 1-3, (2017).

[2] A. Suzuki: Estimation of Fracture Surface Area Based on Tracer and Temperature
Histories, Geothermal Resources Council Transactions, 41, (2017), 2865-2879.

[8] gaARAS . L —H— « BUREZ H W S R/REHOHE, HAHZE TS 29 F5
iz 4>, Hakodate, Japan, October 18-20, (2017).

[4] F. Ikhwanda, A. Suzuki, and T. Hashida: Development of Numerical Methods for
Estimating Fluid Flow Path in Fractured Geothermal Reservoir, The 43rd Stanford
Workshop on Geothermal Reservoir Engineering, Stanford, USA, February 12-14,
(2018).

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

Currently, the actual problem is the creation of efficient and environmentally
friendly technologies of hydrocarbon fuels burning based on combustion devices
with heat recirculation. Effective heat recirculation as well as combustion
management and control allow increasing efficiency of combustion-based devices
and reducing the pollutants. These advantages may be achieved in micro channel
combustors or in porous burners manufactured on the base of new porous materials.
Project was aimed at obtaining of fundamental knowledge of the detailed structure
of combustion waves in porous media and micro channels which are necessary for
the development of new eco-friendly and efficient combustion technologies for power
engineering and industry.

Details of program implement

The project plan of the first year has been realized in the course of
collaborative research performed by four Russian teams and team from IFS. The
participants discussed current scientific problems related with project at the
international conferences and workshops held in Russia (Ginsburg centennial
conference on physics, Lebedev Institute, Moscow May29-June3, 2017; 9th
International seminar on flame structure, 10-14 July, 2017, Novosibirsk; Workshop
on Dynamics and Structures of Combustion Waves, 23-28 October 2017,
Vladivostok) and ICFD 2017 conference held in Japan. The on-line seminars using
internet were organized for discussion and approbation of the scientific results
obtained by all teams involved in the project. The wvisits of young Russian
researchers in Energy Dynamics Lab of IFS Tohoku University were organized for
conducting of experimental works related with project.

Achievements

The following results were obtained by team from Far-Eastern Federal
University (responsible member Prof. Sergey Minaev) in collaboration with other
teams during first year of the project realization.
1) The general similarity of gas combustion in the micro channels and in porous
medium were found. The similarity is based on preheating of combustible mixture by
solid phase, which transfers heat from the combustion zone to the unburned mixture.
The traditional models of filtration gas combustion in porous media are
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phenomenological and they suppose existence of two interpenetrating media - solid
and gas. At the same time, these models meet principal difficulties in the description
of certain phenomena. The combustion wave stabilization under the surface of
porous body, flame “anchoring”, origin of nose and other effects require new
approaches. It was proposed to treat porous medium as a set of micro channels [1].
The simplest representation of a porous matrix may be a system of parallel plates
between which the gas combustion occurs. In this case the problem can be reduced to
the consideration of interacting flames in straight micro channels with different
diameters. The more complex discrete model was analyzed too and the simulations
within both models reveal new effects, such as flame “anchoring”, local flame
oscillations and widening of the combustion zone. At the same time, in the limiting
cases the proposed discrete models transform into traditional two-temperatures
model of filtrational gas combustion.

2) The new configuration of slot-jet burners was proposed and tested in experiments
[2]. The new type burner allows investigation of stretched flames structure at very
low flow rates compare with conventional counter current burners at normal gravity
conditions. Numerical and theoretical investigations of the premixed flames in
counter-flow slot-jet configuration reveal existence of the following combustion
regimes: twin planar and wrinkled flames and isolated flame tubes [2], [3], [6]. The
diagrams of existence of these regimes in the fuel concentration/flow rate plane were
determined. The results demonstrate extension of flammability limits of
low-Lewis-number flame that is related with formation of the non-planar flame
structures due to diffusive-thermal instability [3]. The obtained theoretical results
are in good agreement with available experimental data.

3) Theoretical approaches and numerical algorithms were developed to model
ignition in turbulent flows. The numerical simulations of gas ignition were
performed within thermal — diffusion model with prescribed flow field. The effects of
Lewis number, vortex size and the flow intensity on minimal ignition energy have
been studied. It was found that in large — scale vortex flow, the ignition energy is
almost constant until the intensity of turbulence exceeds a critical value. While
exceeding the critical value, the ignition energy rapidly increases. These conclusions
qualitatively agree with experimental observations of the ignition in the turbulent
flow and were predicted for the first time within proposed model [7].

4) A detailed gas-phase kinetic model of inhibition of hydrocarbon-air flames by
potassium compounds data has been developed [8]. To this end we analyzed the
thermochemistry of K-containing species relevant to the combustion environment.
The kinetic model was compiled from the data available in literature and additional
reactions were considered. Using the suggested model, we analyzed the inhibition
mechanism of potassium bicarbonate in methane-air flames, and inhibition and
promotion effects of potassium-containing compounds It was shown that the flame
inhibition performance of potassium-containing compounds is approaching that of
Fe-, Pb- and Cr-containing compounds.

The researchers from FEFU’s team conducted also experimental research on
the properties of coal-based briquettes [9]. These studies directed to the increase of
efficiency of combustion of low-grade coals that is one of the most important and
urgent problems of the energy sector. Thermo-physical characteristics of materials,
compositions of thermal decomposition products and temperature ranges of the
output of various combustible gases were investigated. Also, time parameters and
CO concentrations during complete combustion of samples in a combustible gaseous
medium (propane / butane-air mixture) were estimated.

The flame sampling molecular beam mass spectrometry (MBMS) has been
used for the first time to study the detailed chemical kinetics in flames at elevated
pressures [10]. The measurements of the mole fractions of different species including
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important flame intermediates in different flames are reported. The goal was to
understand the effect of pressure on the species mole fractions in the flames of
hydrogen, methane, and fuel blends like H2/CO, H2/CH4/C3HS8 stabilized on a flat
burner at the pressures from 1 to 5 atm. The investigation of the chemical flame
structure of natural gas (methane is its main component) and syngas (as a rule a
mixture H2/CO) mixed with air are needed for validation of chemical kinetic
mechanisms. The new data find application in CFD simulations of the processes in
the combustion chambers of the gas turbines and other energy conversions devices
with gas combustion. These investigations of premixed flame at elevated pressures
are important for both theoretical knowledge and technological applications such as
verification of combustion kinetics, flame diagnostics, etc.

The following results were obtained by team from ITAM SB RAS (responsible
member Dr. Roman Fursenko) in collaboration with other teams during first year
of the project realization.

Combustion processes in various systems with heat recirculation were
theoretically considered because they have large number of applications such as lean
mixtures burning, reduction of pollutants emission, methane to hydrogen conversion,
power engineering, etc. The representative example of meso-channels system with
effective heat recirculation is a counter-current reactor. Such reactors consist of two
thermally conjugated channels with oppositely directed gas flows, as shown in Fig.1.
Previously, it was shown that thermal coupling between the channels results in
superadiabatic flame temperature and in possibility of ultra-lean mixtures burning.
In the course of project implementation two new problems related with meso-scale
counter-current reactor were studied. The first problem is related with investigation
of effect of heat extraction (used for useful work production) on the operation range
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Fig. 1. Schemes of meso-scale counter-current reactors with heat extraction (a)
and with endo- and exo-thermic reactions (b).

and on the flame stabilization in the reactor [11]. The second problem is fundamental
studies of characteristic features of endo- and exo-thermic reactions thermally
coupled in meso-scale reactors [12].

The scheme of the counter-current combustor with heat extraction is shown in
Fig.1a. The heat extraction is modelled by heat sink with total heat flux Qout which
1s located in the plane of symmetry ¢ = 0. One-dimensional thermal-diffusion model
was employed for theoretical and numerical studies of combustion processes in this
system. Figure 2 demonstrates dependencies of flame position on inlet mixture
velocity calculated for different intensities of heat extraction. The stable branches at
Fig.2a are marked by solid symbols. In general, an increase in the intensity of heat
extraction leads to a narrowing of the range of gas flow rates within which flame
stabilization is possible. Numerical and theoretical investigations of system
efficiency showed that the maximal efficiency is reached at the moderate gas
velocities in the region corresponding to the middle of stable branch of the {f(V) curve
(Fig.2). Thus, it is shown that operation range of micro burner with any energy
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conversion device have to be estimated from solution of the conjugate problem taking
into account effects of heat extraction on the flammability limits and flame stability.
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Fig. 2. & (V) dependencies (Fig.2a) evaluated for different intensities of heat
extraction. The largest heat extraction corresponds to the curve with green
points and the curve with black points marks smallest heat extraction.

