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Towards Next Generation CFD Models of Intracranial Aneurysm (NX-CFD): In-vitro
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1. Purpose of the project

Recent research findings confirmed the existence of transitional flow in intracranial
aneurysm (IA). Transitional flow is linked to aneurysm formation and rupture via
pro-inflammatory responses of endothelial cells. The characteristics of transitional flow,
and its relationship with arterial geometry and aneurysm morphology is unknown until
the present day. Current CFD models and methods are not sufficient to study the
transitional flow in aneurysm and link it with clinical and biological implications. This
project aims at conducting in-vitro (Particle Image Velocimetry - PIV) and in-silico
(Large Eddy Simulation - LES) investigations of transitional flow in IA in order to:

1- determine the criteria for transition to turbulence in IA

2- develop open source CFD solver for transitional flow in TA

2. Details of program implement

The objective of the first study of the project was to explore characteristics of
transition to turbulence in IA using PIV and LES.

The details of the IA silicone model, flow circuit and PIV measurements setup were
previously reported [2]. The measurements were conducted assuming planar symmetry
in the ideal side-wall TA model shown in figure 1. The mean Reynolds number was 344
and Womersley number was 4.8. The inlet flow waveform measured by flow meter were
analyzed using FFT. Then, only the waveform’s first 10 harmonics were adopted in the
LES setup to reduce computational cost.

In the present work, the computational work was conducted using ANSYS FLUENT
V16 LES/WALE solver with bounded central differencing discretization scheme and 2nd
order time stepping scheme. The total number of grid cells in the meshing was 2.5x105
cells with subgrid filter length ranging from 7.5X10% to 3.75X104 m. Three cardiac
cycles were solved with time step of 2.5 ms. The total simulation time on Intel® i-7
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Figure 1. (a) flow circuit of the PIV measurements (b) laser PIV setup (c) schematic of
the symmetry plane and the locations of interest for comparison between PIV and LES.



6-core and 16 GB RAM PC consumed 26 hours to ensure that the solution is spatially
converged to absolute residuals of 105 for velocity and pressure fields.

The peak systolic velocity field on the symmetry plane and energy cascade on point 1
are compared from PIV and LES measurements in figure 2. The shear layer is almost
similar in height and velocity value in figures 2-b and 2-b. The rotational jet in the PIV
results, however, is less concentrated and has shorter length than LES. Both sets of
results showed three levels of dissipation demonstrated by the slope lines in figure 2.
The value of cascade scaling in low frequency range is higher in the LES results (S~-2)
compared to PIV results (S=-7/5). The approximation of the boundary condition in LES
results in higher dissipation of kinetic energy. However, at higher frequency, LES was
able to capture the inverse cascade demonstrated by the PIV measurements with
approximately the same cascade scaling value.
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Figure 2 : Peak systolic velocity contours on symmetry plane and kinetic energy cascade
comparison on point 1 for (a,c) PIV measurements and (b,d) LES simulations.

3. Achievements
Results of this first study are in line with the expected results for the first year of the
project.

4. Summaries and future plans

Coarse LES simulations with approximated boundary conditions are capable of
predicting the essential flow and TT characteristics in side-wall aneurysm. PIV and
LES demonstrated three-regime kinetic energy cascade. LES results additionally
revealed that the aneurysm is dominated by a coherent vortex in the systole, which
vanishes to a smaller vortex at the neck plane during the diastole. Higher resolution
LES should be capable of computing TT characteristics with better accuracy.

Future plans of this project will focus on building more aneurysm models that are
anatomically realistic (i.e. averaged from patient data) and conduct more robust CFD
simulations to capture the transitional characteristics of aneurysmal flow.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
What does computational fluid dynamics tell us about intracranial aneurysms? A
meta-analysis and critical review, Journal of Cerebral Blood Flow and Metabolism,
Vol. 40, No. 5, (2020), pp. 1021-1039.

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

international conference without peer review)

Aneurysm: A Comparative PIV and LES Study, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, CRF-59, (2019),
pp. 118-119.

3) Patent, award, press release etc.
Not applicable.
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Chemical Interpretation of the Two-Stage Cool Flame of Diethylether
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1. Purpose of the project

There are many experimental and theoretical studies on the low-temperature oxidation
mechanism of hydrocarbon fuels for accurate understanding and prediction of
autoignition phenomena such as knocking in sparked ignition engines. Among these
studies, our present study was motivated by the two-stage cool flame behavior of
stoichiometric diethyl ether (DEE)/air mixture measured by Nakamura who is one of
co-authors. This project aims to see the oxidation mechanism of stoichiometric DEE/air
by using both temperature-controlled micro-flow reactor and detailed chemical kinetics
mechanism.

2. Details of program implement

Figure 1 shows the intensities of chemiluminescence (upper) and CH20-LIF (lower).
The three peaks of chemiluminescence are located at around 630, 780, and 1120 K.
Although we observed different phenomena from shock-tube experiments, it was
concluded that this flame image of chemiluminescence supports the possibility of
three-stage ignition presented in the literature. CH20-LIF was observed in wider
temperature range compared to chemiluminescence with a peak at 700 K.

Simulated heat release (upper and middle) and CH20 mole fraction (lower) profiles are
also shown in figure 1. It should be noted that the simulated heat release profile does
not directly correspond to measured CH radical chemiluminescence profile. There are
four peaks of heat release located at 594, 736, 1024, and 1152 K, respectively. In the
simulations of shock tube experiments at 18 and 40 bar in the literature, the first two
peaks (before final ignition) were predicted relatively higher temperatures. However,
considering the different phenomena observed and pressure difference, these two peaks
at 594 and 736 K probably correspond to the first two peaks in shock tube experiment.
Reaction flow analysis around the four peaks of heat release were performed. Here, we
focus on the difference of reaction flow at first (594 K) and second peak (736 K). At first
peak, the main sources of OH radical production are B-fission reaction (31%) and second
02 addition pathway (50%) of C4H8ObOOHc (CHsCH(OOH)OCHCHS3). C4sHsObOOHc is
produced via DEE — CHsCHOCH:CHs — CH3CH(OO)OCH:CHs; —
CHsCH(OOH)OCHCH3, this pathway is also main flow of DEE oxidation. Before first
peak, C4H80ObOOHc mainly reacts by second Oz addition which leads to chain
branching (for example, 96% at 479 K), however, after first peak C4H8ObOOHc mainly
reacts B-fission reaction which leads to chain propagation (for example, 82% at 639 K).
It is thought that the first peak arises from the change of reaction pathway of
C4H80ObOOHc. At second peak, the main sources of OH radical production change into
0-O fission reaction of CHsOOH (42%) and C2H500H (16%) which are decomposition



products of DEE. Before second peak, CHsCHOCH:2CHs mainly reacts by first Os
addition (for example, 64% at 639 K), however, after second peak CH3;CHOCH2CHs
mainly reacts B-fission reaction which produces CHsCHO and C2Hs (for example, 97% at
817 K). Thus, the reactions of decomposition products of DEE account for OH
production. At the third and fourth peak, the main OH radical sources change into
Hs2-Oz2 reaction systems well-known as high temperature oxidation mechanism.
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Fig. 1 Comparisons between measured (black lines) and simulated (red lines) profiles of
cool flame (upper) and CH20 (lower) as a function of wall temperature, 7.

3. Achievements
We can clearly show the reason why DEE shows two-stage cool flame.

4. Summaries and future plans

To elucidate the low-temperature oxidation mechanism of DEE, stoichiometric diethyl
ether/air flame at atmospheric pressure was investigated by using a micro flow reactor.
The separated cool flame structure with temperature range of 600-800 K was observed
from chemiluminescence measurement. Reaction flow analysis shows the importance of
the reactivity for CHsCH(OOH)OCHCHs and CHsCHOCH:CHs radicals. We are now
preparing the results for publish. Then, our focus moves to another ether molecules.

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)

*[1] Yasuyuki Sakai, Hisashi Nakamura, Toru Sugita, Takuya Tezuka: Chemical
Interpretation of the Two-Stage Cool Flame of Diethylether, Proceedings of the
Nineteenth International Symposium on Advanced Fluid Information, Sendai,
CRF-2, (2019), pp. 4-5.

3) Patent, award, press release etc.

Not applicable.
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Mixture of Experts in Bayesian Optimization for Complex Aerospace Designs

Rhea P. Liem*}, Koji Shimoyama**f+
T. Jim** P. Boonjaipetch**, Y. Lyu*, K. S. Oyetunde*, P. S. Palar***
*Dept. of Mechanical and Aerospace Engineering, HKUST, Hong Kong
**Institute of Fluid Science, Tohoku University
***Institut Teknologi Bandung (ITB), Indonesia
TApplicant, TTIFS responsible member

Purpose of the project

The main objective of the proposed research is to improve the computational
efficiency of the Bayesian optimization technique. Focus will be given to the
surrogate model construction, in particular in the improvement of surrogate model's
accuracy and the sample-updating procedure in order to find the global optimum
more efficiently. This will be achieved by incorporating machine learning technique
in the procedure. To this end, we propose to construct an ensemble of Kriging
surrogate models with multiple Kernel functions in order to boost the search
performance of Bayesian optimization. The developed method would then be
demonstrated in two case studies in the context of aerospace engineering.

Details of program implement

We derive a novel kriging variant to address its current limitations to
approximate complex problems that are typically non-linear, non-smooth, noisy, and
with heterogeneous function profiles. In particular, we explore the mixed kernel
(MK) approach, which enables selecting a different kernel function for each variable.
This approach provides a means to better model the inherent heterogeneity of the
complex function. The predictive performance of this proposed method is compared
with results obtained from using a single kernel, ensemble method, and the
composite kernel learning (CKL). The benchmarking was performed with two
analytical problems (Branin and Himmelblau functions) and an aerodynamic test
case; all are two-dimensional problems. The aerodynamic test case comprises the
approximations of lift and drag coefficients (Cr, and Cp) of a Common Research Model
(CRM) configuration. The samples are obtained by running 3-D Reynolds-Averaged
Navier Stokes (RANS) simulations on the SU2 solver. Mach number and angle of
attack are varied in the design space. We validate the surrogate models by computing
the normalized root-mean square errors (NRMSE), as shown in Figs. 1 and 2 below.
We find that the single kernel performance is problem dependent. Performance
improvements are observed when we consider multiple kernels, led by the MK
approach and followed by CKL. While the MK approach outperforms the accuracy
performance in most cases, it also incurs the highest computational efforts, especially
for higher-dimensional problems. Further investigations are needed to optimize the
kernel combination.

Achievements
We presented four conference papers, two of which were for ICFD 2019.
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Fig 1. Approximation errors for the analytical tests.
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Fig 2. Approximation errors for the CRM problem.

4. Summaries and future plans

We plan to continue our collaborations and to work on journal articles, based on the
conference papers. We have applied for a new CRP scheme under IFS, titled “Data-
driven kriging variant characterization and construction for complex aerospace
problems.” In this newly proposed project, we will focus on the surrogate modeling
aspect of our collaborative work. In particular, the key objective is to perform a
systematic and computationally rigorous method to select the optimum model
structure and parameters of the kriging model for the specific problem at hand.

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.

Universal Kriging with Polynomial Chaos as Trend Function, AIAA SciTech Forum,
Orlando, USA, (2020).

(MK) for complex aerospace problems, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-3, pp.6-7.
Functions of R}Ig_ﬂl_g_f?o-r _S_u_r}(_)éz_i‘ge_ Modelling in Fluid Dynamics, Proceedings of the
16th International Conference on Fluid Dynamics, Sendai, (2019), GS1-4, pp. 86-87.
in _]il_léi_lge_elji;l_g_ I_)_e_si_g_n_ ()}fdﬁﬁz_étmn and Exploration: The Key Issues, GECCO,
Prague, (2019).

3) Patent, award, press release etc. Not applicable.
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Discharge Phenomenon in Laser—-Induced Bubble and Formation Mechanism of Microjet
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Takehiko Sato*, Mohamed Farhat**{+
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*Institute of Fluid Science, Tohoku University
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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

In this study, we present experimental observations of microjets formed by
cavitation microbubbles. An underwater electric discharge generated beneath an
alumina plate produces a compression wave. Then the wave reflects at the free water
surface and subsequently at the plate. The first reflection yields an expansion wave,
which produces a cloud of cavitation bubbles in the liquid, some of which form microjets
upon collapse. By using these reflection waves, it is possible to control the microjet
direction.

Figure 1 shows the experimental setup. The bubble-generating part consists of two
electrodes for a spark discharge, 0.2-mm-thick alumina plate and a small cuvette filled
With‘ distilled water. The pulsed high-voltage ciljcuit R i @
consists of a DC power source, spark gap switch, conteast egents
resistances, and capacitors. Applied voltage is up to 30
kV. The quasi-planar wave is produced by the oscillation
of the plate in association with a spark discharge. The L ]
images of bubble behaviors are captured by an ,||_/D§§g:\_
ultra-high speed camera with the frame rate of 100 Mfps.

We use ultrasound contrast agents as a bubble cores.
Ultrasound contrast agents consist of microbubbles with ~ Fig. 1 Experimental setup
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arrives. Fig. 2 Cavitation bubble expansion and collapse with generation of a

The typical observed microiet.



images are shown in Fig.2. The bubble
expands in nano-seconds order. When the ™
bubble collapses, micro-meter scale jet
(microjet) is formed and propagates
downward. The maximum diameter of the =la 2089 FH0NE (SR
bubble reached before the collapse 1is Micro it

defined as Rmax (Fig. 2). The observed LV d J

collapse time is defined as 7% Figure 3(a) 100 ps

shows the relationship in between 7% and
PBmax. The results are normalized by
Rayleigh collapse time 7k. In Fig.4 (a) there

-

Fig. 3 Typical pictures of micro-jet generation
with collapsing a cavitation bubble.

is a linear relation, that is to say, 7k @) 14
increases proportionally with Rmax. 12t 2
3. Achievements 10+

We observed cavitation bubble behavior Z 8 . ;' -
generated by expansion wave by =6 o oee
constructing the ultra-high speed camera Sl

- . . 4 [
system. It is found that there is a linear e
relation of maximum radius Rmax and 2 ’
collapse time 7%. 0 ; ; :
0 20 40 60 80

4. Summaries and future plans () Ry [um]

We will discuss and investigate 5
behaviors and dynamics of micro-jets 18 | a
formation for development of a 16 L °
nano-meter-scale micro-jets array system 14 F . 0% u
for bio-medical applications such as micro <12} » .e:::':" .
Injection and virus inactivation system. Eq " é - = !' & :
5. Research results (x reprint included) 06
1) Journal (included international g'g

conference with peer review and ’0 ; ; :

tutorial paper) 0 20 40 60 80

Rya [4m]

Not applicable.
Fig. 4 (a) The relationship of the collapse time

2) International and domestic conferences, Tc with the maximum bubble radius Rmax. (b)
meeting, oral presentation etc. The relationship of the collapse time

(included international conference normalized by the Rayleigh collapse time Te /
without peer review) Tr with the maximum bubble radius Rmax.

Sato: Characteristics of Jetting from Micro Cavitation Bubbles Under Multiple
Pressure Waves, Proceedings of the 19th International Symposium on Advanced
Fluid Information (AFI-2019), Sendai, (2019), CRF-65, pp. 140-141.

3) Patent, award, press release etc.

(Patent)
(Award)

(Press release)

Not applicable.
Not applicable.

Not applicable.



1.

R J191005

X5 — AL RS
AREOYE | BREE - fEAL - EROE
HFFEHHE 2019.4 ~ 2020.3
ST 24FH

11 BEEES v/ BEOMBERNBEILIZE FELTFILT o h—fEED&EE|
The Role of Signal-Anchor Region of Type II Transmembrane Protein
in Subcellular Localization

B AR, I,

B B, KE (Rt
SRR TR TR
b SR T L - A ARlER

LKA

PR, TP SR

R Em

RN TAEARRR SN 7 BT 7 e N N B S R L S ORERE A2 F8fE 9
B, Fx DX T EOMBNEEES, REby 7 e LT BESIO— Iz LD
RESITNDZ EDRMBILTN A, I BUEERRA & > 7 B O EmiEk [~ 77 v
J—J 13 10~30 FRILOBUKET XV BR B0, INaREELY 7 E L THEK
ZEDHLNZEN TS, NRIEEY X7 B3 o v PNV IE S LTS o X7 E T
HVRND, X T EORFRGEM T EEERAACTRIGICBED ABEE1 2 <, Mo
IELUMEICERE SIS 2 & IR OE R HEERAICVZETH S, LI LR G, /N
SO NS B ~D JFHEL A B = X LNZOWTIHIFE & A R S uTunen

ARFFE T, WAEE@R Y LRI ED Y TFNT v —BINDONRA A T H~<T 4
AFRATC, BIp D T NT A — A BN LT 2 R B A FO T R N SR E LR
B« LR OFHB ATV, A LR ORI LIS B2 7T v — ok
T2 e 5.

2. PIRREOAR

[ 1) WA » RO B 7 F VT o —EBOEIS-GRP il 2 o 73 B ORI R ELEREHT |
FINHARRED B 2L AR~k S D X LRV BOY T T v A —ESINE,
R £ 2 2 L X ED Y 7 VT v I —EF S 90%LL DR CIRBIITE Tz
D5, WIS LRy ED L 7T A —JEAEHNOT X BB 2 A a7 (k35 2 &
(&Y, AR - SRR - R SRR T D & XY OB EREIRO T X FERLS
ZWRE 45 Z L3 T& 7= (Kikegawa et al., BBB, 2018). T lZZ DXk Hig, IR L
IRTBOYTFNT o H—EREH RN TR 2 P E L T2 AlRetE 2 R LT E T

T, NS T BT T FNT v H—EARIY & GFP &Rl ST 2 N H
G TIC/ERLL, GFP @G % o /X7 BN IE LWHIBENREE 2 G320 82 mEnd
JUZOWT, BRREFEBRATS 2 & & Lic, BEEFERO 5 5, R L ——BERIic L oM
RPN SRR RFE D T= O DEBRIL,  FARE E 73R T T o 72,




3.