Counter-current system with thermally coupled endo- and exo-thermic
reactions is schematically shown in Fig. 1b. In the top channel the exothermic
reaction takes place while in bottom channel endothermic reaction occurs. For
qualitative analysis of reaction waves behavior the one-dimensional
thermal-diffusion model was proposed. It was found that at high velocities in the
endothermic channel (Vs) the incomplete consumption of the reagent in this channel
is observed. Contrary, at small V2 reagent in the endothermic channel is completely
consumed. We defined critical velocity in endothermic channel (Va.) as the maximal
V2 for which the almost complete “reforming” (with incompleteness 0.01) can be
achieved. This critical velocity corresponds to the optimal operating regime of the
reactor characterized by maximal "reforming" rate with complete conversion.
Dependencies of critical velocity in the endothermic channel (Vi) on
non-dimensional channels transverse size characterizing by non-dimensional Peclet
number (Pe=Uyd1/Din,1) are shown in Fig.3. Red and blue curves in Fig.3 correspond
to adiabatic and non-adiabatic cases, respectively. As is seen from Fig.3, the optimal
channel size for which the maximal conversion efficiency 1s reached exists.
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Fig. 3. Non-dimensional dependencies Va.(Pe) typical for adiabatic and
non-adiabatic cases.
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Interestingly that optimal channels transverse size is slightly less than quenching
distance which is denoted in Fig.3 as Pe«. Results of numerical simulations showed
that to gain maximum conversion efficiency the system size and flows characteristics
should be appropriately chosen.

The following results were obtained by team from Department Structural
Macrokinetics (responsible member Dr. Alexander Kirdyashkin) in collaboration
with other teams during first year of the project realization.

This study has been motivated by the experimental research findings on
temperature and radiative characteristics of cylindrical burners from Ni-Al alloy
that reveal a significant improvement in the radiation efficiency of burners operated
in the internal combustion mode [13]. It can be expected that in this combustion
mode the flue gases will be characterized by low NOx concentrations. A cylindrical or
spherical axis-symmetrical configuration provides natural stabilization of the
combustion front inside the porous emitter due to a decrease in the filtration speed
with the radius growth. Therefore, for the internal combustion mode, the size of the
emitter pore channels can be optimized for low NOx emissions and a high radiation
efficiency. The effects of cylindrical emitter pores structure on environmental and
radiation characteristics of the burner for methane-air fuel mixture were
experimentally studied.

The cylindrical emitters in the form of hollow cylinders with a hemispherical
head, the diameter of 48 mm, total length of 76 mm, and the wall thickness of 8.5 mm
with equal overall porosity of 55% but different structure parameters: conventionally
fine-pored, medium-pored and coarse-pored (the average size of the frame elements
is DE = 600, 1000 and 1350 pm respectively) have been studied.

It has been found that at firing rate of 160 and 260 kW/m2 burners with
fine-pored emitters are characterized by increased radiation efficiency in comparison
with medium-pored and coarse-pored burners. The dependencies of radiation
efficiency, CO and NOX concentrations in combustion products on the equivalence
ratio are shown in Figure 4. This tendency can be explained by the fact that in the
internal combustion mode the convective heat exchange between combustion
products and the wall of the emitter is more effective if the specific surface of pores is
higher. The measured values of the radiation efficiency of a fine-pored burner are
somewhat below the level of theoretically possible efficiency for burners with an
absolutely black emitter. It has been found that the porous structure of the emitter
significantly determines CO emission: the larger are the structural elements of the
material, the lower is CO concentration in the flue gases (Fig.4c). An increase in the
radiation efficiency by 5% is possible when the combustion products are additionally
cooled by about 100 K. It is known that the oxidation of CO to CO2 is suppressed if
the combustion products undergo rapid cooling to low temperatures. Apparently, this
explains the observed dependence of CO concentration on the structure of the emitter
in the present work. It has been also established that as the firing rate increases, the
CO emission decreases. Thus, at ¢ = 0.77, the CO concentration decreases from 50
ppm at 160 kW/m2 to 5 ppm at 420 kW/m2. Similar concentrations of CO are given
for radiation burners with emitters made of foamed ceramic. It should be noted that
for flat-flame burners CO emission can be significantly higher than that of radiation
burners where the lowest achieved concentration of CO is about 100 ppm at ¢ = 0.8.

It has been found that at the firing rate of 160 kW/m2 the contribution of NO2
to NOx is up to 10 ppm, which can be explained by the rapid cooling of combustion
products. At firing rate of 260 and 420 kW/m2, the predominant nitrogen oxide in the
combustion products is NO. As can be seen from Fig.4b, the emission of nitrogen
oxides is practically independent of the size of the emitter's structural elements. It
has been established that with a decrease in the equivalence ratio, the NOx
concentration in the combustion products is significantly reduced, while the NOx

— 193 —



420 kw/m”

g g Ry
=0 o FY - 5 50 # I f‘- . R
» A ,‘l 1 “. 13
] e a4 .0 e
PR T &
6 o8 1) [T os s 18 &7 aE o ]
ot B . ”
£l L3 1%
| M -
200 E " F T
) 'l LB
o P 1 I & -t
¥ w1 . "_ el = - :l . ' o
[ ’ o- - . ’ 4 ! ’ -
o3 as oe 16 & 0% (1] 18 a7 os L] T
= 0 LY}
] S I A
w0 0 - ##° W :F
B ¥ #
™ - Y . o] A
| # wo A Wl T
[ ’ . o= . o+ . -
07 (11 os 15 & os (1] Tk ol L] T

Figure 4. Dependences of radiation efficiency (line a), NOx concentration (line b) and
CO concentration (line c) on the equivalence ratio at firing rates 160 (column 1), 260
(column 2) and 420 kW/m2 (column 3), respectively. Square, round, and triangular
markers are fine-pored, medium-pored and coarse-pored emitter, respectively. The
calculated levels of the maximum radiation efficiency of the burner are marked with
dashed lines.

emission is practically independent of the firing rate. From the engineering point of
view, in order to assess the prospects of using the analyzed cylindrical burners in
practice, it is important to correlate NOx emissions with the world-wide
environmental standards and parameters of competitive solutions. As shown in Fig.4,
at ¢ = 0.95 the NOx concentration is about 40 ppm, which corresponds to the highest
environmental class of EU standards CEN/TC 109 for use in gas boilers. At ¢ < 0.9,
the NOx concentration is less than 30 ppm, which corresponds to the SCAQMD Rule
1111 standard for the use of boilers in the Greater Los Angeles Area. At ¢ < 0.75, NOx
< 15 ppm is provided, which corresponds to the DB 11/139-2015 standard for Hebei
province, the metropolitan region of China. Thus, our study shown that cylindrical
burners from Ni-Al alloy are perspective for using in eco-friendly combustion devices.

The acoustic emission was measured In experiments on combustion of
heterogeneous systems [14]. The measurements have shown that acoustic
oscillations are generated in the frequency range of 50Hz+1.1MHz during the
combustion of heterogeneous systems (Ni-Al, Zr-B, FeO-Al) forming condensed
products. The combustion of various systems is characterized by the certain
parameters of acoustic emission for the modes of discrete pulses and ordered
self-oscillations. The emission mechanism was analyzed.

The following results were obtained by team from Lebedev Physical Institute
RAS (responsible member Dr. Vladimir Gubernov) in collaboration with other
teams during first year of the project realization.

The mathematical modeling of deflagration waves propagation in solid fuel
samples with transverse thickness comparable to the thermal thickness of the flame
will be given in papers [4, 5,15]. The samples are assumed to have a cylindrical
geometry and homogeneous or layered structure. Different regimes of flame
propagation are identified and investigated, which include traveling, pulsating,
chaotic and spinning waves. As elample, the three-dimensional instantaneous
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temperature isosurface illustrating a three-headed spinning regime is shown in
Figure 5. The samples are considered to be either homogeneous or with the layered
shell-core structure so that the inner core consists of inert highly thermal conducting
material and outer shell of energetic material. The interest to such systems is due to
the fundamental and applied aspects. The former is related to the properties of
combustion waves such as superadiabatic flame temperature, flame stabilization and
acceleration, extended flammability limits. The latter is related to the possible
applications in micro propulsion and power generation, thermopower waves,
combustion synthesis of advanced materials.

Figure 5. Three-dimensional instantaneous temperature isosurface illustrating a
three-headed spinning regime.

In the case of the shell-core system there exists an optimal geometrical
configuration which provides superadiabatic flame temperature, flame stabilization
and acceleration, extended flammability limits in such configurations as compared to
the pure solid fuel combustion.

Summaries and future plans

The results obtained by all teams give new fundamental knowledge on
combustion in the porous media and micro channels that will facilitate the
development of new eco-friendly combustion technologies. The outlined research plan
was fulfilment in generally. Future investigation within the project will allow to
get the following results.
I. The knowledge about mechanism of flame stabilization under surface of porous
burner will facilitate designing of new generation of effective radiative burners on
the basis of well-structured porous materials or multichannel burners with regular
packing of micro channels. Absence of understanding of the flame stabilization
mechanism in the solid matrix hampers development of the technology.
II. The investigations of flame structures near stagnation zone using new type of the
counter flow burner on the basis of plane micro channel will give new knowledge
about effects of heat losses and stretched flow on the flame characteristics. The
experimental results can be used for verification of existing models describing
transport and chemical processes of combustion. The use of mass spectrometry
methods to study stretched flame in the micro channel burner can open way in
creation of new precise instrument for detailed investigation of combustion
chemistry.
III. The modelling of flame ignition in turbulent flows allows to distinguish
mechanisms responsible for rapid increase of minimal ignition energy with
intensification of turbulence and to clarify role of chemical effects. The knowledge
are important for designing of internal combustion engines operating at high
pressure with lean mixtures of practical fuels.
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IV. The creation of reliable global combustion reaction mechanisms of practical fuels
and their experimental verification are necessary to overcome difficulties related
with high computation load in simulations of combustion processes in practical
devices. The all obtained results will be were presented at ICFD 2018 and submitted
for publication in reviewed journals.

5. Research results (x reprint included)

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

[1] F. Sirotkin, R. Fursenko, S. Kumar and S. Minaev: Flame anchoring regime of
filtrational gas combustion: Theory and experiment, Proceedings of the Combustion
Institute, 36(3) (2017), pp. 4383-4385.

[2] S. Mokrin, E. Odintsov, G. Urjuipin, S. Minaev and K. Maruta: Flammability limit
of moderate-and low-stretched premixed flames stabilized in planar channel,
Combustion and Flame, 185 (2017), pp. 261-264.

[38] R. Fursenko, S. Mokrin, S. Minaev and K. Maruta: Diffusive-thermal instability of
stretched low-Lewis-number flames of slot-jet counterflow burners, Proceedings of
the Combustion Institute, 36(1) (2017), pp. 1613-1620.

[4] R. Fursenko, V. Gubernov and S. Minaev: One-dimensional modelling of flame
propagation in solid composite fuel with different geometrical configurations,
Combustion Theory and Modelling, 21(3) (2017), pp. 560-573.

[5] V. Gubernov and R. Fursenko: Controlling of flame propagation in a composite
solid energetic material: From stabilization to chaotic regimes, Combustion and
Flame, 182 (2017), pp. 1785-1791.

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

[6] S. Mokrin, R. Fursenko, E. Odintsov, G. Urjupin, S. Minaev and K. Maruta:
Numerical and Experimental Study of Stretched Flames Stabilized in a Planar
Channel, Proc. of the 14th Int. Conf. on Flow Dynamics, Sendai, (2017), p.210.

[7] E. Sereshchenko, R. Fursenko and S. Minaev: Two-Dimensional Modeling of Flame
Dynamics Near the Multi-Channel Burner Outlet, Proceedings of the 14th
International Conference on Flow Dynamics, Sendai, (2017), p.186.

[8] V. 1. Babushok: Dual Effect of Potassium-Containing Compounds on Combustion
Processes, Proc. of the 14th Int. Conf. on Flow Dynamics, Sendai, (2017), p.180.

[9] A. Ponomareva, A. Lesnykh, K. Tsoy, G. Urjipin, V. Babushok and K. Shtym:
Thermal Behavior and Combustion Properties of Coal-Containing Composite
Materials, Proc. of the 14th Int. Conf. on Flow Dynamics, Sendai, (2017), p.208.

[10] D. Knyazkov, A. Dmitriev, T. Bolshova, V. Shvartsberg, K. Osipova, A. Shmakov and
0. Korobeinichev: Application of Molecular Beam Mass Spectroskopy for Studying
Laminar Premixed Burner-Stabilized Flames at 1-5 atm, Proceedings of the 14th
International Conference on Flow Dynamics, Sendai, (2017), p.182.

[11] S. Minaev and E. Fernandez-Tarrazo: Flame Stabilization in a Counter-Flow Micro
Combustor with Power Extraction, Proceedings of the I14th International
Conference on Flow Dynamics, Sendai, (2017), p.190.

[12] R. Fursenko, S. Minaev, M. Sanches-Sanz and E. Fernandez-Tarrazo: One-
dimensional Modeling of Meso-scale Counter-current Reactor with Endo-and Exo-
thermic Reactions, Proc. of the 14th Int. Conf. on Flow Dynamics, Sendai, (2017),
p.174.

[13] A. Maznoy, A. Kirdyashkin and S. Minaev: Radiative and Enviromental
Characteristics of Cylindrical Infrared Burners, Proceedings of the 14th
International Conference on Flow Dynamics, Sendai, (2017), p.178.

[14] A. Kirdyashkin, R. Gabbasov and V. Salamatov: Acoustic Emission during
Combustion of Heterogeneous Systems with the Formation of Condensed Reaction
Products, Proc. of the 14th Int. Conf. on Flow Dynamics, Sendai, (2017), p.228.

[15] V. Gubernov, V. Kurdyumov, A. Kolobov and A. Polezhaev: Mathematical Modeling
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International Conference on Flow Dynamics, Sendai, (2017), p.194.
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1. Purpose of the project

Boundaries between materials or phases are of critical importance in fluid science
and technology. Various interfacial and boundary phenomena, such as boundary
layer flow, electrokinetics and mass transport, are analyzed here and the multiscale
mechanisms are clarified. Some important applications, aircraft drag reduction by
laminarized wing, electricity generation from flowing water-graphene interface for
energy harvesting, and characterization of phase transition at hydrogen-metal
material interfaces related to hydrogen energy equipment are studied.

2. Details of program implement
2.1 Aircraft drag reduction by laminarized wing

The ultimately optimal design of an aerospace transport machine is expected to be
realized by achieving an extremely low viscous drag from the surrounding flow.
About half of the total drag of an aircraft is due to the air’s friction. The flow around
an aircraft is subject to the transition from laminar to turbulent states, and viscous
drag increases dramatically in the turbulent state. If the laminar flow is covered over
50% of the wing surface, about 10% of the total drag can be reduced. Following recent
improvement of computational power and development of surface processing
technology, the feasibility of laminarized wing attracts growing attention from
world-wide aircraft industries and air companies. Our goal is to find a feasible
method of reducing viscous drag on aircrafts, by using a super high-performance
computer, which is a collaborative project by Tohoku University, JAXA and
Mitsubishi Heavy Industry Co., LTD.

Currently, Tohoku University and JAXA are studying the laminar-turbulence
transition on a swept wing in detail by nonlinear stability analysis and direct
numerical simulation. In particular, we focus on the role of artificially placed small
roughness, often called the discrete roughness elements (DRE), which is thought to
suppress the crossflow instability and delay the transition to some extent. The
mechanism and robustness of this laminar flow control method will be studied
numerically and theoretically.

2.2 Electricity generation from flowing water and graphene interface
Energy harvesting from the environment has been a topic of interest in recent
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years. Liquid-flow-induced generation of electricity adds to the portfolio of energy
harvesting system. Ocean wave, waterfalls, and rain are abundant source of energy,
showing potential for developing a novel electricity system. Electricity generation
from the interface between graphene and flowing water has reported, however, the
mechanisms are still not deterministic. Here, the effect of the surface condition of
graphene on flow-induced electricity generation is demonstrated by heteroatom
doping using neutral bean system, which tunes the wettability of the graphene
surface in addition to modulating the electronic state including the surface potential.

The electricity generation from flowing water and graphene was demonstrated
using single water droplet. The voltage generation by the droplet motion on graphene
was observed. The generated voltage from pristine graphene (non-doped) was 0.08 V.
In comparison, a high voltage of over 0.23 V, which is three times higher, was
observed with the nitrogen-doped graphene. This surprising result can be explained
by surface charge and hydrophilicity of the graphene, which is tuned by nitrogen
doping without forming defect.

We found the doped-nitrogen plays a strong role in higher voltage generation. Our
approach has potential to realize novel electricity system in energy harvesting.

2.3 Characterization of phase transition at hydrogen-metal material interfaces

For austenitic stainless steels that are used for structural materials of components
in hydrogen stations, hydrogen embrittlement (HE) is one of key issues for design
and maintenance of hydrogen stations. So far, detailed mechanism of HE of
austenitic stainless steels is not fully understood in view of phase transition.