*

9.
D)

2)

NN AEYED R 2 D 9 TR 1| RIS L /R ED L I VT v T —JEIES BN LT
GFP 3B~ Z—% T HeLa fliD k7 v A7 =7 a3 &7V, GFP G X v /30 g
ORMANFIHEM A FEMCBIEE Lz & 2 A, /IMaRREEEZ G T2 WX VX7 E D> 75 v
T A —EIEE LS ST GFP @A 2 X I INEIRA~RIE L L, SR RAENE
WL L RTEDL T FINT v I —JEDECS-GFP Bl 4 L /X7 B xR~ I RTE
P 7T T —JENECSI-GFP FlA 2 X BT L, R ERE L L (K1),
PLEX D, /Nafk « SR - fifafsE~o IR 2 o X7 O E LW REIZIZy 7T
B —EROESNPAER TH 5 Z & PRRES LT,

PMGT2_HUMAN ~ B3GN6_HUMAN HEPS_HUMAN
SA-GFP SA-GFP SA-GFP
(NBHRTE) (¥ 2 TN RTE) CiliRl ISk

1IN B L R E DY 7 NT o F1— [0 )-GFP gl a 2 o X 7GR LT
HeLa #lifiuo> GFP 2212 X 2 e /e

2R BEDZERIRR
IV « LR - MBI JRIE T AL L B A & Lz I B S Lo B O
PNJRITEMER TE TR R O Bz [HE4S: 85%)]
| S ST S (P INNR i
o 20184F4 A~20234-3 A FHFMCEAIB A BRI (C), TS /X B DB 72
AN JRTEA LR ORI & AN R RS TIRNEO N ), BFFeiEes il 2R,
MRt s BR, 4,420 TH.

UEL B SCHERS & OHAR

FLOHESHRDRE
FHSAEELT, GFP e & o737 B % I T ARRE SR B3 % RsC o Bk - HRRICE A%

HEAR CIEAIRHY)
ZiieE EROEERERE B
L

Eff&E - ERFSR - iR - QOERRF

REFEET)

h=[11]]

*[1] Y. Mukai, T. Kikegawa, Y. Suda, Y. Kobayashi, M. Ohta, M. Doi, K. Etchuya: The Role of

3)

Signal-anchor Region of Type II Transmembrane Protein in Subcellular Localization,
Proceedings of the 19th International Symposium on Advanced Fluid Information
(AFI-2019), Sendai, (2019), CRF-60, pp. 120-121.

ZoM FEF, RE, YR IHRRF)

L



Project code J191006

Classification General collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 1st year

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

Takatoshi Ito*}, Xiaodng Ma**¥+, Yusuke Mukuhira*®
*Institute of Fluid Science, Tohoku University
**Institute of Geophysics, ETH Zurich
TApplicant, ¥inon-IFS responsible member

1. Purpose of the project
The objectives of this project are to overcome these technical challenges of DCDA
and increase the validity of DCDA. We plane to collaborate the project Deep
Underground Geoscience Laboratory (DUGLab) in the Swiss central Alps, which is
operated by ETH Zurich and the Swiss competence center for energy research -
supply of energy (SCCER-SoE). Multidisciplinary measurement, experiment, and
study are planned in this project for mainly geothermal and also for better
understanding of induced seismicity associated with fluid injection. Application of
DCDA to the rock core samples from this project will provide stress profile along the
borehole and the heterogeneity of the differential stress. So, another objective is to
contributing DUGLab by providing the in situ stress estimation with DCDA method.

2. Details of program implement

Non-IFS responsible member, Dr Xiaondong Ma, will visit IFS with rock core
samples from DUGLab project. We will measure the asymmetric variation of core
diameter with specially designed apparatus which is equipped in our lab (Fig.1). He
will bring several cores sampled from different depths of various boreholes. Then, we
estimate the differential stress at the different point from the measurements. We
also estimate stress magnitude referring the minimum principal stress in borehole
coordinate and overburden. Finally, we compare the result of stress estimation by
conventional method of borehole breakout analysis and discuss the validity of DCDA
method.

3. Achievements

Project research status is ongoing as schedule. We confirmed the first step of the core
measurement and we will work more cores in next year.

Non-IFS responsible member, Dr. Xiaondong Ma, visited IFS with several rock core
samples from a different depth of one borehole at the DUGLab project for the initial
test. We measured the core diameter with a specially designed apparatus that is
equipped in our lab (Fig.1). Then, we confirmed that the quality of the core from the
DUGLab project is applicable to DCDA measurement.



DCDA-resolved azimuth along the core CB1-1

azimtuh (degree)
®

measurement location along the core long-axis (mm)

Figure 1 : DCDA-resolved azimuth of maximum principal stress along the core CB1-1
from DUG lab.

4. Summaries and future plans

We will get more differential stress estimates and orientation of maximum stress at
the different points of the well from the extended DCDA measurement on more cores.
In a process of measurement, the validation of the DCDA method will be achieved by
comparison with the result of the hydraulic fracturing test.

So, the combination of conventional hydraulic stimulation (in-situ) and DCDA
(ex-situ) will reveal a wider range of stress state at the DUGLab study area.
Hydraulic stimulation can provide the minimum stress on one specific point and
costs a lot. DCDA will cover the wider area of differential stress information and
orientation of maximum stress. Both the in-situ and ex-situ methods compensate
each other and discover the comprehensive stress field.

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)
stress field in an underground geoscience laboratory, Proceedings of the 19th
international Symposium on advanced Fluid information, Sendai, (2019), CRF-4,
pp. 8-9.

3) Patent, award, press release etc.
Not applicable.
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Thermal Conductivity Reduction and Carrier Concentration Optimization for
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*

1. Purpose of the project

Purpose of the project in 2019 was experimental and theoretical studies of
semiconducting Heusler-based alloys. Particularly, Vanadium doping of FesTiSn
Heusler alloys were tested as a tool for enhancement their thermoelectric properties via
thermal conductivity reduction and carrier concentration optimization by means of
varying valence electron count.

2. Details of program implement

Samples of the chemical composition FesTii-xVxSn (x = 0, 0.06, 0.15, and 0.2) were
fabricated by arc melting technique under high-purity argon atmosphere. Annealed at
1073 K ingots were ground in a mechanical mortar and sintered by spark plasma
sintering. Phase composition of the samples was analyzed by X-ray diffraction. Thermal
conductivity, electrical resistivity and Seebeck coefficient were measured by laser flash,
four probe and differential methods, respectively. Ab initio calculations of Fe2Ti1-xVSn
were performed in terms of density functional theory with the help of the Vienna ab
initio Simulation Package (VASP) using the projector augmented plane wave method;
the cutoff energy is 500 eV. Atomic relaxation in the cells and optimization of the lattice
parameter with uniform ideal atomic distribution (Z2i-type structure) were performed
using 15X15%x15 k points. The crystalline structure with random atomic distribution in
the alloy, which corresponds to a partially disordered B2-type structure (Fig. 1a), was
optimized using 2X2X2 k points.

3. Achievements

Experimental investigations of the Fe2Ti1-xViSn alloys showed that all samples are
thermally and chemically stable to 1173 K. Measurements of the thermal properties
revealed that the prevailing component of the thermal conductivity changes from lattice
to electron with temperature increasing. The lattice conductivity steadily decreases
overall the temperature range, but this variation is not large, which can be explained by
the close atomic radii of titanium and vanadium. According to the results of transport
property measurements, the alloys under study belong to semiconductors. The maximal
Seebeck coefficient S'is observed at 300 K for the undoped Fe2TiSn sample and is equal
to 35 uV/K.

Theoretical calculations of the electron structure and Seebeck coefficient S in
Fe2Ti1-xVSn alloys for the cases of a fully ordered 221 and partially disordered 52



Heusler crystal structure were performed. It was shown that the band-gap width
increases with the substitution of Ti by V. In the case of the completely ordered 121
structure and uniform distribution of vanadium atoms, a tenfold increase in S of
V-doped samples was found, which agrees with the previous theoretical investigation of
this alloy. However, when compared with the results of the experimental investigation
of similar Heusler alloys, it is evident that the calculations greatly overestimates the
influence of the substitution of titanium by vanadium on the thermoelectric properties
of FesTi1xVsSn. The results of calculations for the case of a partially disordered
structure of the B2 type and nonuniform distribution of V atoms in the supercell (Fig.
1a) are more realistic. We can conclude from Fig. 1b that the Seebeck coefficient reaches
—42 uV/K in the best case, which is fivefold smaller in modulo than S'calculated for the
121 structure with a uniform distribution of vanadium.
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Figure 1: (a) Supercell 2x2x2 of FeaTi1-xV.Sn (x = 0.25) of the B2 type with the
nonuniform distribution of vanadium atoms; (b) Temperature dependence of the
Seebeck coefficients for the Fe2Ti1-xVxSn Heusler with random atomic distribution.
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4. Summaries and future plans

It is shown that theoretical assumptions on an increase in the thermoelectric
efficiency of the Fe2TiSn alloy with the partial substitution of titanium atoms by
vanadium did not find experimental confirmation. The substantial difference of the
theoretical calculations and experimental results can be explained by the fact that the
theory does not take into account the nonideality of the experimental samples. Future
plan 1s to stuy thermoelectric properties of other representative of semiconducting
Heusler alloys.

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

Heusler Alloys, Semiconductors, Vol. 53, (2019), pp. 865-868.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

Vanadium on Thermoelectric Properties of Fe2Tii«VxSn Heusler Alloys,
Proceedings of the 19th International Symposium on Advanced Fluid Information
(AFI-2019), Sendai, (2019), CRF-71, pp. 152-153.
3) Patent, award, press release etc.
Not applicable.
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Purpose of the project
In large number of fluid engineering applications, uncertainties in the physical
properties, model parameters and operating conditions can significantly affect the
system Quantity of Interest (Qol). In such conditions, it is necessary to account for
the effects of all sources of uncertainty in the design process to achieve a more
robust response. However, a single computation of practical fluid dynamics
problems (based on advanced numerical methods) could be computationally too
expensive. Thereby, the cost of quantifying a large number of operational,
geometrical etc. random variables in such problems is unaffordable. The purpose of
the current project is the development of novel affordable Uncertainty
Quantification (UQ) methods for tackling practical fluid flow problems with large
number of random variables. The proposed methods are multifidelity surrogate
models and use the Non-intrusive Polynomial Chaos Expansion (NIPCE). The
ultimate goal of this research project is to combine three efficient UQ methods;
namely the Proper Orthogonal Decomposition (POD), the Compressed Sensing (or
L1-minimization) and the Kriging method to reduce the computational time of UQ.
To fulfill this objective, the proposed method will be developed in two stages. In the
first step, the surrogate model is constructed by combination of POD and
compressed sensing. In the next step, the computational model is refined by
incorporating the Kriging method in the methodology. In other words, the retrieved
optimal basis functions from POD are used in the trend part of the Kriging method.
To assess the capabilities of the proposed surrogate models, they will be applied to
the challenging CFD test cases.

Details of program implement
During the first year of the project, the first stage of the project (i.e. development of
an efficient UQ method via combination of POD and L1-minimization) is completed.
The developed method is successfully applied into two challenging CFD problems: i)
transonic turbulent air flow around RAE2822 airfoil with 18 geometrical
uncertainties and ii) transonic turbulent air flow around NASA Rotor37 with 3
operational and 21 geometrical uncertainties (see Figure 1). The outcome showed
significant reduction in the UQ computational cost in comparison to the classical
UQ methods. Further improvement in the performance of the developed
multifidelity method could be achieved by introducing the Kriging method in the
developed model.



Inflow:

(a) (b)
Figure 1: Considered practical CFD test cases : (a) RAE 2822, (b) NASA Rotor37.

3. Achievements

So far, the POD method is successfully combined with the compressed sensing
method and subsequently implemented to two challenging high-dimensional CFD
problems. It is found that the new bi-fidelity method is able to significantly reduce
the computational cost of UQ analysis of challenging fluid engineering problems
compared to the alternative methods. The numerical results of this part of research
have already been documented and submitted to the Elsevier Journal of Computer
Methods in Applied Mechanics and Engineering for publication.

4. Summaries and future plans

This general collaborative research project is concerned with the development of
affordable UQ methods to handle large numbers of simultaneous uncertainties. The
proposed multifidelity approach uses the advantages of three efficient UQ methods;
namely the sparse NIPCE, the POD and the Kriging methods. For the continuation
of the work, the Kriging model will be incorporated in the developed multifidelity
method with the support of IFS collaborators. Finally, attempts will be made to
introduce the adaptive sampling method in the methodology. The research findings
will be presented in the upcoming ICFD2020 conference and will be submitted to
relevant high quality Journals.

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)

meeting presentation, Tohoku University, (2019).
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Estimation of Fracture Permeability by Integrating Microseismic Observational
Data and Reservoir Engineering Model ing

Yusuke Mukuhira*f, Justin Rubinstein**j+t
Jack Norback*** Meihua Yang* **** Kangnan Yang® ****
*Institute of Fluid Science, Tohoku University
**United States Geological Survey
***Energy Technologies Area, Berkeley Lab
****Chendu University of Technology
TApplicant, tinon-IFS responsible member

1. Purpose of the project

Effective utilization of geothermal resources is crucial to realize a sustainable society.
Geothermal resources are widely present in Japan and the western United States,
and the usage of geothermal resources are gradually increasing with many efforts.
Meanwhile, the exploration and exploitation of geothermal resources in China has
gradually developed. One of the challenges in conventional/next generation
geothermal development (Enhanced/Engineered Geothermal System: EGS) is to
understand the hydraulic properties of the geothermal reservoir. We often attempt to
measure the hydraulic property (permeability or diffusivity) by wellbore tests or by
using indicators such as migration of microseismicity. However, these quantities are
often interpreted as representative value of hydraulic property for entire reservoir.
Meanwhile, geothermal fluid circulates or flows in the existing/nucleated fracture
system where permeability varies depending on condition of each fractures.
Geothermal fluid is extracted from those permeable fractures very locally throughout
production well drilled into the specific part of reservoir. We need to have the best
estimates of permeability for each fracture (local permeability) beyond representative
permeability (global permeability). In addition, it is important to consider how the
hydraulic properties can be affected by changes in the state of stress in the subsurface.
This information is beneficial for design of geothermal energy extraction system and
understanding of hydrology in the reservoir.

2. Details of program implement

We had Dr. Jack Norbeck and Dr, Justin Rubinstein last November to discuss the
research progress and detailed action plan for future works. Also, Dr. Norbeck solved
all technical issues related on CFRAC modeling, since he is one of the developers of
the CFRACK model. Their visit to IF'S, Tohoku Univ. organizes the research structure
again and speeds up the modeling part. We decided to analyze microseismicity to
investigate the relationship between global permeability and local permeability.
Previous project members, the visiting student Ms. Meihua Yang already performed
very well and showed the reasonable basic results of microseismic cloud analysis on
Basel data set. So, we can use the analysis code to other fields of Soultz and Fenton
hill. Usually, the microseismic data is very difficult to get due to NDA. PI possesses
the Basel and Soultz microseismic data and they are always available. Dr. Jack
Norbeck recently complied with the microseismic catalog data of Fenton hill, which is
also available to us.
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Fig.1 The EGS and pore pressure distribution of cluster microseismic data

3.

2)

3)

Achievements
The project is ongoing a little bit behind schedule. We can estimate pore pressure
distribution on very simple fracture model as Figure 1. We are working on the
parameter study to estimate pore pressure distribution correctly. Also, we planned to
summarize the microseismic analysis part with invitation of Ms. Meihua Yang to ifs.
But her invitation had to be cancelled due to COVID2019.

Summaries and future plans

We improved the CFRAC performance and solved the technical issues related the
CFRAC code. So, the good result from CFRAC part is forthcoming. In next year, we
made a more realistic model to compare the observed pore pressure distribution, and
then we inverse the permeability of the fracture by fitting forecasted pore pressure
distribution and observed pore pressure distribution. Meantime, Ms. Meihua Yang
accomplished most of microseismic analysis and further extended analysis.

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)

Permeability Estimated by Integrated Approach of Microseismic Observations and
Reservoir Engineering Modeling. Proceedings of the 19th International Symposium
on Advanced Fluid Information, Sendai, (2019), CRF-5, pp. 10-11.

Patent, award, press release etc.

Not applicable.
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Mechanical Analysis of a Patented Biodegradable Zinc Alloy Stent Based on a
Degradation Model

Aike Qiao*t, Makoto Ohta**{+
Kun Peng*, Xinyang Cui*, Hitomi Anzai**, Honghui Zhang*
* College of Life Science & Bioengineering, Beijing University of Technology
**Institute of Fluid Science, Tohoku University
TApplicant, ¥FIFS responsible member

1. Purpose of the project

The scaffold performance of a patented biodegradable zinc stent and its effect on
treating stenotic vessel are analyzed based on a degradation model, which is important
for development of biodegradable stents. The purposes of the project are: (1) to construct
a degradation model of biodegradable zinc alloy; and (2) to analyze scaffold performance
of the patented zinc stent and its effect on reshaping stenotic vessel based on the
degradation model.

2. Details of program implement

During the past year, the project group carried out detailed collaborative research on
novel structure design of biodegradable endovascular stent and hemodynamics of
cardiovascular system. Both sides have endeavored to promote the progression of the
project. Applicant from overseas came to Tohoku University to attend two conferences
held in Sendai: (1) 6th International Conference on Computational and Mathematical
Biomedical Engineering — CMBE2019, 10-12 June 2019, Sendai, Japan; (2) 16th
International Conference on Flow Dynamics (ICFD2019), Nov. 6-8, 2019, Sendai, Japan.
With regards to the novel structure design of biodegradable endovascular stent (Fig. 1),
numerical simulation was performed to evaluate its scaffold performance and

degradation process.
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Figure 1 : Structure of the common stent (a) and the novel stent (b), and the details of
the strutting ring and the link (c).

With regards to Material degradation model, the relationship between the effective
stress tensor ¢ and the undamaged stress tensor & can be described as o=(1-D) &
where D is a global damage variable, which increases monotonously from 0 to 1. The
global damage variable D is assumed to be linear superposition of the uniform corrosion
damage and the stress corrosion damage.



Results showed that the average von Mises stress decreased from 50.71 MPa to 39.6
MPa in the novel stent during the degradation process, while that of the common stent
decreased from 80.99 MPa to 51.9 MPa. These data corroborated that less recoiling and
failed elements occur with the novel stent.

The radial recoiling ratios of the common stent and the novel stent are 22.6% and 7.19%,
respectively. The mass loss ratios of the common stent and the novel stent are 14.1%
and 3.1%, respectively. Less radial recoiling ratio and mass loss ratio of the novel stent
mean the novel stent can still have stronger scaffolding performance and longer server
time in corrosive environment.

The results indicate that structural innovation is very helpful for strong scaffolding
performance and resistance to corrosion. A novel biodegradable zinc alloy stent with
sufficient scaffolding performance can be a new competitive intervention device for
future clinical cardiovascular application.