In this study eddy current testing (ECT) is applied to evaluate the phase transition
of hydrogen charged austenitic stainless steels and the effect of phase transition on
hydrogen embrittlement is discussed.

Each specimen made of type 304 austenitic stainless steel was put in a
high-pressure hydrogen container for 336 hours that was kept at a temperature of
300 °C and a pressure of 100 MPa. Next, a tensile test with the strain rate of
5.0x10-5 s71 was performed. The hydrogen charged specimen was ruptured at the
strain of 25% which is less than half of the uncharged material due to HE.

Eddy current testing was carried out and the relative permeability was estimated.
In both cases with and without hydrogen charged, the amount of a' phase increases
with the increase of plastic strain. Focusing on the signals of 0% strain specimens,
relative permeability is increased by hydrogen charging, which indicates that
magnetic phase appears by hydrogen charging. In the low strain region, the ECT
signals of charged specimens behave in different way from uncharged ones, and the
mechanism will be discussed through microstructure analysis.

3. Achievements
The study is in progress as has been planned.

4. Summaries and future plans
Three subjects studied here covers a wide range of scale and physical mechanisms
specific to interfaces and boundaries. Through this study, in-depth understanding of
the mechanism will be derived which leads to novel technologies in the near future.

5. Research results
1) Journal
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc.
(1] MW, 75 7 = - KREHOBERRZICBIT HEHE N—E 2 720%, % 65 LAY
PSR S, (2018).
3) Patent, award, press release etc.
Not applicable.
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RN, FORREE WD EEZLND.

4 FLHESHRDRE
ALEFITFICBMRRITE R L, KRZBENRITTRELREE L. A%, KRR ARE
RBMBKROF  Z I8 LT KSR DEAER R 2T L, KROFA T X7 RRIET
WBEW SN D LRI, KRORNLZEEEZRINTHND TETHS.

5 BAEAER IFHIRIHY)
1) Zifis EHROSERERE BHFzal) 2L
2) EfFRE - BRNESR - iRE - OBEHERSE
*[1] Kadowaki, S., Ohki, R., Takahashi, T., Thwe Thwe Aung, Katsumi, T., and Kobayashi,
H.: Numerical study on the intrinsic instability of premixed flames based on the one-step

and detail chemical reaction models, Proceedings of the 17th International Symposium
on Advanced Fluid Information, Sendai, (2017), pp. 112-113.
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Development of High Thermal Efficiency Plasma Torch for Fine Particle Synthesis
Using Vortex Plasma Jet
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Vortex plasma et Coating _ Vorbex plasma jet K1 BT 2 RS
vz L . T Wi Working gas Ar/N,
Ar gas flow rate 2.5 I/min
N, gas flow rate 0, 1.0 U/min
Discharge power 50A/20V
Feedstock TTIB*
nenaee {RIE X Deposition time 5 min
) *TTIB: Titanium tetra iso butoxide
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2 XD IO FANEN (AR 21T OO EERE LIk Eh LTl Y (FresiEsR] et
HE), ZHBOHIEIC L B R IEOEBREL LI CRAD TETH .

5. ’&ﬁ%"ﬁﬁij% (*l?i’:"lﬁ']ﬁ) Y) i
1) it &R OTERERE MBRFEEaT)
[1] D. Kindole, I. Anyadiegwu, Y. Ando, Y. Noda, H. Nishiyama, S. Uehara, T. Nakajima, O.
Enhanced TiOz Film by Atmospheric SPPS Using Ar/Ns-Vortex Plasma Jet, Materials
Transactions, Vol. 59, No. 3, (2018), pp. 462 to 468.

Uehara, T. Nakajima: Synthesis of thick photocatalytic titania surface layers by solution
plasma spraying and subsequent treatment by pulsed laminar plasma jet, Surface &
Coatings Technology, Vol.333, (2017), pp. 39-51.
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[3] Y. Ando, I. Anyadiegwu, A. K. Oluwafunmilade, H. Nishiyama, T. Nakajima, S. Uehara,
the Fourteenth International Conference on Flow Dynamics, Sendai, (2017), pp.
614-615.

[4] I. Anyadiegwu, A. K. Oluwafunmilade, Y. Ando, H. Nishiyama, T. Nakajima, S. Uehara,
0. P. Solonenko: Effects of YSZ film on Inner Wall of Vortex Flow Creation Nozzle on
Thermal Efficiency Improvement in Vortex Plasma Spray Gun, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai, (2017),

pp. 44-45.
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The Quantitative Density Measurement of Unsteady Flow around a Projectile
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(2018), No. 1L5, pp. 1-2.
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Shock-Fabric Interaction

Loic Ehrhardt*}, Mingyu Sun**jf
*French-German Research Institute of Saint-Louis, France
**Institute of Fluid Science, Tohoku University
TApplicant, TTIFS responsible member

1. Purpose of the project

The goal of this project was to investigate the structural effects of fibres and thread
in either viscous or inviscid medium and analyse the pressure at the back wall and near
the barrier. The scope of investigation is limited to fixed thread and fibres, therefore,
there is no pressure contribution due to piston-like motion. The problem is modelled in
its simplest form: a 2-D model, a set of barriers (thread or fibres) and a rigid back wall.

2. Details of program implement

The textile was modelled as two layers of threads. The threads were modelled as two
big adjacent cylinders, while the fibres were modelled as finer structure inside the
thread (Fig.1). Due to the symmetric nature of the textile model, the domain of the
model was reduced to half of the original domain. The geometry of threads and fibres
were symmetric around the cylinder’s centre (Fig.2). Physical quantities such as the
pressure, temperature and velocity are recorded at the back wall, along with the
six-sensor positions near the porous barrier.

.‘ . CLD0E (hien o st

® L
(a) (b)

Figure 1 Enlarged schematic diagram of (a) thread (b) fibre (units in mm)

In viscous medium, the boundary layer developed over the thread barriers, when
compared to the throat distance i.e. the distance between the thread barrier and the
symmetric boundary, is of negligible thickness. The viscous forces are confined near to
the thread barriers and hardly affect the flow near the sensor and back wall locations.
Therefore, outside the boundary layer, the viscous flow behaves in a similar manner to
inviscid flow. This in-turn can be attributed for the similarity in the pressure at various
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Figure 2 Schematic diagram of computation domain with sensor placements

locations in the viscous and inviscid medium. Unlike the case of thread barrier where
the viscous and inviscid flow are similar, in fibre domain they differ. At low Reynolds
number, the retardation by viscous shearing in the fluid caused by solid boundary
extends for a great distance away from the surface of the fibre. The boundary layer
thickness of the fibre is comparable to the distance among the finer fibre barriers. The
formation of boundary layer is responsible for the deviation of pressures in viscous fibre
model when compared to the inviscid fibre model.

3. Achievements

The viscous effects have been investigated as proposed for two dimensional
configurations. Three dimensional analysis is however not yet performed.

4. Summaries and future plans

Viscous and inviscid shock wave simulation in thread and fibre domains were
analysed. It was observed that, in case of thread barrier, the viscous and inviscid flow
behave in a similar manner due to relatively less thickness of the boundary layer when
compared to the throat distance. This is also verified by the pressure plots for thread,
where the boundary layer effects are negligible even at the thread barriers. However,
in case of viscous and inviscid fibre simulations, there is a marked difference in in
pressure-time plots at various locations. The boundary layer developed at fibres, have
a comparable thickness to the distance among the fibres which results in change of
flow physics. Thus, it can be said with certainty that the finer the textile, the
subsequent boundary layer generated plays a crucial role in changing the flow physics
and deviation from inviscid model.

5. Research results (x reprint included)

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)

Shock Wave Propagation, Proceedings of Japanese Shock Wave Symposium, March,
Sendai, (2018).

3) Patent, award, press release etc.
Not applicable.
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[1] A. Iwakawa, T. Shoda, R. Majima, H. S. Pham, A. Sasoh: Mach Number Effect on
Supersonic Drag Reduction using Repetitive Laser Energy Depositions over a Blunt
Body, Transactions of the Japan Society for Aeronautical and Space Sciences, Vol. 60, No.
5, (2017), pp. 303-311.
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1. Purpose of the project
The principal goal of this project is a validation of mathematical models describing
processes in high-enthalpy non-equilibrium flows around a re-entry capsule.
Appropriate choice of these models plays the key role for the prediction of surface
characteristics of re-entry capsules, which are especially important at the first stage
of the re-entry capsule design and prediction of blackout.

2. Details of program implement

The flow around the capsule (W. Grantham, NASA TN D-6062, 1970) is considered.
This capsule is a cone of length 1.295 m, apex angle 9 degree, and spherical
bluntness of the nose part with a radius of 15.25 cm. Figure la shows the
computational domain and the electron density around the capsule for the flight
altitude A=77 km. In the flight experiment, the capsule surface was equipped with
reflectometers (yi-yz in Fig. 1) whose measurements were used to determine the
maximum of electron density around the capsule.

We consider air mixture, which is considered as a five-component (N2, Oz, NO,
N, O) air mixture extended by three ions (N2*, O2*, NO+), where reactions of
dissociation, exchange, associative ionization and dissociative recombination take
place. The Navier—Stokes computations were performed for conditions
corresponding to different flight altitudes A. This report contains two cases: A=71 km
(p~=1.477 Pa) and A=77 km (p-=3.974 Pa). In all cases, the free-stream velocity was
set to u-=7650 m/s. The free-stream consisted of molecular nitrogen and oxygen with
molar fractions xn2=78.3 and x02=21.7, respectively. The free-stream parameters
were imposed at inflow boundary; all variables were extrapolated from the
computational domain at outflow boundary. No-slip conditions were imposed on the
surface (7%=1000 K); neutralization was also used. A structured hexahedral grid
condensed toward the capsule to resolve the boundary layer was used. Grid
convergence study was performed in order to ensure that the numerical solution was
grid independent.

The gas near the vehicle is weakly ionized and can be considered as
quasi-neutral plasma hence the concentration of electrons is calculated as the sum of
all type of ions. Electron-vibrational energy exchange between the electrons and
vibrational mode of molecular nitrogen goes very fast in air plasma, therefore in
dissociative recombination reactions the vibrational temperature of molecular
nitrogen is used instead of electron temperature. The translational-vibrational
energy exchange is simulated by Landau—Teller model, where relaxation time is
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3.

2)

3)

computed with the Millikan—White formula coupled with Park's high-temperature
correction. Dissociation rate constant is calculated with one of #model, Kuznetsov or
Treanor—Marrone (TM) two-temperature models. The other chemical reactions are
calculated with Arrhenius law. In order to calculate vibrational energy loss we
assumed harmonic oscillator model and Boltzmann distribution of vibrational levels,
whose number was limited to the level of dissociation energy. Dissociation rate on
each vibrational level was computed with Treanor—Marrone model modified for
state-to-state kinetic. Summation over all vibrational levels gives total vibrational
energy loss.

Results of numerical simulation are compared to flight data in Fig. 1. Electron
density distributions along the y1 axis computed with different models for A=77 km
are rather different, as shown in Fig. 1b. The reason of this can be explained as
follows: Different models of dissociation result in different mixture composition and
in particular in atomic nitrogen N and oxygen O. Thus, the reaction of ionization
with lower activation energy (N+O—NO+*+e) goes differently for different models of
dissociation. At the same time, electron density peaks are very close to each other for
all models, allowing one to predict the blackout. Electron density distributions
computed with Treanor—Marrone are given in Fig. 1c for all reflectometers for A=71
km. Computed electron density peaks are close to the flight data.
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Figure 1 : Results of numerical simulation compared to flight data

Achievements
The expected results were achieved completely.

Summaries and future plans

Numerical simulation allows providing a good agreement of the electron density
maximums around body entering in Earth atmosphere at the speed close to the
orbital velocity. All of the considered models can be used to predict blackout
phenomenon accurately, however, other flight data should be found to validate
models of vibration-dissociation coupling accurately.

Research results (¢ reprint included)

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)

Ionized Flows around Re-entry Bodies at Orbital Velocity, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), pp. 162-163.

Patent, award, press release etc.

Not applicable.
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1st year

1.

Combustion Characteristics of Biogas at Various Pressures

Willyanto Anggono*¥, Akihiro Hayakawa**++
*Department of Mechanical Engineering, Petra Christian University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

The availability of fossil fuels becomes the world attention as limited and
non-renewable energy sources. Biogas is the solution to this problem. Biogas does not
contribute to the increase in atmospheric carbon dioxide due to the origin of the raw
material which originates from organic sources with a short carbon cycle. Laminar
burning velocity, Markstein length and flammability characteristics are important
parameters of fundamental laminar combustion characteristics. The purpose of this
collaborative research is to explore the characteristics of biogas at various pressure
and equivalence ratios using a constant volume high pressure combustion chamber
at IFS.

Details of program implement

In this collaborative research, spherically propagating laminar flames under various
pressures were observed. Experiments were conducted using the high pressure
constant volume combustion chamber at the Institute of Fluid Science, Tohoku
University. The biogas supposed in this study is the mixture of methane, carbon
dioxide and nitrogen. However, the nitrogen concentration in the biogas is relatively
small. So, in this study, the biogas is assumed to be the mixture of methane and
carbon dioxide. In this study, CO2 (purity: 99.995%) diluted CHs4 (purity: 99.9%)/air
mixtures were investigated.

The mixtures (fuel, dry air and diluent (CO2)) were ignited by two spark electrodes at
the center of the chamber and the spherically flames propagates. The chamber has
two optical windows made of quartz glass oppositely and the propagating flames can
be observed via the optical windows. The Schlieren technique with a continuous light
source and a high-speed camera (Photron, FASTCAM Mini AX) was employed in
order to observe the spherical flame inside the chamber. Since the observation range
(up to 60 mm in diameter) was small enough compared to the volume of the chamber,
it is assumed no pressure rise within the flame observation range. The equivalence
ratio and initial mixture temperature was set to 1.0 and 298 K, respectively. The
CO2 ratio, Zcoz (=[COs]/([CO2]+[CH4l), here [x] is the mole concentration of species x)
was varied from 0.3 to 0.7. Initial mixture pressure, /%, was set to 0.1, 0.3 and 0.5
MPa.

The flame propagation speed, Sy (=drscx/d?), and the flame stretch rate, & (=253 rscs),
were evaluated from the temporal change of flame radius, rss, was evaluated from
the acquired Schlieren images. The unstretched flame speed, Ss, were evaluated
using liner or non-liner relationship between Sy and the flame stretch rate. The
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burnt gas Markstein length, L», was also evaluated from the relationship of Svand &.
Unstretched laminar burning velocity, Sz, was obtained from Ssand the density ratio
of burnt mixture and unburnt gas.

Achievements

Figure 1 shows the variations of unstretched laminar burning velocity, Sz, with the
COz ratio under various initial mixture pressure. The unstretched laminar burning
velocity decreased with an increase in the initial mixture pressure and the COz ratio.
The burnt gas Markstein length increases with an increase in the CO:z ratio but
decreases with an initial mixture pressure. In fundamental aspects of fuel, influence
of COz and initial mixture pressure on the combustion characteristics have been
discovered as well. These results are important for the understanding of combustion
characteristics of low calorie fuel.

P;(MPa) | Exp. Sim. P; (MPa)
0.1 o — 1 e
L5 03 A

I 05 m

CH,/CO,/Air

S; (cm/s)

0 01 02 03 04 05 06 0 0.1 02 03 04 05 06
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Figure 1: (Left) Variations of unstretched laminar burning velocity, Sz, under various CO2
dilution ratio, Zco2. (Right) Variations of burnt gas Markstein length, Ls, under various COz
dilution ratio, Zcoz. The lines in the left figure also shows the unstretched laminar burning
velocity evaluated from numerical simulation with the detailed reaction mechanism
(GRI-Mech 3.0).

4.

2)

3)

Summaries and future plans

The laminar burning velocity and the burnt gas Markstein length of an artificial
biogas were experimentally clarified evaluated. For future plans, the lean and rich
mixtures combustion characteristics of the biogas will be experimentally examined
at various pressure conditions using a high pressure constant volume combustion
chamber at IFS. In addition, the effects of carbon dioxide as the biggest inhibitor
components on the combustion characteristics of the biogas will be investigated.

Research results (¢ reprint included)

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)

Propagation Chracteristics of CH4/CO2/Air Laminar Premixed Flames under
Various Pressures, Proceedings of the Seventeenth International Symposium on
Advanced Fluid Information, Sendai, (2017), pp. 12-13.

Patent, award, press release etc.

Not applicable.
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Investigation of Nozzle Flows at Low Reynolds Numbers

Yevgeniy Bondar*t, Kaoru Maruta**ft
Alexey Kudryavtsev*, Anton Shershnev*
*Khristianovich Institute of Theoretical and Applied Mechanics, SB RAS
**Institute of Fluid Science, Tohoku University
TApplicant, TTIFS responsible member

Purpose of the project
The main goal of the present projects is to investigate numerically the unsteady
starting process in the plane and axisymmetric micronozzles and to evaluate the
influence of the rarefaction on the flow structure.