3. Achievements

Expected results stated in the application form: (1) A material degradation model of
biodegradable zinc alloy; (2) The assessment of scaffold performance of the patented
stent and its effect on reshaping stenotic vessel; (3) 1-2 research papers.

A novel structure for biodegradable zinc alloy stent 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 investigated via finite
element method. The analysis results suggested that the new stent design could provide
much stronger scaffolding than a traditional stent.

4. Summaries and future plans

A novel stent with strong scaffolding performance was proposed and was investigated
using finite element analysis approach. Results indicate that benefiting from the novel
structure, the novel stent still has strong scaffolding performance following its
degradation.

In future work, hemodynamics should be included in the stent degradation process, and
more mechanobiological factors should be considered to model the vessel growth and
remodeling process.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
]éigcie_g_rad_a_b_le_iin_c_}x_ll_o_y Stent and its Effects on Reshaping Stenotic Vessel,
Journal of Mechanics in Medicine and Biology, (2020), (accepted).

Classification with a Convolutional Neural Network, Sci Rep., 9 (2019), 14930.

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

Baga;grac_iéf)l_e_ -Zi_r;c_l_ﬁ_llogf_éte_r;f Based on a Degradation Model, Proceedings of the
19th International Symposium on Advanced Fluid Information (AFI-2019), Sendai,
(2019), CRF-61, pp. 122-123.
Novel Bi(g(i(;g_r_éd_aﬁe Zinc Alloy Stent Based on D_e_g}ziaation Model, Molecular &
Cellular Biomechanics, Vol. 16, Supplement 1, (2019), p.53, Ist International
Conference on Biomechanics and Medical Engineering, September 20-23, 2019 in
San Diego, CA, USA.

3) Patent, award, press release etc.

Not applicant.
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[1] Akio Higo, Takayuki Kiba, Junichi Takayama, Chang Yong, Lee, Cedric Thomas,
Takuya Ozaki, Hassanet Sodabanlu, Masakazu Sugiyama, Yoshiaki Nakano, Ichiro
Yamashita, Akihiro Murayama, Seiji Samukawa: Photoluminescence of InGaAs/GaAs
Quantum Nanodisk in Pillar Fabricated by Biotemplate, Dry Etching, and MOVPE
Regrowth, ACS Appl. Electron. Mater., Vol. 1, No. 9, (2019), pp. 1945-1951.

2) EFERE - BRER - RS - OBERKRSE
*[2] I. Yamashita, N. Okamoto, and S. Samukawa : Control arraying of cage-shaped protein
with core and surface modification, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-6, pp. 12-13.
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*[1] S. Takagi, Y. Konishi, H. Okuizumi, A. Inasawa and S. Obayashi: Experimental Study

for Identifying the Singular Point in Airfoil Wakes Dominated by the Global Instability,
Proceedings of the Nineteenth International Symposium on Advanced Fluid
Information, Sendai, (2019), CRF-72, pp. 154-155.
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*[1] H. Ohta, S. Uchida, Y. Nakagawa, and F. Tochikubo : Numerical investigation on
membrane permeation of reactive oxygen species with umbrella sampling, The Joint

Conference of XXXIV International Conférence on Phenomena in lonized Gases and the
10th International Conference on Reactive Plasmas, Sapporo, (2019), PO18AM-070.

[2] A. Kokubu, S. Uchida, Y. Nakagawa, F. Tochikubo, and T. Sato : Molecular dynamics
simulations on transport of reactive oxygen and nitrogen species in cell membrane under

electric field application, The Joint Conference of XXXIV International Conference on
Phenomena in Ilonized Gases and the 10th International Conference on Reactive
Plasmas, Sapporo, (2019), PO18AM-076.

[3] K. Toda, S. Uchida, Y. Nakagawa, F. Tochikubo, and T. Sato : Quantum chemical analysis
on oxidation of membrane constituent molecules by plasma irradiation, The Joint

Conference of XXXIV International Conference on Phenomena in Ionized Gases and the
10th International Conference on Reactive Plasmas, Sapporo, (2019), PO18AM-079.

[4] S. Uchida, Y. Nakagawa, and F. Tochikubo : Numerical Analysis of Transport
Characteristics of Discharge Activated Species in Biological Membrane with Molecular

Dynamics, The 1ith Asia-Pacific International Symposium on the Basics and
Applications of Plasma Science and Technology, Kanazawa, (2019), Keynote-4.
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*[7] S. Uchida, K. Toda, A. Kokubu, S. Yamauchi, K. Abe, and T. Sato : Large-scale Numerical

Analysis of Discharge Active Species Behavior at Plasma-biological Interface,

Proceedings of the 19th International Symposium on Advanced Fluid Information,
Sendai, (2019), CRF-62, pp. 124-125
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Development of Gradient-Enhanced Bayesian Optimization Technique for Turbomachinery
Design

Lavi Rizki Zuhal*t, Koji Shimoyama**++
Kemas Zakaria*, Pramudita Satria Palar *, Rhea Patricia Liem***
*Faculty of Mechanical and Aerospace Engineering, Bandung Institute of Technology
**Institute of Fluid Science, Tohoku University
***Department of Mechanical and Aerospace Engineering, The Hong Kong University
of Science and Technology
tApplicant, ¥FIFS responsible member

1. Purpose of the project
Aerodynamic design problems often involve computationally expensive
computational fluid dynamics (CFD) solvers. Especially in turbomachinery design, a
three-dimensional CFD 1is necessary to properly calculate the aerodynamic
performance of any turbomachinery system. The goal of this research is to develop
novel efficient Kriging surrogate models which could incorporate
gradient-information for handling complex aerospace design problems including
turbomachinery design.

2. Details of program implement

The goal of the development of novel Kriging surrogate models is to further improve
the performance of Bayesian optimization. We developed two new Kriging surrogate
model methods, namely, Kriging with composite kernel learning (KCKL) and
Gradient-enhanced Polynomial-chaos Kriging (GEPCK). KCKL works by combining
multiple kernel functions so as to harness the advantages of individual kernels. On
the other hand, GEPCK takes into account gradient information to enrich both the
trend and the stochastic process of Kriging. The new methods are implemented in
several aerospace problems including redesign of NASA Rotor 37 (Figure 1).
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Figure 1 : (Left) The NASA Rotor 37 case considered in this research and (right) the
response surface created by Kriging with composite kernel learning.

3. Achievements
The developed KCKL and GEPCK have been successfully implemented in several



complex aerospace cases, including NASA Rotor 37 and centrifugal diffuser
problems. Table 1 shows the root-mean-squared error (RMSE) results for the NASA
Rotor 37 problem. It can be seen that KCL yields lower error than the other existing
methods. On the other hand, Fig. 2 shows that GEPCK also produced surrogate
models with significantly lower error than conventional techniques.

4. Summaries and future plans
The proposed methods are highly potential for applications in many aerospace
engineering problems. This is because the proposed methods exploit further
auxiliary information from the data in the form of either composite kernel or
gradient-enhanced model. For future works, we plan to apply the proposed methods
on multi-objective optimization and multidiscplinary system.

Table 1 : Root-mean-squared error results of KCKL for the NASA Rotor 37 problem.

Gaussian | Matern-3/2 | Matern-5/2| KCKL
n=10 0.2983 0.3305 0.3036 0.2932
n=20 0.1466 0.1466 0.1310 0.1246
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Figure 2 : Normalized RMSE of GEPCK for the blended-wing-body problem.
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1. Purpose of the project

For small Knudsen numbers near the equilibrium, difficulties of direct numerical
modeling of gas flow in the kinetic regime increase enormously. However, near the
equilibrium, to reduce computational cost, we can use differential approximation for the
scattering operator. Thanks to this approximation, we obtained the simple equation for
angular velocity of rotation for quasiparticle pairs thus far. Some other simplification
can be done for important case of gas flows with axial symmetry.

2. Details of program implement

We use the kinetic equation for two-particle distribution function. The Boltzmann
equation follows from this two-particle equation without any additional assumptions
after a simple integration. Instead of the collision integral, there are linear scattering
operator and chaos projector in the right part of this equation. After the regularization
of the scattering operator, we can replace real molecules with quasiparticles and the
two-particle kinetic equation will describe the interaction between pairs of
quasiparticles in terms of their rotation with angular velocity, which depends on the
velocity distribution function. Near the equilibrium the distribution depends only

through the covariance matrix g = <(v — <v>)(v — <'v>)>. Consider the axisymmetric flow.

In this case, the symmetric matrix ¢ is diagonalized with only two different

eigenvalues ¢ and 9- The expression for the angular velocity of rotation is invariant

with respect to the addition of the multiples of the identity matrix to the matrix ¢ '.

Therefore, in the axisymmetric case, the angular velocity of rotation of quasiparticles
Q depends on only one parameter a.

— - 3 1 N i
Qv)=vxg_'-v; g_' =diag(0,0,a); a:§<1_u2>(g‘|l_gll) W

It is easy to verify that the exact solution of the equation for the relative velocity

0
atv A\

under condition (1) is:

2
_ Vo . _ Vo eXP(=vy 7) .
Y (t> I > 0 L (t) VTS, S S
\/VHO—l— Vi exp(—2v,7) \/VHO+ Vi exp(—2v,7) 3)

t
vy = Vit Vi 7(t) = [a(t)at
0



Algorithm based on exact solution (3) reads: 1) All possible pairs (v,v,), i<k of
quasiparticles are formed. There are N, =N (N —1)/2 pairs. 2) Pairs of quasiparticles
are recalculated at each fractional time step dt/ (N - 1) according to eq.(3). At each

fractional time step dt/ (N —1), velocities of only two quasiparticles are changed.

During the entire time step dt, the velocity of each quasiparticle is recalculated
2N, /N =(N-1) times.
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Figure 1 : Comparison of calculated moments (dots) with exact ones (lines)

3. Achievements
We use a model scattering operator, obtained from the exact Boltzmann scattering
operator on the basis of clear physical assumptions:
.0 1 2 -1
=—-vxQ, Qv,u :—<1— >v—u>< (v—u 4)
X=-- [vxQ), Qvu) S\ (v—u)xg ' -(v-u)
The distribution function is entered into it only through the covariance matrix

g= <(v - <v>)(v - <v>)>. For axisymmetric flows, we obtained the exact solution for the

rotation of the relative velocity. The model scattering operator explicitly takes into
account the two-particle nature of the molecular interactions and ensures the exact
conservation of energy and momentum. Our simulation shows good agreement between
the relaxation of a covariance matrix ¢ and the exact solution.

4. Summaries and future plans
Because of its extreme simplicity, we hope that our model scattering operator will be
used successfully in the kinetic theory as BGK and Fokker-Plank operators do.

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

simulations using quasiparticle pairs and velocity moments, AIP Conference
Proceedings, Vol. 2132, (2019), 060014 (6 pages). https://doi.org/10.1063/1.5119554

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

Using Quasiparticle Pairs and Exact Solution, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, (2019), CRF-73,
pp. 156-157.
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*[1] R. Nishikawa, O. Terashima, Y. Konishi, T. Ito and K. Sugioka: Experimental study on
the flow-induced noise from a flag, Proceedings of 19th International Symposium on
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International Symposium on Advanced Fluid Information (AFI-2019), Sendai, (2019),
CRF-11, pp. 22-23.
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*[1] T. Fujimura, T. Okabe, K. Tanita, Y. Sato, C. Lyu, Y. Kambayashi, S. Maruyama and S.

Aiba: A Novel Technique to Diagnose Non-melanoma Skin Cancer by Thermal
Conductivity Measurements: Corelations with Cancer Stromal Factors, Exp. Dermatol,
28 (2019), pp. 1029-1035.
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Hislroo wTRENE, ERAREZEEL, 73 - 5 (2019), pp. 69-73.
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[3] T. Okabe, T. Fujimura, S. Maruyama and S. Aiba: Early Detection of Skin Cancer by

Thermal Conductivity Measurements, Proceedings of 7th of US-Japan Workshop on

Biomarkers for Cancer Early Detection, Tokyo, (2020), p. 48.
*[4] T. Okabe, T. Fujimura, J. Okajima, S. Maruyama: Investigation of Bioheat Transfer

Characteristics of Skin Tumor during Non-invasive Measurement of Thermal
Conductivity, Proceedings of the Nineteenth International Symposium on Advanced
Fluid Information, Sendai, (2019), CRF-63, pp. 126-127.
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[1] T. Nagata, M. Hosaka, S. Takahashi, K. Shimizu, K. Fukuda, S. Obayashi: A simple
collision algorithm for arbitrarily shaped objects in particle-resolved flow simulation
using an immersed boundary method, Int. J. Num. Meth. Fluids, Vol. 92, (2020), pp.
1256-1273.
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*[2] S. Takahashi, M. Yusuke, T. Nagata, Y. Kawamoto, K. Fukuda, S. Obayashi: Numerical
Prediction of Flow Characteristics around Moving Objects in Multiphase Flow,

Proceedings of the Nineteenth International Symposium on Advanced Fluid Information,
Sendai, (2019), CRF-49, pp. 98-99.
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*[1] T. Harada, T. Aki, D. Ohori, S. Samukawa, T. Ikari, A. Fukuyama: Significant Reduction

of Thermal Conductivity of Si Nanopillar/SiGe Composite Film Fabricated by Neutral
Beam Etching Investigated by a Piezoelectric Photothermal Measurements, Proceedings
of the 19th International Symposium on Advanced Fluid Information (AFI-2019), Sendai
(2019), CRF-12, pp. 94-95.

[2] T. Harada, T. Aki, D. Ohori, S. Samukawa, T. Ikari, A. Fukuyama: Analysis and

Estimation of Thermal Conductivity of Si Nanopillar/SiGe Composite Film by Using
Photo-Thermal Spectroscopy Measurement with a Multi-layer Model Calculation, 7 40
[FEEERT L2 b r=7 ZOELISICET 5V AR YT A, HURL (2019), p. 1P1-8.
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[1] M. Kawaguchi, T. Fukui, K. Funamoto, S. Miyauchi and T. Hayase: Experimental Study
on the Effects of Radial Dispersion of Spherical Particles on the Suspension Rheology,
Proceedings of ASME-JSME-KSME Joint Fluids Engineering Conference 2019, San
Francisco, USA, (2019), 5322 (6 pages).

*[2] M. Kawaguchi, T. Fukui, K. Funamoto, M. Tanaka, M. Tanaka, S. Murata, S. Miyauchi
and T. Hayase: Viscosity Estimation of a Suspension with Rigid Spheres in Circular
Microchannels using Particle Tracking Velocimetry, Micromachines, Vol. 10, No. 10,
(2019), 675 (13 pages).

2) EfF=E - ERNFER - iIRE - QBERREF

*[3] M. Kawaguchi, T. Fukui, K. Funamoto, M. Tanaka, S. Murata, S. Miyauchi and T.
Hayase: Measurement of Particle Concentration Profiles of a Dilute Suspension in
Different Reynolds Number Conditions, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-77, pp. 164-165.
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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, TIFS responsible member

Purpose of the project

To determine the effects of carbon dioxide (CO2) dilution on laminar flame
characteristics of lean, stoichiometric and rich methane (CH4) flames under high
initial pressure (0.5 MPa).

Details of program implement

The experiments were performed in the high-pressure constant volume combustion
chamber in IFS. Methane (CH4) was used as fuel with dry air as the oxidizer. CO2
was used to dilute the fuel in varying proportions to create synthetic biogas with
dilution ratio of 0.3 to 0.7. Initial pressure was set to 0.5 MPa. Studies for lower
initial pressure has been performed in previous research period. Equivalence ratios
were varied for 0.8, 1.0, and 1.2 with the initial temperature of 298 K. Schlieren
technique was employed to obtain the stretch rate and the flame speed. The
unstretched laminar burning velocity was calculated using the density ratio of burnt
and unburnt mixtures, and the unstretched flame speed obtained from
extrapolation. The numerical results for laminar burning velocity were obtained
using GRI-MECH 3.0. The burnt gas Markstein length were obtained by measuring
the slope between the flame speed and the stretch rate. Asymptotic analysis was
used to explain the non-monotonic trend of the Markstein length.

Achievements

The influence of CO2z dilution ratio to the combustion characteristics of biogas at
high pressure has been clarified (shown in figure 1). Numerical and analytical
methods verified the experimental results. More details can be found in the
published journal paper.

Summaries and future plans

The unstretched laminar burning velocity of the mixtures decreased with an
increase in COgz concentration. Numerical results of the unstretched laminar
burning velocity indicated similar trend. The Markstein length increased with COz
dilution for the rich flame. However, for lean and stoichiometric flames, the
Markstein length was nearly constant for COz dilution of 0—0.5 and decreased with
CO: dilution of 0.7, indicating a non-monotonic relationship. The non-monotonic
trend can be explained from the asymptotic relationship and parameters such as
Lewis number, Zel’dovich number, preheat zone thickness, and thermal expansion
coefficient. More details can be found in the published journal paper.
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Figure 2. Burned gas Markstein length under various CO- dilution ratio, Zcoz, and various equivalence
ratios for initial pressure of 0.5 MPa and initial temperature of 298 K.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
_gﬁxtrzing Velocity and Markstein Length of CH4/CO2/Air Premixed Flames at
Various Equivalence Ratios and CO:z Concentrations Under Elevated Pressure,
Combustion Science and Technology, Vol. 192, (2020), doi: 10.1080/00102202.2020.
1737032.

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

Flame Propagation Characteristics of CH4/COs2/Air Laminar Premixed Flames,
Proceedings of the Nineteenth International Symposium on Advanced Fluid
Information, Sendai, (2019), CRF-13, pp. 26-27.
3) Patent, award, press release etc.
Not applicable.
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Investigation of a Time Response of cntTSP Sensor for a Dynamic Visualization
of the Laminar—to-Turbulent Boundary Layer Transition
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* Institute of Aerodynamics and Flow Technology, German Aerospace Center (DLR)
**Institute of Fluid Science, Tohoku University
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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-turbulent 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 the potential to visualize the heat transfer distribution over the model.
German Aerospace Center (DLR) has been developed this cntTSP sensor.

In the previous research project, the visualization using cntTSP has mainly
focused on the laminar-to-turbulent transition, and e¢ntTSP has been applied to the
dynamic visualization of boundary layer transition. As a next step, we focused on the
visualization of the laminar separation bubble by cntTSP. In low Reynolds number,
the laminar separation bubble has important effects on aerodynamic characteristics,
and it is characterized by the laminar separation, boundary-layer transition and
turbulent reattachment. However, the relationship between the temperature
distribution, which is visualized by cntTSP, and the laminar separation bubble is still
unclear. In this year, the position of the laminar separation bubble was investigated
by using cntTSP.