Details of program implement

The unsteady starting process in plane wedge-like and axisymmetric conical
supersonic micronozzles with a throat 200 pm width was simulated numerically
using continuum and Kkinetic approaches. Continuum simulations were be
performed using the Navier-Stokes equations with velocity slip and temperature
jump conditions on the nozzle walls. Kinetic simulations were be based on the direct
deterministic solving of the equation for the velocity distribution functions with
different models of the collisional term.

In the computations the shock wave was generated by the discontinuity breakdown
in the stagnation chamber. The pressure drop corresponds to shock wave Mach
number Ms = 1.5. The computations on the basis of NS equations and model kinetic
equations were performed for the conditions corresponding to the Knudsen number
Knr = 0.0214 based on gasdynamic parameters in low-pressure section. Simulation
using the Boltzmann equation were carried out for the Knudsen number Kngr = 0.1.
The nozzle wall temperature in all cases was equal to the stagnation temperature.

In continuum solver convective terms were calculated using a MUSCL (monotonic
upstream-centered scheme for conservation laws) TVD (total variation diminishing)
shock-capturing scheme, while kinetic solver used a high-order WENO (Weighted
Essentially Non-Oscillatory) shock capturing method. Time integration in both
methods was performed using explicit Runge-Kutta TVD scheme of 2nd order. The
collision integral of the Boltzmann equation was calculated using conservative
numerical scheme with interpolation procedure proposed by Varghese, which
ensures the conservation of mass, momentum and energy.

In NS and ES model simulations the computational grid in coordinate space
consisted of 608x48 points, and grid in velocity space consisted of 65X65 points. The
Boltzmann equation is solved on the grid 336x32 points in coordinate space, and
16X16x16 points in the velocity space.

Figure 1 shows typical result of numerical simulation. The local Mach number
isolines obtained in continuum and Kkinetic simulations at Knudsen number
Knr = 0.0214 at the time instant when primary shock wave exits the nozzle. It is
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2)

evident that both approaches are in good agreement in terms of overall flow pattern.
Minor discrepancies can be seen closer to nozzle exit where flow becomes rarefied.
The boundary layer developing behind the propagating primary shock wave
separates at some distance from the nozzle throat. It shows that secondary shock is
strong enough to cause separation in viscous low-Reynolds number flow.

Mach Mumbar
a
1 _'__- ...I
£ NS
= - ES-model |
o

ah
Figure 1: Comparison of local Mach number isolines in continuum and kinetic
computations.

The viscosity drastically changes the character of flow and kinetic approach predicts
slightly smaller increase of the pressure in the secondary shockwave, which remains
smaller up to the primary shock wave. Nevertheless the results of continuum and
kinetic simulations are in fair qualitative and quantitative agreement.

Achievements
All expected results were fully achieved during the course of the project.

Summar ies and future plans

Unsteady starting process of micronozzle was studied numerically on the basis of
continuum and kinetic approaches. Numerical simulations were performed using
Euler equations, Navier-Stokes equations with velocity slip and temperature jump
boundary conditions, relaxation-type kinetic equation with ellipsoid statistical model
of the collisional term, and the Boltzmann equation.

Results show that even at low Reynolds numbers moderately intense shock wave
with Mach number Ms = 1.5 leads to the boundary layer separation. The separation
occurs after the interaction of the strong secondary shock wave, which in a viscous
rarefied flow degenerates into a relatively smooth pressure increase.

Research results (¢ reprint included)

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] Kaoru Maruta, Yevgeniy Bondar, Alexey Kudryavtsev, Anton _Shershnev:

3)

Investigation of nozzle flows at low Reynolds numbers, Proceedings of the
Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), pp. 182-183.

Patent, award, press release etc.

Not applicable.
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Aeroacoustics of Low Reynolds Number Flows Via Dynamic Hybrid RANS/LES and Stochastic
Noise Generation and Radiation

Adrian Sescu*f, Xiao Wang**, Shanti Bhushan***, David Thompson*
Bukhari Manshoor **** Yuji Hatori****§+
*Department of Aerospace Engineering, Mississippi State University
**Center for Advanced Vehicular Systems, Mississippi State University
***Department of Mechanical Engineering, Mississippi State University
****Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project
The progress on the application of a coupling between hybrid RANS/LES method and
stochastic modeling to aeroacoustics calculations is reported here. Within this
approach, the low frequency content of the acoustic source is predicted via hybrid
RANS/LES approach, while the high frequency content, representing contributions
from unresolved flow scales, will be modeled using stochastic modeling. The research
was focused on two sets of simulations: the sound generation by a cylinder at low
Reynolds number, and the prediction of noise from an axisymmetric jet. The
numerical results from the former test case were compared to results obtained from
direct numerical simulations at different Reynolds numbers.

2. Details of program implement
The postdoc at IFS performed direct numerical simulations of the sound radiation
around a cylinder, while a research faculty performed the same simulations using
DHRL and other hybrid RANS/LES approaches for comparison. An exchange of data
was made throughout the year. A PhD student from the non-IFS institution worked
on the noise radiation from an axisymmetric jet; he implemented a linearized Euler
equation algorithm and the stochastic model into an existing LES solver. The PhD
student also presented the research at two international conferences (Acoustical
Society of America Meeting and ATAA Scitech Forum).

3. Achievements
Some results from the collaborative project are included in this section. In figure 1,
we show contour plots of acoustic pressure from DNS (left) and DHRL (middle), as
well as sound pressure level spectra (right) from a probe located at 80 diameters from
the center of the cylinder, in the normal direction to the free-stream flow.

limh L& n 40 [ s {
Figure 1: Comparison of distributions of wall shear stress on the central cross-section of
a curved pipe at four time steps.
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Figure 2 shows the results from the noise generation form an axisymmetric jet, where
the small scales of turbulence were provided from the stochastic model. The left part of
the figure shows contour plots of acoustic pressure in gray for pure LES, while the
middle part shows the LES enhanced by stochastic velocity fluctuations. For a
quantitative measure of the additional higher-frequency content, SPL spectra taken
from a certain observation point are shown on the left part of figure 2. It shows that the
stochastic model enhances the high frequency content of the radiated noise, which is
expected. The results are also compared to the spectrum calculated from another LES
performed on a more refined mesh — contour plots for this case are not shown here for
brevity — to reveal that the added stochastic fluctuations matches the high-frequency in
the spectra.

Ll aLii
LI+ "
LI el

Figure 2: Comparison of distributions of wall shear stress on the central cross-section of
a curved pipe at four time steps.

4. Summaries and future plans

In the third year, the effort will be focused on improving the stochastic model since it
was observed that the convection of the synthetic flow structures are not captured
appropriately. A AIAA paper about the comparison between the DNS results and
various hybrid RANS/LES approaches will be presented at AIAA Aviation forum in
Atlanta, GA. Two journal articles are expected to be submitted, one on the sound
generation by a cylinder and the other one on the noise generation from a
axisymmetric cylinder. The method will be also tested on a free shear layer, which is
a less demanding test case with respect to DNS. The non-IFS responsible member
will attend the ICFD in Sendai to present the results, and discuss about the research
with the IFS responsible member.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
Approach to Jet Noise Prediction, Proceedings of AIAA Scitech Forum 2018,
Kissimmee, FL (2018), AIAA Paper 2018-1248.

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

Hattori: Aeroacoustics of Low Reynolds Number Flows Via Dynamic Hybrid
RANS/LES and Stochastic Modeling, Proceedings of the 17th International
Symposium on Advanced Fluid Information, Sendai, Japan (2017), pp.190-191.

coupling large eddy simulation and stochastic modeling, 7The Journal of the
Acoustical Society of America, Vol. 42, (2017), pp. 2491-2492.

3) Patent, award, press release etc.
Not applicable.
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*[1] T. Adachi, Y. Takahashi, J. Okajima: Film flow thickness along the outer surface of
rotating cones, European Journal of Mechanics, B/Fluids 68 (2018), pp. 39-44.

[2] T. Adachi, Y. Takahashi, T. Akinaga, J Okajima: Effect of Viscosity on Pumping-Up of
Newtonian Fluid Driven by a Rotating Cone, Journal of Flow Control, Measurement &
Visualization, Vol.06 No.02 (2018), Article ID:83717, 9 pages.
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[3] Y. Takahashi, T. Adachi and J. Okajima: Power consumption of liquid atomization device
by using rising film flow along a rotating cone and disk, Znd International Conference on
Fluid Dynamics & Aerodynamics, Rome, Italy, (2017), p.64.

[4] Y. Takahashi, T. Adachi, T. Akinaga and J. Okajima: Effect of Viscosity on Pumping-up of
Newtonian Fluid Driven by Rotating Cone, Proceedings of the Seventeenth International
Symposium on Advanced Fluid Information, Sendai, Japan, (2017), pp.170-171.
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*[1] M. Kawaguchi, T. Fukui, K. Funamoto, and T. Hayase: Estimation of Viscosity Profiles of
Semidilute Suspensions by Computational and Experimental Studies, Proceedings of
the Seventeenth International Symposium on Advanced Fluid Information, Sendai,
(2017), pp. 78-79.

3) T (FFEF RE, YRAIIHRRF)
7L

— 232 —



AR J17L067

X7 — AL RS
AREOYE | BRFE - fEAL - EROE
HFFEHHE 2017.4 ~2018.3
S 24FH

HREAKRREER 7S5 X< B & Bk D EREmEEE
Mechanism of Charge Transfer in Water by Exposure to a Cold Atmospheric Plasma for
Sanitization Device

Vel B, Tk SRl
gﬁ %ﬂﬂi***
SHCLREEFURIERRIE, b QT
LR TR
I, HETPRISEE

1. WARE®

BEPNBYe N £ F T RERRIEE 720, PUAEWEMMEESEIN L T A7, B LR
FENLEN TV D, KIERGET T X~ (CAP) 1%, HUEWEMME Z& 7k % 7lE
EARE LS EDEEN 2R T D, CAP O Z LT 5702k, 77 A~4wk, 1k
2, BLOSUSTEOERREZTEINHIET 5 Z LRI R THDH. 7T A~ER, B EN
DIRFEIE, FENRIETEHON TS, 20X 57k E~ CAP #HH S5 L, Alsh
TR L W RENFKEIND. ZOREILT T A~OAERICHEEL 5250, Z O
BAGTIN ED X D ITBENT DDA D Z &N, ARIGERT T X~ ARROHIEIC B
THEHELRD., SDIZ, 7T AYAKRD, FETLEME > GHERIEN-KEE Ak T 5
728, BUSFEOEEIZ L EE 52 5. ZOFZETIE, CAP 2LV A S K ISR E
ST — R 7R TR AT 0 AT 2 T LS A B O MNCT 5 2 &, BE O CAP & AW
EE LT A LT 5.

2. WIRBEOARE
WEAERE IR U 72 25 E O K& SAVELE 21 em a

DT AREOFRER LY, BmsE VR
BEN D IR OREN 5 Z & VR SN0, a &
—i 50 ecm DIEAERAZ AT 57 7 U VK as
EHTAMERI L. ZoEEEFIFL, BEOE 4™
BN NSWRERFOEIR T D, EBMALE o
=15 cm, JXFEEM L 7 0 —7 OEEfE d=20 cm (2 L @ 5
BT B AR A VR OB EZ T o7z, X 1
\KDIESIIH T2 T a—T BN K E 72D L .
F CORBOZE L ETRT. KOEEIDEL 2D  [em]
FEBARKICIR D ECTORMNELS 702 K1 KRS EBAHEKE TORFH
AWRENTWD, Ziuk, BWALEE 7 a—T0
EOMOETRAFEA D WIHREAE A L, HHV NS < 72 D72 DRFERRC 2VINE 720, FER
DL b B2 LS.

— 233 —



3. HIRBEREDERIKR
TEEE DD DEALHFRIT IR D F TORFICONT /8T A—F 2L SHEHIIZATV, K
TEDRNE ERNERINEL 205 Z L 2N Uiz, £, BREEAZRAEN S DFELR
NHHHFEERHANIRETH D Z AR TZEMNTE . ZhE Y, AWFIERED B A
ELTNDL EBZ TN,

5 FEDHESHDEE
FEAIFIBRA 7L & B GO T, BRIOTBIURREINEE & ORI X 0 52
%2 LR ERHIITE AR, A%, BEHIE b ORI & OHBLIT, 5%%
L0 REAINTARNT L, B ORRY) 2 5

5. WARAR (xFRIRIHY)

1) Zfis ESOTERRE BRFZEE0)

*[1] T. Okumura, C. Zhou, E. Kubo, T. Shimizu, T. Nakajima, and T. Sato: Electric potential
developed by single pulse needle-water discharge, Applied Physics Express, Vol. 11
(2018), Article ID: 016201 (4 pages).
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[2] T. Okumura, C. Zhou, E. Kubo, T. Shimizu, T. Nakajima, and T. Sato: Potential
formation in water by plasma discharge between needle and water, 4th Japan-Taiwan
Workshop on Plasma Life Science and Technology (2017 JTPL), Morioka, Iwate (2017).
[38] T. Okumura, C. Zhou, E. Kubo, T. Nakajima, T. Sato, and T. Shimizu: Potential
Formation in Water by Cold Atmospheric Plasma, Proceedings of the 14th International
Conference on Flow Dynamics (ICFD-2017), Sendai (2017), pp.326-3217.

Dynamics of Atmosperic Pressure Plasma, Plasma Conference 2017 (PLASMAZ2017),
Himeji, Hyogo (2017).
Potential in Liquid by Needle-Water Discharge, 10th Asia-Pacific International
Symposium on the Basics and Applications of Plasma Technology (APSPT 2017),
Taoyuan, Taiwan (2017).
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Fig. 2 Concentrations of the ozone and nitrogen monoxide + nitrogen dioxide on the glass plate
for the different diameter of the electrodes, 10, 7 and 4 mm, against the discharge time.
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*[1] T. Sato, K. Okazaki, T. Nakajima, H. Oshitani, M. Okamoto, T. Nagasawa, T. Nakatani,
and S. Fujimura: Development of portable plasma disinfection device for contact lens,

bth FEast Asia Joint Symposium on Plasma and Electrostatics Téchnologies for
Environmental Application (EAPETEA-5) Abstract Book, Dalian, China, (2017), p.22.
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[1] S. Taniguchi, Y. Nakamura, T. Kogawa, J. Okajima, A. Komiya, S. Maruyama, A.
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1. Purpose of the project
Theoretical basis of the Kinetic Force Method is founded on the representation of
the collision integral in the Boltzmann equation in a divergence form. Due to this, the
opportunity of using quasiparticles for simulations in rarefied gas dynamics was
appeared. The distribution function of quasiparticles coincides with the distribution
function of real molecules, but their dynamics is qualitatively different. Quasiparticles
move along smooth trajectories in the phase space and do not make jumps, as molecules
do in collisions. Later by applicants, the kinetic equation for two-particle distribution
function was proposed:
2 + i ‘v, + i ‘v, + i
ot or ' or, O

‘%+§%u%lﬁ:N§@;4ﬁf§§MmﬂMﬂfﬂé] (D
2
where

f('vl,rl,t) = %ferdUQF(vl,'r'l,vw'ré), f(UQ,r27t> = %fdrldvlF (vl,rl,'vQ,TQ)

Instead of Boltzmann collision integral, the equation contains the scattering operator
in its RHS. This equation after renormalization of the scattering operator, describes the
interaction in pairs of quasiparticles in terms of their rotation around the centers of
mass with angular velocity, which depends on the velocity distribution function. On the
bases of this equation, an algorithm was proposed to provide explicit energy and
momentum conservation. We present a new form of two-particle kinetic equation in
differential approximation to solve relaxation problems under the spherical symmetry.
2. Details of program implement

Under conditions close to equilibrium, for the scattering operator Y one can use
the differential approximation:

L S R T @

We will normalize the distribution functions to the spatial density ». For the case of
homogeneous relaxation (the density of particles in space is constant), equation (1)
takes the following form:

%F(Ul,v27t> = %<1 _ #2>6'2f('”1)f(v2)’ f(v) = %fd%F(v,v?), F(’Ul,’l)Q) = F(’U?,’Ul) . 3)

In the collision variables (v — the relative velocity, w — the velocity of the center of mass),
the generator of the group of rotations & has the form:

N v+u
O=—XV, V=0U—U, W=

ov 2 @)

In order to further reduce the expenditure of calculation time, we consider the case of
isotropic relaxation, when the distribution function depends only on the velocity
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modulus. The one-particle distribution function averaged over all directions of
velocity < f> can be expressed in terms of the two-particle distribution function averaged

over all directions of velocities <F> , <> = f() /dQ,dQ, /167" . Therefore, we can obtain a

simplified equation for solving problems of homogeneous isotropic relaxation by
averaging the two-particle equation (3) over the directions of the velocity vectors:

D (o) =2 (1) 67 1 (07) (). f(vz)_%zmuw(vau?)du 5)

After rather cumbersome transformations, the averaged Casimir operator <&2> can be
reduced to the form we need:
<&2>: L vi—u3 v*u’ vi—ui (6)
61}2u2 ou ov ou ov

Introducing the notation F(v,u) = (4E7rvu)2 F(vz,uQ), f(v) = 4’ f(vQ), we obtain an equation

for homogeneous isotropic relaxation in an explicitly conservative form:

%F‘[”%—“%]w(vﬂu)f(w(u)’ o) = (1)) Of(w) w 0f(v) uP-?