Details of program implement

The cntTSP-coated wing model was prepared by the cooperation between IFS and
DLR. This wing model was manufactured by IFS and applied cntTSP coating by DLR.
The wind tunnel experiment was conducted by using the small low-turbulence wind
tunnel at IFS.

Two other visualization methods, particle image velocimetry (PIV) and oil-flow,
were employed to compare with the cntTSP result. In the wind tunnel test, the PIV
system and other measurement devices were produced by the wind tunnel facility in
IFS. Figure 1(a) shows the flow distribution of mainstream direction obtained by PIV,
and Figure 1(b) shows the estimated skin friction line, which was obtained by the
oil-flow result using the global luminescent oil-flow (GLOF) skin friction
measurement technique. The airfoil had the NACAO0012 profile, and the Reynolds
number was 50,000. We observed the laminar-separation-bubble structure in these
two results. Figure 1(c) shows the temperature distribution obtained by cntTSP. The
relation between the temperature distributions and the separation bubble location is
under discussion between the project members.

3. Achievements

In this year’s wind tunnel test, we mainly focused on the visualization of the



| e 0.5
(a) PIV (b) Oil-flow (¢) cntTSP
Figure 1 Visualization results of three flow visualization methods with the flow speed
of 10 m/s and the angle of attack of 5°.

laminar separation bubble by using ecntTSP. Three flow visualization techniques, PIV,
oil-flow, and cntTSP, were employed in this wind tunnel test. The wind tunnel test
was successfully finished, and the acquired data had enough quality to discuss the
position of the laminar separation bubble.

4. Summaries and future plans
We have acquired the necessary data to discuss the laminar separation bubble in
the wind tunnel test, and the purpose of the project in 2019 was partly achieved. We
will discuss the relation between the temperature distributions and the separation
bubble location using this data. We are planning to summarize the data and to
submit to academic journals.

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.

IREBEZ R LR IC 31T 5 NACA0012 3 OB EEB R, 5 51 B
RJyrake, (2019), HEAFEE.

JEER NI D entTSP ORRISE MDA, 5 57 BIRITH S AR P 7 4, (2019),
MR,

Transition on Oscillating Airfoil us_l;l_g_(;ﬁt_’fSP in Low-Speed Wind Tunnel, AIAA
SciTech 2020 Forum, (2020), oral presentation.

Methods in a Pitch-sweep Test by means of TSP using Lifetime and Intensity
Measurements, AIAA SciTech 2020 Forum, (2020), oral presentation.
Time Response of e¢ntTSP Sensor for a Dynamic Visualization of the Laminar-
to-turbulent Boundary Layer Transition, Proceedings of the 19th International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-78, pp. 166-167.

And other 3 poster presentations (international 2 / domestic 1)

3) Patent, award, press release etc.
Not applicable.
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Thermodynamic Property Gradients in Near-Surface Water Thin Film and Its Impact on
Liquid Flow in Microlayer

Shalabh C. Maroo*f, Takashi Tokumasu**++¥
Manish Gupta*, Sidharth P. Raut*, An Zou*
*Department of Mechanical Engineering and Aerospace Engineering, Syracuse
University
**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project
The interfacial properties are important in many physical and industrial
applications including biological and chemical nanofluidic transport system. We aim
to study the interfacial properties of thin liquid water film over metallic surface
using Molecular Dynamics (MD) simulations. The effects of various water film
thickness and water temperature on pressure and surface tension is studied.

2. Details of program implement
The simulation domain consists of liquid water of thickness varying from 2 nm to 10
nm over platinum surface for three different temperatures of 300 K, 350 K and 400
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Figure 1. (a) Simulation domain, (b) film thickness, (c) pressure gradient and (d)
temperature gradient for a water film over platinum surface.

The vapor atoms are placed over liquid based on the saturation density. The
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1)

2)

3)

simulation domain is symmetric in the plane parallel to the wall (Figure 1(a)) to
minimize the periodic boundary condition effect on interfaces. Water is modelled
with SPCE model at constant bulk temperature with Nosé—Hoover thermostat. The
thermodynamic analysis is carried out with pressure and density gradients are
plotted in figure 1(c) and 1(d). Based on density results the simulation domain can
be divided into four regions. Liquid close to surface has higher pressure and density
as surface-liquid interaction is significantly stronger near the surface. Bulk liquid
properties are close to saturation properties of water for corresponding
temperatures due to very less impact by surface and interface.

Achievements

It was observed that liquid-vapor interface has some thickness (-1 nm), where
density drops from bulk liquid value to bulk vapor. The pressure drop in this region
corresponds to surface tension [2] and are plotted in Fig. 2 (a). The values of surface
tension obtained matches well this bulk properties calculated by SPCE model in
previous studies [3]. Varying thickness doesn’t influence surface tensions as surface
effect is limited to less than 2 nm. We also observed that peak pressure near the wall
affected liquid which signifies the liquid-wall interaction depends on liquid
temperature and plotted in Fig. 2 (b).

Figure 2. Effect of film-thickness and temperature (a) surface tension, and (b) peak
pressure near surface.

Summaries and future plans

Thin water film over platinum surface was studied using molecular dynamics
simulations. A high pressure region was observed in surface affected liquid which
depends on bulk liquid temperature. The wall impact for non-polar Lennard Jones
surface is very short and therefore, film thicknesses below 2 nm heights needs to be
studied further. We have also implemented surface to liquid heat transfer algorithm
for water in molecular dynamics simulator LAMMPS. The effect on surface tension
and film thickness due to evaporation at higher temperature is under investigation.

Research results (* reprint included)

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

International and domestic conferences, meeting, oral presentation etc.

Water Film by Molecular Dynamics, Proceedings of the 19th International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-15, pp. 30-31.
Patent, award, press release etc.

Not applicable.
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Multifunctional Hybrid Filaments Comprising Aligned Nanocellulose and Carbon
Nanotubes Synthesized by a Field-Assisted Flow Focusing Method
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*Bioresource Science & Engineering, University of Washington
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project
The overarching objective of this project consists of numerically and experimentally
studying the mobility of fibrous nanomaterials, such as cellulose nanobrils and
carbon nanotubes, under applied voltage and hydrodynamic shear to produce
renewable filaments with superior properties for smart textile applications.

2. Details of program implement

A PhD student, Heather G. Wise, from the Dichiara’s group at the University of
Washington, Seattle WA, spent approximately 15 days during summer 2019 at the
Takana’s laboratory in Tohoku University, Sendai. During her visit, the PhD student
produced several meters of anisotropic filaments based on the innovative
field-assisted flow focusing system. Prior to the PhD student’s visit, large quantities
of renewable cellulose nanofibrils (CNFs) were prepared and characterized in the
Dichiara’s lab with various specifications (i.e. viscosity, charge density and aspect
ratio) suitable for the flow focusing experiment. As-produced filaments were
conditioned for further testing of their mechanical properties in Tohoku University.
Preliminary experiments were also conducted with the introduction to the filament
composition of carbon nanotubes purified in the Dichiara’s laboratory. Pristine and
fractured filaments were brought back to the Dichiara’s laboratory for further
characterization of their morphology and microstructure by electron microscopy,
polarized Raman spectroscopy and 2D X-ray diffraction. Results were presented (.e.
both oral and poster presentations) at the 2019 ICFD conference.

3. Achievements
Macroscopic filaments comprising highly-ordered TEMPO-oxidized CNFs were
produced from renewable wood pulp using an innovative field-assisted flow focusing
process. The presence of oxygen moieties on the CNF surface enabled strong
polarization and spontaneous alignment of dipoles under applied external electric
field, which significantly improved the downstream nematic ordering of CNFs
despite diffusion caused by Brownian motion. While the upstream field-assisted
alignment enhanced the CNF ordering both on the filament surface and in the bulk,
its effect became dominant once a threshold voltage was applied. Results revealed
that the applied voltage was effective at mitigating the hydrodynamic-induced
non-uniform orientation profiles across the fiber width caused by the inherent
velocity gradient toward the channel walls. Filaments produced at 600 Vpp had
greater optical anisotropy and exhibited a 16 % augmentation in orientation index
compared to filaments prepared without an AC external field. Despite the relatively



high voltages incurred, there were no signs of either electric field-induced structural
defects or water electrolysis. Furthermore, 2D X-ray diffraction indicated that CNFs
were densely packed anisotropically in the plane parallel to the filament axis without
any preferential out of plane orientation. The high orientation degree of CNF's
combined with their dense packing yielded impressive improvements in the
mechanical properties of the resulting filaments, with up to 120 % increase in
toughness without compromising the material’s stiffness. These results demonstrate
for the first time that an external electric field can be applied in a continuous flow
process to control the structural ordering of anisotropic materials.

Summaries and future plans

In summary, this project reports, for the first time, the successful production of
macroscale filaments comprising aligned TEMPO-oxidized cellulose nanofibrils in a
continuous fashion using a field-assisted flow focusing process. The improved
nanoscale ordering combined with the tight packing of cellulose nanofibrils yielded
impressive enhancements in mechanical properties, with stiffness up to 25 GPa and
more than 63 %, 46 % and 120 % increase in tensile strength, strain-to-failure and
toughness, respectively. This research has great implications for the continuous
production of renewable fibers with good mechanical attributes, which is particularly
relevant considering that fibers account for more than 20 % of the overall plastic
production, which was valued at $55 trillion in 2017.

Preliminary results with carbon nanotubes confirmed that the electrically conductive
fillers exhibit a faster and stronger response to the electric field than CNFs. The
mechanical characteristics of the hybrid filaments were reduced, however, with the
addition of carbon nanotubes. The decrease in strength properties is likely attributed
to the poor interfacial properties between the carbon nanotubes and the CNFs. As a
result, single wall carbon nanotubes were functionalized with various moieties to
study the influence of surface chemistry on the strength of hybrid filaments. The
PhD student was scheduled for a second visit to the Takana’s laboratory in March
2020 to conduct new experiments with functionalized carbon nanotubes.
Unfortunately, her visit had to be cancelled due to COVID-19. The research team is
actively working on alternative ways to pursue this work despite travel restrictions.
In addition, Prof. Takana has been invited to serve as a committee member for the
PhD student’s general exam, which will take place remotely in May 2020.

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)

and Environmental Applications, Next Generation Synchrotron Radiation
Workshop, Seattle, (2019).

Carbon Nanotubes in a Flow Focusing System Assisted by Electric Field,
Proceedings of the 19th International Symposium on Advanced Fluid Information
(AFI-2019), Sendai, (2019), CRF-55, pp. 110-111.

Patent, award, press release etc.

Not applicable.
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Purpose of the project

Numerical simulation has been widely utilized as an effective tools to predict,
measure and analyze some physical parameters which is hardly to obtained by the
experimental studies. Computational fluid dynamics or CFD in particular has been
used as main analysis tools for many intravascular flow studies either to
understand more about the internal flow behaviour or for designing and improving
the medical treatment procedures.

In this project, we propose to use numerical simulations as evaluation method
towards the multi-scale experiment to understand about the development of
intravascular disease. Several simulation studies are plan to be develop side-by-side
with the experimental studies of cellular experiment with flow exposure and the
preparation of the flow circuit’s design with PVA-H model.

Details of program implement

This research implemented mainly on the two subjects regarding the utilization of

CFD simulations for:

a. Predictions of endothelial cells (ECs) alligmnent on the experimental flow

chamber dish to inform about the role of wall shear stress (WSS) to the
endothelialization of ECs.
In this research, the applicant has a responsibility to conduct the CFD
simulation for the virtual flow chamber with two wires stents positioned on its
bottom side (Figure 1). This simulation aimed to figure out about the ECs
behaviour towards the change of the flow when the stent wires are positioned on
a different angle and gap. The experimental works have been carried on the life
science cluster, IFS. Analysis on the comparison between WSS distributions
map and the flourescence microscope fixed-cells images have been performed in
this stage of research.

b. Predictions of the internal flow pattern of PVA-H model’s for medical imaging
phantom.

In this part of research, CFD simulation has been made as a predictions of
PVA-H cylinder model which will be fabricated as a part of flow phantom
development study. A straight pipe model has been designed with a different
flow cross sections. This prediction is useful to determine the optimum position



3.

2)

3)

to locate the flow measurement sensors.

Slice: Velocity magnitudé (m/s)~ '. &l

(a) (b)

Figure 1 : (a) geometry of flow chamber for ECs experiment setup. (b) predictions of
flows pattern for the PVA-H model design

Achievements

Regarding the first target, concerning the comparison between post-flow-exposure
ECs distribution on the bottom od the dish and the WSS distribution from the CFD
simulation has been successfully obtained during this first phase of project. For flow
pattern predictions and confirmation of computational simulation result on the in
vitro blood vessel model is currently on the first stage. Analysis on multi-solver
simulation results will be carried on the following year.

Summaries and future plans

From the current results, the tendency of ECs migration is happen under high
influence of the flow, especially the WSS distribution. This conditions can be analyze
from the agreement between the WSS distribution on the dish with the location of
high WSS density which mainly located on the high WSS region.

For the next step, on the Cellular experimental study, we will continue to obtain
more experimental results to proof the statistical consistency of the cell distribution
results. Meanwhile the report of all the results is prepared for journal publication.
For comparison between simulation results and in vitro blood vessel model will be
conducted on the following year with fabrication of PVA-H model which has been
confirmed on simulations.

Research results (x 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 Simulations as Evaluation and Planning Method for Cellular Biofluidic
Experiments, Proceeding of the 19th International Symposium on Advanced Fluid
Information (AFI-2019), Sendai, Miyagi, Japan, (2019), CRF-64, pp. 128-129.
Patent, award, press release etc.

Not applicable.
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1. Purpose of the project

This project aims at understanding better the combustion chemistry of nitromethane
(CH3NOg2), which is still not very well understood. This will have many benefits due to
the many applications of NM such as gasoline fuel additive, race fuel, monopropellant.
This will also lead to a better understanding of the interactions during combustion
between CH4, the main component of natural gas, and NOs, since nitromethane will
primarily dissociate into CHs, a dominant and early radical of CH4 combustion, and NOs.
This NO2-CH4 interaction could be of interest for Japan as blends of ammonia and CHs
are considered as a possible way to obtain low-carbon fuels with flame speeds higher
than that of ammonia, the source of high NOx emissions being ammonia.

2. Details of program implement

Experiments were conducted as planned at the IFS. The results where compared to
modern detailed kinetics models and the large discrepancy with the data and among
models 1s a clear evidence of the project’s value and relevance.

{(a) J— (b) [
0.016 - - . -0.006 o~ ~ | 1200
v ~. d .
| e Ay ) =
N XA T — e — o yaa
0.012 - N BITT .
e ;’ =II i ITIT T I loged | - 800
./, l‘ \ ‘ CH,NO, P /.
0.008 | ‘): NO b / - ;E—i _______
| — — — Brequigny etal., 2015 . E . | —
1 ,/‘)l\ — — - - Mathieuetal, 2016 -0.002 )'// /E . LN I N S
0.004 — — - - Glarborgetal., 2018 g -
c i 174 o
° /I Weng et al., 2019 L s . CH, -
= 1 / ‘\\' Shrestha et al., 2020 A 3
S offs SSelassagiee o o rofane® L, . 1, O
ra © oEem T T T @) e ~ 8
20-0012 - /// - ~_ | P 4+ cH T 12005
o s - . ~toF
= // y CH, —o.oog/
0.0008 + ’/' { e — ] | '/' I 800
./ { - - - _% _%_
/ - 0.0002 =T
0.0004 sl . - 400
. p o — — =TT T T T - -— - — =
1 iy oTdl I - j'/ -
A T O D I I + H.+—+’+ _________
0 o Biae T T T T T -7 —— T T 0
5 6 7 8
5 6 7 8x (cm)

Figure 1 : Comparison between the data obtained during this project and modern
detailed kinetics mechanisms.



3. Achievements

Experiments were successfully conducted at both the IFS and Texas A&M side (which
benefited from its own, internal, source of funds). Results were presented at the 16th,
ICFD in Sendai and a paper was written for the very selective and prestigious
International Symposium on Combustion. The paper was accepted for oral presentation
and is very likely to be accepted for publication in Proceedings of the Combustion
Institute.

4. Summaries and future plans

New experimental data were taken for the pyrolysis of nitromethane in a micro-flow
reactor with a controlled temperature profile at the Institute of Fluid Science and in
shock tubes at Texas A&M University. These data were compared to modern detailed
kinetics mechanisms and the predictions were poor in general, indicating a strong need
to revisit the models.

The next step will be to develop a model capable of capturing the experimental trends
and to perform similar experiments under oxidation. A final model, able to predict both
pyrolysis and oxidation, should be developed in the near future and these results should
be published in a peer-reviewed journal. It is anticipated that the model should be the
reference in the field for this molecule.

. 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)
Experimental and Chemical Kinetics Modeling Study of Nitromethane in Shock
Tubes and a Micro-Flow Reactor with a Controlled Temperature Profile,
Proceedings of the 19th International Symposium on Advanced Fluid Information,
Sendai, (2019), CRF-16, pp. 32-33.

[2] Y. Yamamoto, T. Tezuka, H. Nakamura: Study on Pyrolysis of Nitromethane using a
Micro Flow Reactor with a Controlled Temperature Profile, Proceedings of the
Sixteenth International Conference on Flow Dynamics, Sendai, (2019), 0S18-67,
pp. 818-819.

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

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

2. Details of program implement

The preliminary results show that the near wall characteristics of the mean
statistics, such as mean temperature and velocity profiles, are largely dependent on
the buoyancy force in the near wall region as shown in Figure 1. The mean profiles,
although different from the canonical forced boundary layers, can be seen to follow a
modified log-law relation. In the near wall region, we have identified a constant
forcing layer, where the wall shear is balanced by the buoyancy and local shear, to a
similar extent to the constant heat flux layer.

(@ (b)
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Figure 1 : Flow field visualization (a) Temperature field visualization at Gr=7.7x107,
(b) A magnified view of the temperature field of the red box in (a), (c) Magnified view of
the stream-wise velocity field of the red box in (a).
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Achievements

A three-dimensional direct numerical simulation has been carried out with Pr =
0.71 using a massively parallelized solver in a 3125X1000x3125 cartesian grid.
Preliminary results are obtained up to Grashof number Gr= 1x108 where the flow is
turbulent enough to demonstrate the characteristics of a turbulent boundary layer.
The turbulent DNS data suggests the mean profiles are found largely dependent on
the buoyancy effect. As the flow progressively reach higher Gr, the buoyancy force is
found to lose its significance in the near wall region. Such behavior suggests a shear-
dominated (ultimate) turbulent regime could be achieved at a higher Gr where the
buoyancy effect asymptotes to zero. Currently we have achieved a flow regime where
shear and buoyancy are comparable (ratio of shear to buoyancy is about unity). We
believe the asymptotic regime (which may be approximated by when the ratio of shear
to buoyancy equals 10) can be achieved by another year of HPC support. At current
stage, we have one paper submitted to the Journal of Fluid Mechanics (3 positive
comments, require only minor revision) and one preliminary draft for the Journal of
Fluid Mechanics in preparation.

Summaries and future plans

In this fiscal year, we will continue the simulation to achieve a higher Grso that a
more detailed description of the turbulent boundary layer structure can be obtained.
The ongoing analysis on the outer region of the turbulent boundary layer will focus
on the outer boundary layer, where a plume like flow structure has been developed.
The study of the outer boundary layer will lead to a better understanding of multiple
features of the turbulent boundary layer, for example, the entrainment of the
boundary layer, the application of the plume integral model to the boundary layer, the
scaling relation for the heat transfer rate and also the indication of the asymptotic
ultimate regime.

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)

Integral Model to an Unsteady Natural Convection Boundary Layer, The 11th
Australasian Natural Convection Workshop, (2019), Sydney, Australia.

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

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

2. Details of program implement

To design and optimize a car empennage with winglet, firstly, quasi-uniform B-spline
curve was applied to fit the airfoil, then the fitting airfoil was employed in building the
three-dimensional model of the winglet. After that, the Bi-directional fluid-structure
interaction was used to add the actual influence of static aeroelasticity on the car
empennage with the winglet. Coupled simulation between steady flow filed and static
structure was achieved with System Coupling connecting the Fluent with the Static
Structural. Then, optimized the airfoil and shape parameters of the new car
empennage’s winglet with multi-objective method under the three dimensional flows
before and after considering the effect of static aeroelasticity. In order to obtain the
accurate optimized results, the study took samples with Latin hypercube sampling,
fitted the approximation model by Kriging method. In addition, NSGA-II was applied to
perform multi-objective optimization based on approximation model. Finally, the
optimal solutions from two Pareto Optimal Frontiers were obtained according to specific
design indexes. 3D models were reconstructed based on optimal solutions. Finally, wind
tunnel experiments were carried out in the Low-turbulence Wind Tunnel, IFS, Tohoku
University to verify the results.
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Fig. 1: Comparison between airfoil fitting Fig. 2: Parametric method of winglet
result and original airfoil



3. Achievements

The vortex-induced vibration of the car empennage with winglet occurs in the flow field
at the vehicle’s tail, which is motivated by the drag vortex at the vehicle’s tail and the
induced-vortex of the wingtip. The vibration frequency of the new car empennage is
equal to its first-order modal vibration frequency. Due to that this frequency is different
from the frequency of the motivated vortex obviously, the new car empennage has no
risk about resonance under the design speed. Some fluid characteristic comparisons of
the car with Ordinary empennage (left) and new empennage (right) are shown in Fig. 3
and 4.
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Fig. 3: Surface pressure contour of Fig. 4: Comparison of velocity vector of
model’s tail tip section at trailing edge

4. Summaries and future plans

Summaries: A winglet can use the three-dimensional flow, generated by the wingtip,
to provide the wing with additional lift and forward thrust. Its unique mechanism of
action is also suitable for the application to a car empennage. However, because the
wake of a vehicle has many differences with an aircraft, traditional airfoils of an aircraft
are difficult to satisfy the design requirements of a winglet that is installed on the car
empennage. Meanwhile, adding a winglet will create new aerodynamic load distribution
due to the additional elastic deformation. Therefore, the design and optimization of a
car-used winglet is needed.

Future plans: 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)

Empennage with Winglet under Effect of Static Aeroelasticity, Journal of Jilin
University (Engineering and Technology Edition), Vol. 5, No. 2, (2020), pp. 399-407,
(Chinese).

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
of a Heavy Truck with Efficient Global Optimization Method. Proceedings of the
Nineteenth International Symposium on Advanced Fluid Information, Sendai
(2019), CRF-18, pp. 36-37.

3) Patent, award, press release etc.
Not applicable.
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Understanding Tribological Behaviour of hBN Nanoparticles in TMP Ester Based
Biolubricant by Assessing Its Rheological Properties

Takashi Tokumasu*f, Nasruddin Yusuf Rodjali**f+, Rizky Ruliandini**
*Institute of Fluid Science, Tohoku University
**Faculty of Engineering, Universitas Indonesia
TApplicant, tinon-IFS responsible member

1. Purpose of the project

Using molecular dynamics simulation, this project was intended to provide an overview
of hexagonal boron nitride (hBN) nanoparticle mechanism in Trimethylolpropane
ester-based biolubricants so as to improve its tribological characteristics. By getting the
rheological properties it is expected to be able to predict the nano-biolubricant
performance.

2. Details of program implement

This project was conducted by simulation based, and the study material about
molecular dynamics simulation was supplied by IFS. During the project, we
communicated very well, and the IFS members were very open with all discussions and
consultations about the projects being carried out. The accessibility of super computer
facilities was a major contribution to this project. Despite all the collaboration work was
performed remotely, the project could be implemented well.

3. Achievements

(a) (b) )

Fig. 1 (a) System at initial position (b) The upper wall moving down after
equilibrated for 250 ps (c) Sheared condition

a. The mechanism of hBN nanoparticles were assessed through its density and
viscosity profiles. The profiles were not sufficiently supplied the information of
tribological characteristic.

b. This project was trying to apply the molecular dynamics simulation method to
assess hBN-TMP ester mixtures which employ an ab-initio calculation in order to



get the certain MD parameters, the pair coefficient between the boron nitride and
atty acids in particular.

c¢. During April 2019 — March 2020 the members of this project were attending the
International Conference in Bali (I-TREC, 2019) and two articles were selected to
a Q3 SCOPUS indexed journal, EVERGREEN and AIP Proceeding. The status
of the two articles are still under reviewed.

4. Summaries and future plans

The results show, up to 15MPa of wall pressure, the nanofluid still could hold in the load
very well. The drawback is that in this study the upper and lower wall were acted as
boundary since there is no potential applied. So, the interaction between the nanofluid
and the wall were still not covered as we expected. For the next research, the inter
atomic potential is should also be applied onto upper and lower wall and there should be
a proper potential for hBN in order to get a more accurate and comprehensive results.

. Research results (* reprint included)
1) Journal (included intranational conference with peer review and tutorial paper)
Not applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
of hBN Nanoparticles in Trimethylolpropane trioleate (TMPTO) Based
Bio-lubricants : Molecular Dynamic Simulation, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information (AFI-2019), Sendai,
(2019), CRF-19, pp. 38-39.
3) Patent, award, press release etc.
Not applicable.
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*[1] Masataka Nakauchi, Takuya Mabuchi, Yuta Yoshimoto, Toshihiro Kaneko, Ikuya
Kinefuchi, Hideki Takeuchi, Takashi Tokumasu: Molecular Dynamics Study of Oxygen
Diffusivity in Catalyst Layer, ECS Transactions, Vol. 92, No. 8, (2019), pp. 23-28.
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*[2] Masataka Nakauchi, Takuya Mabuchi, Yuta Yoshimoto, Toshihiro Kaneko, Ikuya
Kinefuchi, Hideki Takeuchi and Takashi Tokumasu: In-plane Relation between
Magnesium Oxide Thin Film and Silicon Substrate, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, (2019), CRF-20, pp.
40-41.
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Solid Oxide Fuel Cells Replacement of a Traditional Catalytic Converter

Jeongmin Ahn*¥, Hisashi Nakamura**{+
*Department of Mechanical and Aerospace Engineering, Syracuse University
**Institute of Fluid Science, Tohoku University
TApplicant, T7IFS responsible member

Purpose of Project

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

Details of Program

It was discovered that the primary concern that needed to be addressed was the
ability of a SOFC to reduce automotive emissions to successfully replace a
traditional catalytic converter. A Ni-gadolinium doped ceria (GDC) SOFC was
compared against a section of commercially available catalytic converter. The anode
of the SOFC was made via dry pellet pressing of 60% by weight NiO and 40% by
weight GDC powder. The anodes were then pre-sintered at 1000°C. A GDC
electrolyte was then wet-powder sprayed onto the anode layer. The anode and
electrolyte layers were then co-sintered to 1400°C. Finally, a lanthanum strontium
cobalt ferrite (LSFC), GDC cathode layer was wet-powder sprayed onto the
electrolyte. The catalytic converter specimen’s surface area was matched to that of
the SOFC. Each specimen was tested for emission reduction within the same testing
apparatus. The testing apparatus was then placed within the same split tube
furnace for accurate temperature control. Bench top flow meters were utilized to
control the flow of each constituent within the model exhaust. The model exhaust
was supplied to the reactive membrane within the furnace via quartz piping. For
each run the specimen was supplied with 143 ml/min of air, 1 ml/min of 10% NO
with N2 balance, 5 ml/min of CO, and 15 ml/min of CH4. This is meant to simulate a
near stoichiometric exhaust mixture, for CHs and air, for testing across varying
temperatures. The high content of hydrocarbons and CO is designed to emulate the
exhaust of a catalyst warm up strategy. The incoming flow is known to consist of
18.31% Oz, 9.14% CH4 , 3.05% CO, and 0.0609% NO. The effluent of each test was
measured with mass spectrometer (MS) and emission gas analyzer. Each of the
following figures represents the time average result for each specimen. The MS
scans are taken and averaged with continual sampling. The emission analyzer is
then connected to the effluent stream and samples. All temperatures followed a
similar trend and were determined to provide redundant information. The model
exhaust was continually fed into the system, and therefore, it is believed that the
chemical species within the furnace may not reach chemical equilibrium. This test is
meant to simulate that of continual exhaust treatment. The test was conducted at
400°C, 500°C, 600°C, and 700°C to cover exhaust temperatures after warmup at idle
ranging to under moderate engine load.

Achievements
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4. Summaries and future plans

The comparison between the SOFC and catalytic converter element across a wide
range of temperatures highlights significant differences in performance for
particular emission species. The SOFC and catalytic converter are closely matched
in hydrocarbon reduction for all temperatures tested. However, this is the only
similarity between the two specimens. The catalytic converter is able to significantly
reduce CO emissions, whereas the SOFC appears to generate CO as an intermediate
species. This indicates that the final conversion of intermediate CO to COz is slower
in the SOFC when compared to the catalytic converter. However, at all temperatures
the total NOx emission from the SOFC is significantly lower than the catalytic
converter. The fuel cell is readily able to continually react and reduce NOx. This
variation in performance indicates significant academic interest. Neither, the
catalytic converter nor the SOFC performance is clearly better. Therefore, future
study i1s needed on a combined system. Investigation of a SOFC that utilizes
additional catalytic materials from the current catalytic converter mixed into the
electrode material may yield significantly improved emission control.

5. Research results (xreprint included)
1) Journal

Replacement for Enhanced Emission Control and Power Generation in Automotive
Exhaust, Proceedings of the SAE, 20PFL-0379, (2020).
2) International and domestic conferences, meeting, oral presentation etc.

Traditional Catalytic Converter, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-21, pp. 42-43.
3) Patent, award, press release etc. = Not applicable.
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Mechanism of Generation and Stabilization of Fine Bubbles Generated by Plasma in Water
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Electric Field Measurements in Nanosecond Pulse Discharges in
Atmospheric Pressure Flames for Plasma Assisted Flameholding

Hidemasa Takana*t{, Hideya Hishiyama**
Marien Simeni Simeni**, Yong Tang**, Keegan Orr**, Igor Adamovich**77,
*Institute of Fluid Science, Tohoku University
**Department of Mechanical and Aerospace Engineering, Ohio State University
TApplicant, ftnon-IFS responsible member

1. Purpose of the project

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

2. Details of program implement

The results have been presented at 16th International Conference on Flow Dynamics,
Sendai, Japan, November 6-8, 2019: 1.V. Adamovich, “Electric Field Measurements in
Nanosecond Pulse Discharges in Air and in Hydrogen Flame”.

3. Achievements

Repetitive ns pulse, dielectric barrier discharge voltage waveforms, combined with a
tail several ms long, are used to induce oscillations of a counterflow atmospheric pressure
diffusion flame, as shown schematically in Fig. 1. A baseline ns pulse discharge operated
at 10 Hz results in a relatively modest oscillatory response of the flame, which becomes
more pronounced in burst mode operation, at the same burst repetition rate of 10 Hz.
This effect is most likely caused by the residual electric field after the discharge pulse,
producing the electrohydrodynamic force on the charges generated during the discharge.
The electric field distribution between the electrodes during and after the discharge
pulse is measured by ps E-FISH diagnostic. The results, plotted in Fig. 2, show that the
electric field is maintained during the voltage tail. The time scale of the flame oscillations
at the present conditions, of the order of ~10 ms, is limited by the relatively slow
momentum transfer from the ions to the neutral species. The results demonstrate a
significant potential of ps second harmonic generation diagnostics for non-intrusive
measurements of the electric field in hydrocarbon flames flames forced by electric
discharge plasmas, and in atmospheric pressure plasma jets.

4. Summaries and future plans

The results demonstrate a significant potential of ps second harmonic generation
diagnostics for non-intrusive measurements of the electric field in atmospheric pressure
flames enhanced by electric discharge plasmas. Future work includes studies of flame
stability during ns pulse discharge forcing and electric field measurements in
atmospheric pressure plasma jets for applications in biology and medicine.
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5. Research results (x reprint included)
1) Journal (included international conference with peer review and tutorial paper)

Counterflow Diffusion Flame Oscillations Induced by Ns Pulse Electric Discharge
Waveforms, Combustion and Flame, Vol. 206, (2019), pp. 239-248.
[2] K. Orr, Y. Tang, M. Simeni Simeni, D. van den Bekerom, and I. V. Adamovich:

Measurements of Electric Field in an Atmospheric Pressure Helium Plasma Jet by
the E-FISH Method, Plasma Sources Science and Technology, Vol. 29, (2020), 035019
(13 pages).

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

Measurements in Plasma-Enhanced Flames, Proceedings of the 16th International
Conference on Flow Dynamics, Sendai, Japan, (2019), 0S2-35, pp. 246-247.

Electric Field Measurements in Atmospheric Pressure Discharges by Electric Field
Induced Second Harmonic (E-FISH) Generation, Proceeding of the 19th
International Symposium on Advanced Fluid Information, Sendai, Japan, (2019),
CRF-22, pp. 44-45.

Metastable Excited Species in Hybrid Plasma for Plasma Chemistry and Plasma
Catalysis Applications, Proceedings of the 16th International Conference on Flow
Dynamics, Sendai, Japan, (2019), 0S5-5, pp. 342-345, (Invited lecture).

3) Patent, award, press release etc.
Not applicable.
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*[1] H. Gonome, T. Nagao, T. Kogawa, S. Moriya, and J. Okajima: Effect of Droplet Diameter
on Thermal Barrier Performance against Thermal Radiation from Fire, Proceedings of
the Nineteenth International Symposium on Advanced Fluid Information, Sendai,
(2019), CRF-23, pp. 46-47.
[2] JLHZER 5 < SHEEADEHEE & IS IBFGE, WPIRFESF AR TR RIS S - AFEZ, KR,
(2019).
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Clarification of the Transition Mechanism of Cavitation Instabilities

Donghyuk Kang*t, Iga Yuka**{¥
* Department of Mechanical Engineering, Saitama University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

Cavitation instabilities in the inducer were classified into three types by their
behavior. On the other hand, in centrifugal pumps, the head drops quickly when
cavitation occurs, so it is operated rarely under some large cavitation with
unsteadiness occurring. Therefore, there is very little research on cavitation instability
phenomena in centrifugal pumps. Therefore, to predict the behavior of unsteady and
asymmetric cavitation in centrifugal pumps, the characteristics of it are needed to
investigate. The objective of this study is to clarify the characteristics of unsteady
cavitation in centrifugal pump for visualization by experiment. The centrifugal pump
for visualization allows observing the behaviors of cavitations in each blade at once from
the axial direction. The unsteady and asymmetric behavior was evaluated from the
images with the coordinate transformation.

2. Details of program implement

Low specific speed centrifugal pump of 180 [min-1, m3/min, m] with two-dimensional
closed three blades was adopted as the objective pump. This pump allows to observe
flow field from axial direction through the transparent window. The pump’s front view
and cross-section are shown in Fig. 1. The pump has an inlet volute casing and inlet
guide vanes. The impeller and inlet flow passage were separated by a transparent wall,
which enables us to see the blade directly from the axial direction. Cavitation behavior
was visualized by the high-speed camera, Photron FASTCAM Mini AX with the
recording frequency of 3600 fps. The images recorded at the stationary system with the
time interval of 1/3600ms were transformed into the rotational system. By this
treatment, the position of blades was fixed in all images, then synchronizing and
synchronizing components can be separately evaluated from the series of the image.

Ll ]

Volute Casing

(3
Outlet Collector

931 mm

Window
Shroud — T | |

Guide Vane — T —F 11411 68mm
g I (5
L —r

Figure 1 : Schematic of the experimental apparatus.



3. Achievements . o TEMGRR .
The processed photographs from the high-speed g
camera image were arranged as shown in Fig. 2. They !
were taken at ¢ = 0.055 and approximately ¢ = 0.06.
One rotation was divided into six images and arranged
in the row direction. The images of the next rotation
were located just below. Hence, the rotational angle of
the impeller is the same in each column. To evaluate
the unsteady behavior of cavitation, the maximum 5
length of cavitation on the suction side was focused.
First, in the first row, it was considered that each blade :
was at the top, that is, at the same position because the :
cavitation of blade 1 at 1/3m, blade 2 at 3/3m and blade 3
at 5/3m were large. Then, the variation of the cavity
volume in the row direction at each blade at the top was
focused. In circled photographs, the cavitation length
on the suction side of each blade is the maximum. The ¢
pink, blue and green circles correspond to blade 1,
blade 2, and blade 3. The colored circle did not appear
at the same row, therefore, it is speculated that the
unsteady behavior was not symmetric. Therefore, it
was shown in this figure that the cavitation surge did 5
not occur. On the other hand, the colored circle  Figure 2: Photographs of

appeared in diagonal directions with the order of red, cavitation from the
blue and green in every 6 - 8 photos. It is implied that high-speed camera (¢ =
cavitation with asymmetric unsteady behavior occurred 0.055, o = 0.06).
and the asynchronous rotating cavitation may have

occurred.