+2

7
f(u) ou f(v) v v @

The energy of the system of quasiparticles is exactly conserved.
14
Joo.)
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b)
Fig. 1 a) Relaxation of the distribution function represented by 1000 quasiparticles to the
equilibrium distribution (¢ = 0,30,60,120,00). We used the system of units where collision

frequency and mean-square speed are equal to unity b) Comparison of numerical solution
(points) with exact one (line) for forth velocity moment.

3. Achievements

A new representation of the two-particle kinetic equation in the differential
approximation for solving isotropic relaxation problems is obtained. The equation
makes it possible to substantially increase the efficiency of the quasiparticle method.

4. Summaries and future plans

We will consider further improvement of the algorithm of quasiparticles pairs in the
framework of Landau approximation for scattering operator in the case of cylindrical
symmetry that also provides considerably more efficient numerical calculations. We will
compare results obtained by improved Kinetic Force Method with exact solutions for
velocity moments.

5. Research results (* reprint included)

1) Journal Not applicable.

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

*[1] Vladimir Saveliev, Shigeru Yonemura, and Yoshiaki Kawagoe: Pairs of

Quasiparticles in the Kinetic Theory Problems with Spherical Symmetry, Proc. of
the 17th Int. Symp. on Advanced Fluid Information, Sendai, (2017), pp. 80-81.
3) Patent, award, press release etc.  Not applicable.
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1. Purpose of the project

The present research focuses on the tip leakage vortex flow using a two-dimensional
(2D) hydrofoil with a tip clearance. The same fluids (.e., ordinary water and hot water)
were used to examine the thermodynamic effect. Similar to the present research,
experimental studies on the thermodynamic effect of the sheet cavitation in hydrofoils
and an analytical study on the thermodynamic effect of the tip leakage vortex cavitation
were conducted. However, the thermodynamic effect of the tip leakage vortex cavitation
in hydrofoils has not yet been experimentally clarified. The temperature depression
inside cavitation, the cavitation-pattern map, cavity aspect, and unsteady
characteristics are investigated herein to examine the thermodynamic effect of the tip
leakage vortex cavitation in a 2D hydrofoil with a tip clearance for hot water.

2. Details of program implement

Figure 1 shows the schematic of a closed-type cavitation tunnel. The water
temperatures inside the pipes and tanks were controlled using electric heaters. The
mainstream velocity was controlled using a booster pump. The pressure inside the tank
was controlled using a compressor and a vacuum pump.
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7 b—f = e
1) 200 916 -
=]

#%  Flow meter

» v
i Electric heater
u

Coolant }

Pump ] il__.

el

[mm]

Figure 1 : Schematic of the experimental apparatus
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3. Achievements

C.C.: Cloud cavitation

T.L.V.C.: Tip leakage vortex cavitation

(e) t =0.004s

(j) t =0.009s

(k) t =0.010s ()t =0.012s (m) t =0.014s () t =0.016s (0) t =0.020s
Figure 2 : Unsteady cavity behavior at /.. =10 m/s, &# =12° T, =90°C, and & =1.75

Figure 2 show the representative images of the unsteady cavitation during one cycle at
g = 1.75 for T,,= 90 °C. The unsteady cavity behavior for hot water is similar to that
for ordinary water. However, the cloud cavitation collapse for hot water is different from
that for ordinary water. Compared to the cloud cavitation collapse for ordinary water,
the cloud cavitation collapse for hot water is sudden (Figs. 2(d)—(e)). The large
amplitude for hot water is caused by the sudden collapse of the cloud cavitation. This
tendency also was confirmed under the conditions of other angles of attack and
mainstream velocities.

4. Summaries and future plans

No influence of the mainstream temperature on the cavity pattern and the cavity
aspect 1s found for 90 °C water. However, the influence appears in the unsteady
characteristics, where the collapse of the cloud cavitation is abrupt, and the amplitude
of the power spectrum of the downstream pressure is large.

5. Research results (x reprint included)

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

*[1] D. Kang, D. Nakai and Y. Iga, A Thermodynamic effect in a tip leakage vortex
cavitation around a hydrofoil in hot water, Proceedings of the Ninth JSMFE-KSMFE
Thermal and Fluids Engineering Conference, (2017), pp.1-6.

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

[2] D. Kang and Y. Iga: Thermodynamic Effect on Tip Leakage Vortex Cavitation,
Proceedings of the Seventeenth International Symposium on Advanced Fluid
Information, Sendai, (2017), pp.118-119.

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 present study is aimed to extract research challenges to capture pressure
distribution of a free flight object in a ballistic range facility. There are mainly four
challenges to overcome: #1 to shoot an aerodynamic model in a ballistic range, #2 to
capture the free flight motion, #3 to capture luminescent images of the object during
the flight, and #4 to obtain pressure distribution from the luminescent images. When
successful, the measurement technique from the present study can be applied to
understand unsteady aerodynamic phenomena in free flight.

Within the project term, we were successful to achieve #1 and #2: a free flight object
was successfully projected to the test section, and the model motion was successfully
captured. The main challenge for the next step was extracted, which will be to
enhance the signal level of acquired images. The results obtained from the present
study was valuable to continue to the next steps to achieve challenges #3 and #4.

2. Details of program implement
To establish a pressure measurement technique over a free flight object, we focused
on a luminescent imaging technique. We can apply a chemical sensor called
pressure-sensitive paint (PSP) over an object. It is non-intrusive so that an
installation of mechanical and electrical instruments into an object can be avoided.
We applied a motion-capturing pressure-sensitive paint method that would be a
candidate to capture a pressure distribution over a free flight object. It acquires two
luminescent images to extract the pressure distribution over an aerodynamic object
[H. Sakaue, K. Miyamoto, T. Miyazaki, Journal of Applied Physics, 113 (2013),
084901]. To apply this method for a ballistic range, it is necessary to overcome four
challenges as follows:
1. To shoot a free flight object
2. To capture a free flight object with imaging device
3. To capture a luminescent image from the free flight object
4. To extract a pressure distribution from the luminescent image
The ballistic range facility at Institute of Fluid Science, Tohoku University, was used.
The projectile is consisted of a sphere with 30-mm in diameter covered by a sabot.
The test chamber was evacuated to 10 kPa, and the projectile was shot at Mach 1.4.
From an optical window of the test chamber, a model trajectory and its luminescent
image were captured by a high-speed color camera. For the model trajectory, a flash
xenon pulse was given to illuminate the model trajectory. The camera acquired the
trajectory at the frame rate of 30,000 FPS with the camera exposure time of 1 us. For
the luminescent image, two LED sources of 460 nm in peak wavelength was used.
These gave pulses at the same time with 60 ps in the pulse width. To exclude a blue
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4.

2)

3)

illumination to the camera, a 470-nm high pass filter was placed in front of the
camera lens.

Achievements

Fig. 1 shows a luminescent image of the free flight model. The model flew from the
left to right at 500 m/s. We can see that the image was blurred. It was because of a
low luminescent output. With 60 us in the LED pulse width, the model traveled for
30 mm. The camera opened its exposure for 98 us that acquired a blurred image of 60
mm in trajectory direction. The image was shown as a ratio of pressure-independent
image over pressure-dependent one, which corresponds to the vertical axis in the
pressure calibration obtained in the present project. Because the image was blurred,
we could not convert the luminescent image to the pressure distribution.

Image Katio: T

[N, 1mage ) © (S, IImage )

£i )

Figure 1 : Luminescent image of free flight model.

Summaries and future plans

Within the project term, we could achieve to shoot a free flight object to the test
section, and the object motion was successfully captured. The main challenge for the
next step was extracted, which will be to enhance the signal level of acquired images.
There are three potential factors to improve the luminescent output. The first one is
a PSP. A thickness of the PSP model can be increased to enhance the luminescent
output. A selection of luminescent dyes would be an alternative. The second factor is
an illumination source. At present, we used two LED sources. Each illumination
could be carefully focused to concentrate the illumination power over the free flight
model. Alternative illumination, such as a high-power laser or a xenon lamp, can be
used. The third factor is a camera. A selection of camera lens as well as a camera
with higher ISO would improve the luminescent output.

Research results (¢ reprint included)

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)

Surface Pressure Measurement over Free Flight Object in Ballistic Range Facility,
Proceedings of the Seventeenth International Symposium on Advanced Fluid
Information, Sendai, (2017), CRF-75, pp.156-157.

Patent, award, press release etc.

Not applicable.
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