4. Summaries and future plans

The cavitation with asymmetric unsteady behavior in the centrifugal pump was
observed by rotating and arranging photos of the high-speed camera so that the blades
were in the same positions.

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: Thermodynamic Effect of Tip-Leakage-Vortex
Cavitation on Two-dimensional Hydrofoils with Tip Clearance for Hot Water, Int.
Journal of Fluid Machinery and Systems, Vol. 12, No. 4 (2019), pp. 368-379.

[2] P. Hu, J. Okajima, D. Kang, M. Nohmi and Y. Iga: Experimental and Numerical
Studies for Unsteady Cavitation in a Centrifugal Pump for Visualization, 15th
Asian International Conference on Fluid Machinery (AICFM15), Busan, Korea
(2019), P00164.

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

[3] S. Tsuchiyama, J. Okajima, D. Kang, M. Nohmi and Y. Iga: Experimental
Investigation of Unsteady Characteristics of Centrifugal Pump, Proceeding of the
16th International Conference on Flow Dynamics (ICFD2019), Sendai, Miyagi
(2019), 0S18-33, pp. 750-751.

*[4] D. Kang, P. Fu and Y. Iga: Clarification of the Transient Mechanism of Cavitation
Instabilities, Proceedings of the 19th International Symposium on Advanced Fluid
Information(AFI-2019), Sendai, (2019), CRF-24, pp. 48-49.

3) Patent, award, press release etc. Not applicable.
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Effects of the Turbulence Interaction on the Rise Time of a Sonic Boom Pressure Signature
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AEEFLT, WRARIEDIERT OB TRER 2 > T, #EELO 2RV ETEIE OR HTIEORERR
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4 FEDHESEDEE
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5. WARAR (HFREIRIHY)

1) FiiE EHROTERRE FHFEsd)

[1] T. Ukai, K. Kontis : Thermal fluctuation characteristics around a nanosecond pulsed
dielectric barrier discharge plasma actuator using a frequency analysis based on
Schlieren images, Energies, Vol. 13, No. 3, (2020), 628.

[2] G. Li, T. Ukai, K. Kontis : Characterization of a Novel Open-Ended Shock Tube
Facility Based on Detonation Transmission Tubing, Aerospace Science and Téechnology;,
Vol. 94, (2019), 105388.

[3] M. M. Wojewodka, C. White, T. Ukai, A. Russell, K. Kontis : Pressure dependency on a
nanosecond pulsed dielectric barrier discharge plasma actuator, Phys. Plasmas, Vol. 26,
No. 6, (2019), 063512.

2) SaE - ENES - RS - OBERRSE

[4] RIER, #BfRZEE A v =y H— ) RN TR ESIE R O, 2019 4R
B LR YT A, (2020).

*[5] T. Ukai, H. Nakagawa, K. Ohtani, A. Yakeno : An effect of pressure rise time on
shock-turbulence interaction, Proceedings of the 19th International Symposium on
Advanced Fluid Information, Sendai, (2019), CRF-81, pp. 172-173.

(6] ABEAZEE, RANEM, FPHEPSSE, NERSE, BOPAER, AT - BRI 1 BT A Bk
Z AW E AR RO ST IR AT LRSS, 5 51 [R5 37
[ERTZEFH S 2 = L—3 a VHRS AR Y T 4 (2019).
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*[1] Noboru Yamada, Vuong Van Thai, Hiroki Sato, Junnosuke Okajima, Atsuki Komiya:

3)

Experiment of Light-driven Micromotor with Epicyclic Motion, Proceedings of the 19th
International Symposium on Advanced Fluid Information (AFI2019), Sendai, (2019),
CRF-25, pp. 50-51.
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A Study on Nano-Scale Interfacial Phenomena of Surface-Modified Nanoparticle Suspensions
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*[1] S. Usune, T. Takahashi, M. Kubo, E. Shoji, T. Tsukada, O. Koike, R. Tatsumi, M. Fujita, T.
Adschiri: Numerical simulation of structure formation of surface-modified nanoparticles
during solvent evaporation, /. Chem. Eng. Jpn., Vol. 52, No. 8, (2019), pp. 680-693.
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*[2] E. Shoji, M. Kubo, T. Tsukada, A. Komiya, G. Kikugawa: A study on nano-scale
interfacial phenomena of surface-modified nanoparticle suspensions, Proc. of the 19th
Int. Symposium on Advanced Fluid Information, Sendai, (2019), CRF-82, pp. 174-175.

[3] E. Shoji, T. Yonemura, T. Kaneko, M. Kubo, T. Tsukada, A. Komiya: Investigation of the
effect of nanoparticles on microscopic wetting behavior of a nanoparticle suspension

droplet on a substrate using phase-shifting ellipsometer, 18th Asian Pacific
Confederation of Chemical Engineering Congress, Sapporo, (2019).
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b sk Res, #ik, (2019).

[6] T. Kaneko, T. Yonemura, E. Shoji, M. Kubo, T. Tsukada, A. Komiya: Investigation of
microscopic wetting behavior of PDMS suspensions with surface-modified nanoparticles
using a phase-shifting ellipsometer, 2019 EFE L 7R A A RALRS, 1, (2019).
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Development of Aerodynamic and Propulsion System for High Performance Mars
Exploration Aircraft

Shinkyu Jeong*t, Hiroki Nagai**+{+
*Mechanical of Engineering, Kyunghee University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

The purpose of this project is to develop the aerodynamic and propulsion system of
Mars exploration aircraft. In the second year of the project, the multi-objective
optimization of the propeller airfoil shape was performed to improve the efficiency of
the Mars aircraft propulsion system.

Details of program implement

Optimization of the propeller airfoil shape was conducted to improve the efficiency
of the propeller at high subsonic, low Reynolds number flow, which is the typical
flow condition of the Mars aircraft propeller. To design an optimum airfoil,
multi-objective genetic algorithm was used. Kriging model was constructed from the
results of compressible RANS based CFD for reducing the computational cost of
performance evaluation. For the validation of the optimized airfoil data,
aerodynamic data were obtained from Mars wind tunnel in Tohoku University.

Achievements

Figure 1 shows the geometry of optimum and reference airfoils. As shown in Table 1,
all objectives of optimum airfoil were improved than those of the reference airfoils.
Therefore, the design of the propeller of Mars aircraft using the optimum airfoil can
have better performance than using the reference airfoils. Figure 2 shows the result
of the wind tunnel test conducted to obtain an aerodynamic database of optimum
airfoil for designing propeller. The test was carried out at Reynolds number of
10,000 to 14,000 at a Mach number 0.7 and Reynolds number of 8,000~20,000 at a
Mach number of 0.55.
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Figure 1 : Geometry of optimum airfoil(OPT) and the reference airfoils

— 107 —



4.

2)

3)

Table 1 : Objectives of optimum airfoil(OPT) and the reference airfoils
MaxL/D Cy@MaxL/D stdev(dC;/da)

- OPT 12.837588 0.049225 0.013322
Main Wing 10.413744 0.057041 0.025945
ARA-D 6% 8.638512 0.070106 0.034714
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Figure 2 : Aerodynamic database of optimum airfoil obtained from the wind tunnel test

10

Summaries and future plans

In the second year of the project, multi-objective optimization of the propeller airfoil
was conducted to improve the efficiency of Mars exploration aircraft propulsion
system. Multi-objective genetic algorithm was used to optimize the propeller airfoil.
Compressible RANS based CFD and Kriging model were used to evaluate the
objectives and reduce the computational time in optimization. Optimum airfoil has
better performance than the reference airfoils. For designing the propeller, the
aerodynamic database of optimum airfoil was acquired from the wind tunnel test. In
the future, propeller will be designed using the aerodynamic database of optimum
airfoil obtained through the wind tunnel test.

Research results (x 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)

Aircraft Propeller, Proceedings of the Nineteenth International Symposium on
Advanced Fluid Information, Sendai, (2019), CRF-57, pp. 114-115.

Patent, award, press release etc.

Not applicable.
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*[1] M. Goto and M. Maruyama: Quantitative Investigation of Wear Properties of
Soft-Metal/dlc Nanocomposite by Transmission Electron Microscopy, Proceedings of
BALTTRIB2019, Lithuania, (2019), pp. 237-242.
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[2] Minoru Goto and Masataka Maruyama: Correlation between the characteristic behavior

of soft-metallic nano-crystals in the soft-metal/DLC nanocomposite coatings and the
tribological properties, Proc. ICMDT 2019, Kagoshima, (2019), USB.
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[4] Minoru Goto, Masataka Maruyama, Hiroyuki Kosukegawa, Hiroyuki Miki: Quantitative
Evaluation on Wear Properties of copper/DLC Nanocomposite Coatings by Transmission
Electron Microscopy, Proc. ITC2019 Sendai, (2019), 17-B9, USB.

*[5] 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 19th International Symposium on Advanced
Fluid Information, Sendai, (2019), CRF-26, pp. 52-53.
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Project code J191062

Classification General collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 2nd year

Characterization of Fatigue Damage using Electromagnetic NDT Methods

Zhenmao Chen*¥, Toshiyuki Takagi**++
Tetsuya Uchimoto**, Shejuan Xie*, Manru He*, Hong-En Chen*
*School of Aerospace, Xi’an Jiaotong University
**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project

Based on the NDE system developed in previous year’s projects, the aim of this
research 1s to evaluate the feasibility of different electromagnetic NDE methods, such
as the magnetic Barkhausen noise method, magnetic incremental permeability method,
magnetic flux leakage method, eddy current testing method etc. for quantitative
evaluation of the fatigue damage in carbon steel and/or stainless steel used in the
nuclear power plants through experiments, and to investigate the influence of the
fatigue damages on the NDE of plastic deformation through ENDE method.

2. Details of program implement

In this FY year’s project, NDE experimental signals were measured for test-pieces
of different residual plastic deformations after fatigue testing of different circles for
RAFM steel. Four samples of RAFM steel were firstly fabricated and processed with
proper heat treatment in order to realize a free strain state of the material. Then,
different levels of residual plastic strains (0%, 0.6%, 1.8% and 4.8%) were applied to the
specimens with a tensile material testing machine. After that, different cycles of fatigue
damage (0, 100, 500, 1000, 2000, 5000, 10000 cycles) with a loading stress range of 50
MPa to 500 MPa were applied to each sample respectively, and NDE experiments using
an integrated measurement system of magnetic Barkhausen noise (MBN), magnetic
incremental permeability (MIP) and magnetic flux leakage (MFL) were carried out
during each loading gap, i.e., the test-pieces were measured after they were unloaded
from the testing machine.

The typical NDE experimental results are shown in Fig.1, with (a) is the MBN
results vs fatigue circles for different plastic strains, (b) the MIP results and (c) the
measurement results of the MFL method. From the figures, one can find that the
feature parameters of these three magnetic NDE methods all show a downward
tendency with the increasing plastic deformation before fatigue damage is introduced,
which is consistent with previous results of authors. In the case of the sample without
any residual plastic deformation, the RMS of MBN method, imaginary peak value of
MIP butterfly trajectory and K factor of MFL method drop dramatically as large as 100
times at a low cycle number. Then all the signals of the three NDE methods change
relatively slowly with the increasing loading cyclic numbers. On the other hand, in the
case for TPs with residual plastic deformation, despite the strain levels were different,
tendency and change rates of these NDE signals were only limited influenced by the
fatigue damages. In general, the influence of the fatigue damage on the NDE signals is
far smaller than the influence of residual plastic deformation on the NDE signals in TPs
with residual plastic deformation for the RAFM steel.
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Figure 1: The experimental results of NDE signals at different loading cycles for RAFM
TPs with different levels of residual plastic deformation (a) MBN, (b) MIP, (c) MFL

3. Achievements

In this year’s project, the influence of fatigue damages on relationship between
plastic deformations and NDE signals was studied experimentally for the RAFM steel.
As conclusion, the results reveals that the fatigue damages have some impact on the
TPs free of plastic strains at the very beginning while only have limited influence on
TPs with relative large residual plastic deformation. Among the three magnetic MDE
methods, the MFL method shows the best stability and repeatability for NDE of the
plastic strains in structures of the RAFM steel even considering the fatigue damages.

4. Summaries and future plans

In the last two year’s project, it was clarified that the plastic deformation and
fatigue damage in SUS304 austenitic stainless steel are possible to be evaluated by
using the PECT and ECT signals. In addition, it was also found that the influence of the
fatigue damages on the NDE signals for the RAFM steel depends on the state of plastic
strains in the material and the MFL method has the best stability and repeatability for
NDE of the plastic strains in structures of the RAFM steel.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
Features extraction and discussion in a novel fl_ré(iuér_lc_};-%gnd-selecting pulsed eddy
current testing method for the detection of a certain depth range of defects, NDT&FE
International., Vol. 111, (2020), 102211 (12 pages).

Systems and Signal Processing, Vol. 142, (2020), 106781 (14 pages).

2) International and domestic conferences, meeting, oral presentation etc.
]_)_a_n;;éé on NDE of Plastic Strain in RAFM Steel using Electromagnetic NDE
Methods, Proceedings of 19th International Symposium on Advanced Fluid
Information, Sendai, (2019), CRF-27, pp. 54-55.

T_I;ér_r;lz)éra_p_h_{ for NDT Tokamak Plasma-Facing Components, Proceedings of 16th
Conference of Japan Society of Maintenology, Morioka, (2019), pp. 115-1186.
3) Patent, award, press release etc. Not applicable.

— 112 —



Project code J191063

Classification General collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 2nd year

Numerical Study on Gas Lubrication System Using Micro/Nanoscale Dimples

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

1. Purpose of the project

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

2. Details of program implement

To consider dimples of an arbitrary shape in DSMC simulations, it is beneficial that
the solid body surfaces are reproduced by the assemblies of triangular panels. When a
molecule is transferred, it is necessary to determine whether the molecule collides with
triangular panels on the body surfaces and, if so, it is necessary to determine which
panel it collides with. In searching for the point of intersection of the molecule trajectory
with the surface panels, it may also happen that the molecule falls onto the rib
separating the panels. In such situations, the molecule may penetrate through the
surface in numerical simulation because of the machine accuracy of number
presentation. Since the probability of such through flight is very small and the error due
to that is much smaller than the statistical error of the DSMC simulation, it is not a big
problem in usual scene where DSMC simulation is performed, such as a flow around a
solid body. But, in the case of a flow in extremely thin lubricated region considered here,
molecule experience huge number of molecule-wall collisions, and hence, such through
flight becomes serious.

To avoid such through flights, we introduced unstructured tetrahedral cells shown in
Fig.1 and proposed a new algorithm that tracks the motions of all molecules, always
grasping which cell they are flying in. Then, we demonstrated this algorithm by
performing DSMC simulations of gas flow in the lubricated system considered in this
study. Figure 2 shows the pressure distribution obtained for the sliding surface with
rectangular dimple shown in the upper diagram in Fig.2. It shows that the upper slider
will receive the lift force. This algorithm is published in AIP conference proceedings.

On the other hand, so far, we have considered gas flow not only in the lubricated
region between the sliding surfaces but also in the buffer region outside the lubricated
region in order to correctly reproduce a flow field around the lubricated region. But, our
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simulation results show that in order to correctly reproduce the flow and pressure fields
around the lubricated region, a wide and thick buffer region is required to be considered.
Since the lubricated region is very thin, the volume of the thick and wide buffer region
is much larger than that of the lubricated region. As a result, computational resource
will be spent for non-essential calculation for a flow in the buffer region. Therefore, we
need to develop other strategy instead of increasing the size of the buffer region.

— h=0.01

20 0 22 4 s 80 100 120 14 140 180 200 20
X, pm

Fig. 1 Tracking of molecular transfer. Fig. 2 Pressure distributions.

3. Achievements

Due to the proposed algorithm, non-realistic leakage of molecules through solid wall
will not occur any more. This algorithm is useful not only for the present problem but
also for any DSMC simulation accompanied by molecular-wall collisions.

4. Summaries and future plans

The required new strategy is to develop an “implicit boundary condition” to the outer
boundaries of the buffer region. Due to this treatment, we will be able to reproduce the
proper number flux and the proper velocity distribution of incoming particles without
increasing the size of the buffer region, i.e., without increase of computational domain.
Thanks to this implementation, we will learn more about the side leakage of the gas and
will investigate the collective function of dimples for high pressure generation.

5. Research results (x reprint included)

1) Journal
Tetrahedral Mesh for Simulation of Internal Flows by the DSMC Method,
High-Energy Processes in Condensed Matter (HEPCM 2019), AIP Conference
Proceedings, Vol. 2125, Novosibirsk, Russia, (2019), 030030.

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

*[2] Pavel Vashchenkov, Yevgeniy Bondar and Shigeru Yonemura: Numerical
Investigation of Rarefied Gas Flow in Microchannel by the DSMC, Proceedings of
the Nineteenth International Symposium on Advanced Fluid Information, Sendai,
(2019), CRF-28, pp. 56-57.

3) Patent, award, press release etc.

Not applicable.
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Subject Area Fundamentals
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Project year 3rd year

Effect of Wall Elasticity on Reduction of Wall Shear Stress
in a Patient-Specific Aneurysm Model in Middle Cerebral Artery

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

1. Purpose of the project

In the study, a lot of researchers assume to be rigid wall in CFD (Computational Fluid Mechanics).
However, few experimental approaches are carried out for the elastic wall model. Particularly, there
were few experimental studies with respect to hemodynamics using cerebral aneurysm model with
elastic wall. The effect of wall elasticity on wall shear stress, tension force and flow instability was
examined for the comparison of elastic with rigid models in pulsatile blood flow wave in vitro. In the
present study, the authors have tried the fabrication of elastic cerebral aneurysm model using special
technology. And the authors are examined to measure flow behavior, i.e. wall shear stress, flow
instability and tension.

2. Details of program implement ;
2.1 Model ' i miin
The morphology of phantom constructed from a human :
patient-specific aneurysm at the bifurcation of the middle
cerebral artery (MCA\) in full-scale size is shown in Fig.1. Two
outlet vessels M2 and M3 bifurcate from the inlet vessel M1.
The current phantom model was fabricated in silicone
elastomer. The wall elasticity is E = 0.67 MPa measured in the
tensile machine.
2.2 Flow condition

The working fluid is aqueous Glycerol with potassium iodide
solution. The physical properties are as follows: the density of
p = 1188 kg/m?, the kinematic viscosity of u= 4.24 mPa-s, v=
3.57x10° m?/s and the refractive index of n=1.411. The
maximum, mean and minimum Reynolds numbers are 510, 310
and 255, respectively.

2.3 Measurement Fig.1 Phantom morphology

The velocity vector was measured by 2D PI1V using 15Hz
Double Pulse Yag Laser Solo Il with time interval of 20ns (New Wave Research, Co., USA), Image
Intense CCD camera (1376 x 1040 pixels, Lavision, Gottingen, Germany) and Photron Fastcam
SA3(Japan. Tokyo). The phantom model was immersed in enclosed bath with two ports at upper plate.
2.4 Results and discussion

In elastic model as shown in Figure 2, the velocity contours are similar to those of non-deformable
model. Also, the main flow through inlet vessel collides at the stagnation point and separates at left
side point C of stagnation point.

As shown in Figure 3. WSS steeply increases from left to right side along distance Sy around the
stagnation point 0. This steep variation indicates the negative and positive WSSGs, respectively, which
mean the tensile effect around stagnation point. The arrow line denotes the direction of tensile effect.
Actually, the maximum magnitude of tensile effect WSSG is +11.4 Pa/mm at Peak systole of t/T =
0.280.

In elastic wall of Fig.4(b), the asymptotical decrease of PSD indicates that unstable laminar flow is

0.53 |
l M3 .|
'(i2:2.3 min d3: 1.8 mm| - = i!
!
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wall estimated from velocity, in summary the Fig.4 Comparison of PSD in elastic with rigid
elasticity of the aneurysm wall may attenuate the

absolute temporally-and spatially-averaged WSS and WSSG influences on progress as tension force.
Furthermore, elastic model attenuates flow instability. Future, when the velocity and the elongation of
phantom are measured three-dimensionally, another phenomena and new insights will be found. These
results will be published from Medical Engineering and Physics.

As next step, WSS, deformation and flow instability is planned to measure using the full 3D PIV,
i.e. Tomographic PIV. Through this measurement, the deformable ratio, WSS, WSSG and flow
instability will be fully clarified.

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

_s"bé_c"if_i_cmi_r_riages in the midaiémc_é_réb}élnéﬁér_y_ aneurysm simulation with turbulent model, 6th
International Conference on Computational and Mathematical Biomedical Engineering
(CMBE2019), (2019), pp. 635-638.
Flow Characteristics of Wall Elasticity in a FuII-ScaIé--ﬁz-a-t-i-é-rii--Specific Middle Cerebral
Aneurysm, Proceedings of the 19th International Symposium on Advanced Fluid Information
(AF1-2019), Sendai, (2019), CFR-83, pp. 176-177.
cerebral aneuril-s-ﬁi,- -I-?-U-s'siéi:]-é{béﬁ-ilvorkshop, Mathematical analysis of fracture phenomena for
elastic structures and its applications, Novosibirsk, (2019).
Full-Scale Patient-Specific Middle Cerebral Aﬁéﬂ-r-}-/ghﬁm\-lilith Wall Elasticity (Preliminary
Preparation), 2019 UTM-IFS First Workshop, (2019), pp. 13-15.

3) Patent, award, press release etc. Notapplicable.
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Unsteady Aerodynamics of Axially Oriented Low Fineness Ratio Cylinders

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

Purpose of the project
To further explore the steady and unsteady aerodynamics of low fineness ratio
axially-oriented circular cylinders.

Details of program implementation

Preliminary measurements were attempted in the NASA/ODU 6-inch MSBS using
3D printed cylinders, nominally 44.45mm in diameter with L/D=1. The magnetic
core was a small NdFeBo permanent magnet, with a vertical magnetization axis.
Immediately, it was discovered that the cylinders were aerodynamically unstable,
such they tended to “tumble”. Shifting the magnetic/mass center forward provided
some measure of static stability, resulting in limit cycle oscillations.

Figure 1 — 6-inch MSBS (left) and typical cylinder model (right)

In a parallel effort, a much larger cylinder (nominally 152.4mm diameter) was
strut-mounted in the ODU low-speed wind tunnel, permitting detail PIV
measurements of the separation and reattachment regions. Angle of attack could be
varied from 0° to 30°.

It 1s noted that prior measurements of drag of low fineness ratio cylinders have
featured relatively large wall interference corrections (e.g. AIAA 2019-0072). Both
test series mentioned here will be used to develop validation information for wall
interference corrections, by means of tests with varying blockage ratios (MSBS) and
full flow field measurements (ODU) as well as comparison to CFD.

— 117 —



0.012

Tumble frequency (Hz)
.
¥ =
Strouhal Number

* @ Tumble frequency

4 Strouhal number

0 5 10 15 20

Velocity (m/s)

Figure 2 — Summary of preliminary tumbling measurements; typical view to right

Figure 3 - PIV measurements of flow on the upper surface of a 11 L/D cylinder, 10 m/s

3. Achievements
Preliminary measurements were started in as originally proposed but were
interrupted by the laboratory quarantines associated with the COVID-19 outbreak.
CFD analysis was started as an alternative but results are not yet available. The
discovery of self-excited tumbling behavior was noteworthy and will be studied
further.

4. Summaries and future plans
As soon as a restart of experimental work is possible, PIV measurements will be
completed on the large cylinder model and MSBS testing will resume with a small
range of model diameters. This will permit exploration of wall interference
corrections (in concert with CFD analysis) as well as more dynamic testing.

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

and Balance S_);s_t_e_IrI _vs_zi_tl_l_'i‘;ansve;r_s;}_lg/l_agnetization, Proceedings of the Sixteenth
International Conference on Flow Dynamics, Sendai, 0S6-1, (2019), pp. 362-363.
3) Patent, award, press release etc. Not applicable.
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Dynamic Behavior of Hydrogen-Air Lean Premixed Flames under the Adiabatic and
Combustion, Fukuoka, ASPACC2019-1014, (2019).
(2] PR - FPER - BEE L - IMATBIE - KFR-22

*[1] S. Kadowaki, T. Uchiyama, T. Katsumi, and H. Kobayashi : The Scale Effects on the

Non-Adiabatic Conditions, Proceedings of the 12th Asia-Pacific Conference on

()
FTHESOE, 55T EWREES AR T A, All4, (2019).
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*[3] S. Kadowaki, Y. Kusano, T. Katsumi, H. Kobayashi : The Effects of Heat Loss on the
3) T (FFEF RE, YR IHRRF)
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Dynamics of Hydrogen-Air Premixed Flames, Proceedings of the 19th International
Symposium on Advanced Fluid Information, Sendai, (2019), CEF-29, pp. 58-59.
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[1] Y. Takahashi, M. Sinohara, M. Arita, A. T.-Fukuchi, A. Fujiwara, Y. Ono, K. Nishiguchi,
and H. Inokawa (invited): Si Single-Electron Transistor Characteristics under
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*[2] T. Gyakushi, Y. Asai, A. T-Fukuchi, M. Arita, Y. Takahashi and S. Samukawa:
Double-gate single-electron transistor formed by Fe nanodot array, Proceedings of the
Nineteenth International Symposium on Advanced Fuluid Information, Sendai, (2019),
CRF-30, pp. 60-61.

*[3] Y. Li, A. T-Fukuchi, M. Arita, T. Morie, and Y. Takahashi: Switching Current of
Taz0s5-Based Resistive Analog Memories, Abstracts of 2019 Silicon Nanoelectronics
Workshop, Kyoto, Japan, (2019), 4-3, pp. 23-24.

[4] M. Arita, R. Ishikawa, K. Arima, A. T.-Fukuchi, Y. Takahashi, M. Kudo, and S.
Matsumura: Failure and recovery of double-layer CBRAM studied by in-situ TEM, 2019
International Conference on Solid State Devices and Materials, Nagoya, Japan, PS-2-16,
(2019).
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[1] M. Kobayashi, H. Hasegawa, K. Nakagawa and N. Kato: Evaluation of Aerodynamic
Characteristic of a Badminton Shuttlecock Using Open FORM, Asia Pacific
International Symposium on Aerospace Technology, (2019).
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*[2] M. Kobayashi, K. Nakagawa, H. Hasegawa and H. Nagai: Aerodynamics of a Badminton

Shuttlecock with Spin, Proceedings of the Nineteenth International Symposium on
Advanced Fluid Information, Sendai, (2019), CRF-86, pp. 178-179.
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*[1] H. Terashima and H. Nakamura: Fuel sensitivity on end-gas autoignition behavior

during knocking combustion, Proceedings of the Nineteenth International Symposium
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1. Purpose of the project

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

2. Details of program implement

2.1 Linear Stability Analysis

We have been able to simulate the linear growth of short wavelength instabilities in a
helical vortex of fixed reduced pitch L=0.3. We have focused on the instabilities arising
from the resonant coupling of some azimuthal modes with the elliptical deformation of
the vortex core due to three-dimensional effects. Following Blanco-Rodriguez et al.
(2016), we have investigated three cases with different axial velocity magnitudes WO
inside the vortex core. For the three cases, the unstable modes have been found exactly
in the range of wavenumbers predicted by the theory with a growth rate at the right
order of magnitude. The analysis of the DNS data has also revealed a mode structure
almost identical to what was predicted by the theory.

2.2 Direct numerical simulation

We have developed a code for direct numerical simulation in order to study nonlinear
dynamics of disturbed helical vortices. We solve the incompressible Navier-Stokes
equations in a cylindrical coordinate system assuming periodic boundary conditions in
the axial direction. This year the developed code was used for simulation of an
undisturbed helical vortex to obtain a base flow and for confirming linearly unstable
modes obtained by the linear stability analysis.

Figure 1 shows the motion of an undisturbed helical vortex by contours of vorticity on a
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section perpendicular to the axis of the cylindrical coordinate system. The vortex
rotates clockwise with the magnitude of vorticity decreasing due to viscous diffusion.
The results are in good agreement with Delbende et al. (2012).

Figure 2 shows an unstable mode of elliptic instability captured by DNS of the
linearized Navier-Stokes equations. It is in good agreement with the mode captured by
linear stability analysis.
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Figure 1 (left): Motion of helical vortex. Contours of vorticity on a section
perpendicular to the axis of the cylindrical coordinate system. W0=0, L.=0.5, Re=5000.
Figure 2 (right): Unstable mode of elliptic instability. WO0=0, L=0.3, Re=5000.

3. Achievements

Our final goal is to explore mechanism of turbulent transition of helical vortices. The
results should contribute to prediction of the wake flow in the wind farm and
establishing a method for real-time prediction of the electric power and optimization of
the wind rotor placement. As a first step toward our goal, the accuracy of the code for
DNS has shown to be sufficient. The project has achieved this year’s objectives.

4. Summaries and future plans

We have developed a code for direct numerical simulation of helical vortices and
confirmed that the accuracy is sufficient. The future plans include:

- To systematically scan other the strength of the axial flow since other unstable modes
might occur, overlooked by the theory;

- To find the curvature instabilities arising from a coupling with a non-elliptical
deformation of the core;

- To study nonlinear dynamics.

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)

Helical Vortices, Proceedings of the 19th International Symposium on Advanced
Fluid Information, Sendai, (2019), CRF-86, pp. 182-183.
3) Patent, award, press release etc.
Not applicable.
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Project code

J191077

Classification

General collaborative research

Subject area

Environment and energy

Research period

April 2019 ~ March 2020

Project status

2nd year

Magnetic and Electric Properties of Diamond Like Carbon Magnetic Metal Nano—Composite

1.

Films

Yiwen Zhang*§, Hiroyuki Kosukegawa** ¥+
Diao Zhuo***, Hiroyuki Miki**, Toshiyuki Takagi******
* School of Materials Science and Engineering, Tianjin University
**Institute of Fluid Science, Tohoku University
*** Graduate School of Engineering, Tohoku University
**** ELyTMaX UMI 3757, CNRS — Université de Lyon — Tohoku University
TApplicant, T+IFS responsible member

Purpose of the project

As developments of micro-electric devices, it requires multi-functional materials
urgently, such as magnetic-dielectric films. In our previous work, it has found that
the nano-composite films show large dielectric properties and high-frequency
magnetic properties. Nano-composite films with diamond-like carbon (DLC) -Co
metal particles will be a good candidate for this purpose. Strongly varying
microstructure and chemical composition of DLC films are found though the
selection of deposition methods and the regulation of preparation conditions. Plasma
enhanced chemical vapor deposition (PECVD) has great advantage of synthesizing
density DLC film. Moreover, it can be changed from metallic to insulating by carbon
structure controlling. In this research, DLC-Co nano-composite films have been
produced by hybrid PECVD-sputtering method. The resistivity of the films has been
controlled by the gas flow rate. The structure, electrical and magnetic properties of
DLC-Co films have been investigated.

Details of program implement

At the IFS Laboratory, we have made the DLC-Co nano-composite films on Si (100),
Pt/Si and quartz substrates by hybrid PECVD-sputtering method, which consists of
chemical vapor deposition (CVD) using methane (CH4) /argon gas mixture as a
precursor and co-sputtering of a metal Co target. Flow rate of CHs of 3, 6, 7.5, 9 sccm
included to chamber was changed to control carbon content. The structure of the
as-deposited DLC-Co films was analyzed by X-ray diffraction (XRD, Bruker NEW D8
ADVANCE) using Cu Ka radiation and field-emission transmission electron
microscopy (FETEM, Hitachi 4300E). The magnetization curves were identified by a
vibrating sample magnetometer (VSM, BHV-30SS, Rikendensi). All the
measurements reported in this paper were carried out at room temperature.

Achievements

The Co particles have a very well dispersion in the Carbon matrix. These DLC-Co
films show different microstructure, which will lead to different electric and
magnetic properties. With the flow rate of CH4 increasing from 3-9 sccm, the Co
content of DLC-Co films decrease, which will induce the various magnetic properties.
The resistivity increases from 200 to 5500 pQ-cm by increasing the CHa flow rate
from 3 to 9 sccm. which can be explained by Co content change.
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Figure 1: Magnetization of DLC-Co nano-composite film.

The magnetic properties of DLC-Co films with different CH4 flow rate are shown in
Fig. 1. The saturation magnetization (B) of films increases from 200 Gs to 4600 Gs,
with the CH4 flow rate increasing. As shown in Fig. 1(b), when CH4 flow rate is 3
scem, the films show ferromagnetic properties, with the B of 4600 Gs. When the CH4
flow rate increase to 9sccm, the films show superpara-magnetic properties. However,
the magnetization is only 200 Gs. These films also show high resistivity. Therefore,
this DLC-Co films could be studied as magnetoresistance material.

4. Summaries and future plans
By controlling the gas flow rate, the resistivity increases, and the films change from
ferro-magnetic films to superpara-magnetic films. It is noteworthy, the DLC-Co
nano-composite films has the promising to realize both high resistivity and
superpara-magnetic properties in the further work, which could be studied as
magnetoresistance (MR) and dielectric response material.

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)
Development of Co-DLC Multi-layered Film for Magnetic Device Application, The
19th International Symposium on Applied Electromagnetics and Mechanics, (2019),
p. 144.
Structure and Properties of Diamond Like Carbon-Magnetic Metal Nano-composite
Films, Proceedings of the Nineteenth International Symposium on Advanced Fluid
Information, Sendai, (2019), CRF-33, pp. 66-67.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award)
Excellent Poster Presentation (ISEM2019), Development of Co-DLC Multilayered
Film for Magnetic Device Application, Zhuo Diao, September 18, 2019, ISEM2019
Organizing Committee.
(Press release) Not applicable.
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Classification General collaborative research
Subject area Fundamentals

Research period | April 2019 ~ March 2020
Project status 1st year

Active Control of High-Speed Boundary Layer Flows

Adrian Sescu*tf, Mohammed Afsar**, Shanti Bhushan***
Yuji Hattori****§, Makoto Hirota****

*Department of Aerospace Engineering, Mississippi State University
**Department of Mechanical and Aerospace Engineering, University of Strathclyde
***Department of Mechanical Engineering, Mississippi State University
*#***Institute of Fluid Science, Tohoku University
TApplicant, Ttnon-IFS responsible member

Purpose of the project

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

Details of program implement

In the first year, we studied Gortler vortices that develop in high-speed boundary layer flows over
concave surfaces, by using the numerical solution to the compressible nonlinear boundary region
equations that were derived as part of the research. We targeted the nonlinear development of
these centrifugal instabilities, by varying the spanwise separation that characterizes the upstream
disturbance (and dictate the spanwise separation of the downstream Gortler vortices) and the Mach
number.

Achievements

A range of spanwise separations was considered, and the Mach number covered a high subsonic,
two supersonic, and a low-hypersonic case. Contours of temperature in cross flow planes at a
certain streamwise location showed that, for the smallest Mach number, M = 0:8, in the adiabatic
condition, as the spanwise separation is increased and that the mushroom shapes become smaller
relative to the spanwise separation (the distance between the mushroom shapes increases). For the
highest Mach number, as the spanwise separation was increased the mushroom shapes become
fuller and less localized (see figure 1). The mushroom shapes corresponding to the isothermal wall
condition showed that for the highest Mach number the vortices are more localized.

The kinetic energy of the instabilities was calculated and plotted against the streamwise coordinate.
It was observed that as the spanwise separation is increased, the scaled kinetic energy maximum
increases, and that the streamwise location, where the energy saturation sets in, moves
downstream as the spanwise separation is increased. We also calculated the wall shear stress and
the wall heat flux, and observed that the wall shear stress increases as the spanwise separation
increases, and - as expected - the wall shear stress is smaller for the adiabatic condition, as a result
of the high level of heating in proximity to the wall (see figure 2). There was also a jump of the
wall shear stress approximately at the streamwise location corresponding to the energy saturation
initiation. The results in terms of the wall heat flux for the isothermal wall showed a decrease as
the spanwise separation is increased.
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Figure 1: Contour plots of temperature in cross flow planes for dlfferent Mach numbers
and spanwise separations (adiabatic wall condition).

a) b)
Figure 2: Spanwise averaged wall shear stress distribution along the streamwise
direction: a) M = 4:0; b) M = 6:0. Isothermal - black; adiabatic - red.

We presented the results at the American Physical Society Division of Fluid Dynamics Meeting,
and published a conference paper at AIAA Scitech [1, 2].

4. Summaries and future plans
In the second year, we plan to derive the adjoint boundary region equations in the context of an
optimal control algorithm aimed at reducing the frictional drag. As part as this project, one PhD
student, residing at Mississippi State University, is involved in the research, which will be the
subject of his dissertation. We plan to submit a journal paper, and to present the results at Annual
Meeting of the APS Division of Fluid Dynamics.

. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)
Efl;o_llg_ﬁ t}_le%l_ﬂ_l_n_o_n_linear boundary region equation, AIAA Scitech Forum, Orlando
FL, (2020), AIAA Paper 2020-0830.
2) International and domestic conferences meeting, oraI presentation etc.
jcfle_2;5_8301;17cea_s_t;'ez;r_nwme Vortlces in hlgh speed boundary layers, Bulletin of the
72nd Annual Meeting of the APS Djvjsjon of Fluid Dynamics Seattle WA,(2019).
ié_yé}é __A_s;es_s_n_ler_lg _through the Compress1ble Boundary Region Equations,
Proceedings of the Sixteenth International Conference on Flow Dynamics,
(ICFD2019), Sendai, Japan, (2019), 0S16- 2, pp. 658-659.
_sl_aee(i _]?:01;;1&&_11_'5; Le§e;_§le;v_s_ _151:oceedmgs of the 1 9t]1 ]nternatzona] Symposium on
Advanced Fluid Information, Sendai, Japan, (2019), CRF-87, pp. 184-185.
3) Patent, award, press release etc.
Not applicable.
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Analysis of Transport Phenomena of Oxygen Ion in Dual-Phase Electrolyte Material

Takashi Tokumasu*}, Jeongmin Ahn**¥F, and Hiroki Nagashima***
* Institute of Fluid Science, Tohoku University
** Department of Mechanical and Aerospace Engineering, Syracuse University
***Faculty of Engineering, University of the Ryukyus
TApplicant, Ttnon-IFS responsible member

1. Purpose of the project

The key properties of oxygen ion transport membranes are mixed ionic and electronic
conductivity (MIEC) that allows oxygen ions to permeate through the material at various
conditions while simultaneously maintaining chemical stability. A dual-phase (DP)
electrolyte material (EM) consisting of perovskite-type and fluorite-type materials has
shown promising results but requires more extensive evaluation concerning MIEC
properties. To evaluate the oxygen ionic conductivity, the DPEM was investigated
experimentally and through simulation. From these results, we suggest a new DP
membrane concept which exhibits high ionic conductivity.

2. Details of program implement

Regarding the simulation analysis, we have constructed a DPEM model, which consist
of SrSco.1C00903-5 (SSC) having the perovskite structure and Smo2Cepg02.5 (SDC) having
the fluorite structure for molecular dynamics (MD) simulation (see Figure 1-a). The
mean square displacements (MSD) of oxygen ions in the constructed DPEM model were
analyzed. In this year, we analyzed the oxygen ion diffusivity in the neighborhood (NF)
of the grain boundary (GB) between SSC and SDC by dividing the simulation system
into four regions: bulk SSC, bulk SDC, neighborhood of GB in SSC, and in SDC (see
Figure 1-a). As a result, we found that the diffusivities of oxygen ions in xand y directions
in NF of GB in SSC is larger than those in SDC. Moreover, it was clarified the diffusivity
in z direction in both regions is consistent with each other. These results indicate that
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Figure 1: a) Analyzed MD simulation model of DPEM. b) MSD of oxygen ions in the
NF regions of GB in each direction.
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because the low diffusivity of oxygen ion and little vacancy site in SDC, oxygen ions in
SSC is difficult to move to SDC.

Regarding the experimental analysis, we have manufactured a DPEM consisting of 70
wt.% SSC and 30 wt.% SDC and analyzed its ionic diffusivity, surface exchange
coefficient, and  general = morphology.
Comparison between the electro-chemical
behaviors of a DPEM and single-phase EM
are shown in figure 2. At all temperatures, the
DPEM exhibits lower oxygen chemical
diffusion and surface exchange coefficients.
This difference is caused by the SDC addition
to the EM. The SDC is exclusively ionically
conductive and so reduces the number of
electronic pathways necessary for oxygen ion R R R U T
transport. Scanning electron microscopy 1000/ Temperature (¢')
revealed the membranes are non-porous and  Figyre 2: Oxygen chemical diffusion
therefore  structurally sound. Electron 444 surface exchange coefficients of a
backscatter diffraction further revealed that pPp-OTM ranging from 600°C to 900°C
most grains had high misorientation angles
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3. Achievements

As for the simulation analysis, we clarified that how the diffusivity of oxygen in NF of
the GB in DPEM changes due to the GB by using the constructed MD simulation model.
Experimental analysis revealed the change in electro-chemical properties due to the
addition of SDC, as well as the morphology of the DPEM.

4. Summaries and future plans

Regarding the simulation analysis, we constructed MD simulation models of DPEM and
clarified how the oxygen ion diffusivity changes because of the GB between SSC and SDC.
In experiment, we manufactured a DPEM and analyzed its performance, revealing
decreased oxygen transport due to the addition of SDC. As plans, the correlation of
configuration of GB and diffusivity of oxygen ions will be clarified by using the
constructed MD model, and we will propose a membrane showing high ionic conductivity.

. 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)
ion conduction in dual-phase electrolyte membrane, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, (2019), CRF-34,
pp. 68-69.
3) Patent, award, press release etc.
(Patent)  Not applicable.
(Award)  Not applicable.
(Press release)  Not applicable.
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The Effect of Hypertension and Anti-Coagulant to Aneurysm Rupture

Nadia Shaira binti Shafii*, Ryuhei Yamaguchi*** Ahmad Zahran Md Khudzari***
Gaku Tanaka**** Simon Tupin***, Atsushi Saitoh***** Makoto Ohta***{+
Kahar Osman***}

*School of Biomedical Engineering and Health Sciences, Faculty of Engineering,
Universiti Teknologi Malaysia
**[JN-UTM Cardiovascular Engineering Center, Universiti Teknologi Malaysia
***Institute of Fluid Science, Tohoku University
****Graduate School of Engineering, Chiba University
***E*Department of Neurosurgery, Sendai Medical Center
TApplicant, TTIFS responsible member

Purpose of the project

This study proposed a detail analysis on severity of the IA rupture risk
prediction also a classification system as a part of the decision-making system that

would help in prediction and pre planning process.

Details of program implement

By understanding the nature and causes of the aneurysm rupture, preventive

measure could be taken in avoiding rupture and proper treatment can be suggested.

However, till today there is no specific standard in defining the IA rupture risk
behavior due to the effect of hypertension and anticoagulant reaction. Thus, in this
study the patient specific of IA will be remodeled and hemodynamic analysis. The
experimental expertise was provided by Prof Makoto Ohta and Prof Yamaguchi
Ryuhei from Institute of Fluid Science, Tohoku University Japan. Fluid structure

interaction (FSI) method will be used in achieving higher accuracy.

The CFD result of real model was validated by comparing the velocity
distribution on XZ plane in the middle of the model. Figures below shows similar
velocity vector characteristics and high velocity flow was observed during the peak
systolic condition at 0.1s. It shows good agreement with same trend pattern and the
CFD results shows less than 8% lower than the experimental. Once validated, the
simulation was run and analyzed few hemodynamics effect. The result of von misses
stress and deformation effects due to the different pressure condition were recorded

and discussed as below.

Achievements

Figure 1 shows the distribution of von misses stress on different physiological
conditions. As in Table 1 below, the hypertension effect double than the normal and
pre hypertension condition. As the stress is high, thus the deformation value during
the hypertension become very low as in Table 1. This means the pressure impact to
the wall vessel of the aneurysm become higher and will weaker the aneurysm wall
other than the instability flow behavior impact. Thus it is proven that the rupture

risk increase and higher for those who are suffering hypertension.
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Figure 1 The von misses stress distribution on left and right is the total deformation
effect (a) Normal condition (b) Pre hypertension (c) Hypertension

Table 1 The Maximum Von Misses Stress distribution

Condition Maximum Maximum
Von Mises Stress (Pa) Total Deformation (mm)

Normal 39552 0.022515

Pre Hypertension 37835 0.021535

Hypertension 67867 1.2271e-6

4. Summaries and future plans

The future plans are as follows

1. The variation physiological conditions were simulated on a model and was
validated between CFD and PIV.

2. The simulation for different anticoagulant conditions will be continue with few
other real models too.

3. The results from the FSI simulation will be collected to determine the
correlation for each parameter using the multiple regression method.

4. Then, a guideline support system will be established based on analyzed result
of hypertension and anticoagulant effect to the rupture risk in IA.

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

Wall Shear Stress in Patient-Specific Aneurysm of Cerebral Artery, Journal of Flow
Control, Measurement & Visualization, Vol. 7, No. 2, (2019), pp. 73-86.
2) International and domestic conferences, meeting, oral presentation etc.

Simulation with Turbulent Model, 6th International Conference on Computational
and Mathematical Biomedical Engineering — CMBE2019, (2019), pp. 635-638.

vivo and in vitro in the Middle Cerebral Artery Aneurysm, Proc. of the Int. Symp.
on Advanced Fluid Information (AFI-2019), Sendai, (2019), CFR-88, pp. 186-187.
Characteristics in Full-Scale Patient-Specific Middle é:a;él;;a_l_lgl_leurysm with Wall
Elasticity (Preliminary Preparation), 2019 UTM-IFS First Workshop, (2019), pp.
13-15.

3) Patent, award, press release etc. Not applicable.
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Juan F. Torres*t, Atsuki Komiya**t+
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TApplicant, TTIFS responsible member

1. Purpose of the project
This year the project focused on improving the optical and simulations methods. The
phase-shifting interferometry technique was examined using different phase-shifting
algorithms while the simulations methods were developed for modelling the mass
transport through membranes. In addition, the precision of the instrument was

quantified.

2. Details of program implementation

The tuning method for the phases-shifting interferometer was improved (Figure 1) and
then used to evaluate three phase-shifting equations using a rotating polarizer
(Figure 2). This work was conducted within the context of high precision measurement
of convective heat transport.
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Figure 1: Phase-shifted data and quality assessment during the tuning process of the
phase-shifting interferometer. (a) Poor-quality phase-shifted data due to an
excessively weak or strong light source; insets show the wrapped phase-shifted
data (0 to 2n) in blue, and the attempt to unwrap the data in red.

(b) Phase-shifted data of good quality, i.e., with a rather flat phase map; insets
indicate processed data on a selected vertical line: wrapped, unwrapped and
fringe boundaries shown in red, blue and green, respectively. (c) R? of the phase
map (i.e., unwrapped phase-shifted data) as a function of the laser beam
intensity; the error bar is the standard deviation of ten unwrapped lines.

In addition, numerical simulation work for mass diffusion through a membrane was
conducted. An in-house code written in Fortran was transferred from the ANU to IFS to
study the characteristics of iso-pore structures and mass control techniques.
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Figure 2: Phase-shifted data with relatively good quality obtained from the three
N-bucket phase-shifting equations after tuning. (a) Phase-shifted data for
three-bucket (3B), four-bucket (4B) and six-bucket (6B) equations when the laser
power was 166.5 uW (3B and 4B) and 155.1 pW (6B). (b) Corresponding
waviness; shaded region shows the standard deviation.

3. Achievements
e Completed one jointly supervised ANU Honours (undergraduate) thesis.
e Submitted one journal paper (under review).

4. Summaries and future plans

The main goal is to evaluate the proposed phase-shifting interferometer and particle
image velocimetry technique in turbulent flows. Another ANU Honours student will be
recruited to continue this work in 2020.S2-2021.S1. Currently, there is an ANU
Honours student working on natural convection 2019-2020. At least three journal
papers are expected to be submitted in 2020 (including the below PRApplied paper).

5. Research results (* reprint included)
1) Journal
measurement of heat and fluid flow, Physical Review Applied, under review (2020).
2) International and domestic conferences, meeting, oral presentation etc.
Not applicable.

3) Patent, award, press release etc.

(Thesis)
Z. Li: Evaluation of N-bucket family of phase-shifting equations through fine tuning of
an interferometer”, ANU Honours Thesis (2020).

(Grant & press release)
Foundation for Australia Japan Studies (FAJS), Contributing to Global Freshwater
Security with Novel Solar-driven Desalination Methods, Dr Juan Felipe Torres (ANU)
and Prof Atsuki Komiya (Tohoku University) lead the project to develop a scalable
desalination method based on a solar-driven, low-energy technique using
thermophoresis to achieve a 95 per cent salinity reduction in seawater. AUD $132,000.
Press release: https://www.fajs.org/2020-grant-awardees

(Grant)
ANU Global Research Partnership Scheme, Exchange on multi-scale convective heat
transfer, AUD $25,000, of which $4,500 will be used to cover a one-month trip of an IFS
Masters student (Mr. Ryo Watanabe) to come to the.
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*[1] R. Takahashi, H. Nagashima, T. Tokumasu, S. Watanabe, S. Tsuda: Quantum molecular
dynamics analysis on bubble nucleation in liquid hydrogen, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, Japan, (2019), CRF-
89, pp. 188-189.
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Thermal Conductivity of Silicon Nanowire Using Landauer Approach for Thermoelectric
Application

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

1. Purpose of the project

In this project, based on the achieved results of the collaborative research projects in
years 2015-2019, we successfully explore the thermal conductivity of silicon
nanowires (SiNWs) embedded in SiGeos (SiINW—SiGeo.s composite). The electron
band structure and phonon energy dispersion of the SINW-SiGeo.s composite are
simulated by using the effective mass Schrédinger equation and the elastodynamic
wave equation, respectively. Then, the TE properties of the SINW—-SiGeo.3 composite
are investigated by the Landauer approach.

2. Details of program implement
For the periodic SiINWs, as shown in Fig. 1, the electron band structure solved by the
Schrodinger equation with the effective mass approximation under the Bloch
theorem. The phonon energy dispersion is numerically solved by the elastodynamic
wave equation. The parameters used to calculate the electronic band structure and
phonon energy dispersion are listed in the right Table 1.

YA

Figure 1 : (a) Cross- sectlonal SEM image of a highly ordered SINW array with
nanowire with a height of 100 nm and an average diameter of 10 nm. (b) Modeled
square superlattice of SINW with dimensions of height h = 100 nm, radius r = 5 nm,
and space s = 2~15 nm. Table I lists parameters used in the simulation.

?
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Figure 2 : (a) Electrical and (b) thermal conductance are shown as a function of the
Fermi level for the SINW-SiGeo.3 composite with a radius of SINW = 5 nm and space
= 15 nm between the SiNWs and a bulk Si for comparison. (c) Thermal conductance
contributed from lattice dynamic for bulk Si and SiNW agrees well with the

experimental measurement.
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Fig. 2(a) shows the electrical conductance as a function of the Fermi level. Notably,
p-type SINW-SiGeo.s composite has a larger conductance than bulk p-type Si. The
thermal conductance from charge [Fig. 2(b)] has the same phenomenon as electrical
conductance, since the carriers are also electrons and holes. With the estimated
mean free path, the phonon thermal conductivity of the SINW-SiGeo.3s composite is
calculated and shown in Fig. 2(c). The simulated Kpx for SINW with density around
1.6x10/cm? (radius 5 nm and space 15 nm) agrees with the experimental results.

3. Achievements
The main results show the contribution from electrons/holes on both electrical
conductance and thermal conductance increases few times by introducing SiNWs;
however, lattice thermal conductance reduces around two orders. Our results are
consistent with the experimental data and indicates that much lower lattice thermal
conductance dominates the TE performance of the SINW—-Si1Geo.3 composite.

4. Summaries and future plans
In this project, from our results, the impact of silicon nanowires on thermoelectricity
from electrons, such as electrical and thermal conductance, is less than the thermal
conductance from phonons. These results also well describe the measurements in the
experiment. We will continue the collaboration with IFS of Tohoku University.

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

Samukawa: Highly Water-Repellent Nanostructure on Quartz Surface Based on
Cassie-Baxter Model With Filling Factor, IJEEE Open Journal of Nanotechnology,
Vol. 1, (2020), pp. 1-5.
Resistive InGaN Film Grown by Metalorganic Chemical Vapor Deposition, Vacuum,
Vol. 171, (2020), 108974 (6 pages).

[3] T. Fujii, D. Ohori, S. Noda, Y. Tanimoto, D. Sato, H. Kurihara, W. Mizubayashi, K.

for germanium using HBr neutral beam, /. Vacuum Science & Technology A, Vol. 37,
No. 5, (2019), 051001 (7 pages).
Aié_z;l_l\f/_G}_a_I\_I_Iii_g};-_]iléctron-Mobility Transistors With Recess Gate Structure, /JEEFE
Transactions on Electron Devices, Vol. 66, No. 4, (2019,) pp. 1694-1698.

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

Wang: First Demonstration of CMOS Inverter and 6T-SRAM Based on GAA CFETs
Structure for 3D-1C Applications, 7ech. Dig. IEEE IEDM, (2019), pp. 254-257.

Nanowire Using Landauer Approach for Thermoelectric Applications, Proc. IEEE
Int’l Conf Simulation of Semiconductor Processes and Devices, (2019), pp. 121-124.
E_x_l;)_e_r_ir;l_eh_tal_ _I_r;\;est?i:g;u_:igh_ “of Centreline Shock Reflection in Ring-Shaped
Supersonic Intake Geometries, Proceedings of the 19th International Symposium

on Advanced Fluid Information, Sendai, (2019), CRF-35, pp.70-71.
3) Patent, award, press release etc. Not applicable.
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Investigation of Centreline Shock Reflection and Viscous Effects
in Axisymmetric Supersonic Flow

Hideaki Ogawa¥*, **+, Kiyonobu Ohtani***++}

*School of Engineering, RMIT University
**Department of Aeronautics and Astronautics, Kyushu University
***Tnstitute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

The air intake constitutes a key component of airbreathing engines for economical
high-speed transport. Thorough understanding of intake physics and capabilities are
of crucial importance for efficient engine operation and reliable intake start. Shock
wave interactions play a principal role in intake flow compression, exerting substantial
impact on the engine performance. However, the understanding and in-depth
investigation of such phenomena practically represent a challenge due to multiple
factors including; (a) Mach reflection that must occur at the focal point on the centreline
as regular reflection is prohibited from occurring on the centreline by theory and; (b)
minuscular Mach disc (stem) that characterises such Mach reflection resembling
regular reflection. These factors pose a significant challenge to traditional approaches
from numerical and experimental perspectives due to the limitations in resolution
associated with the computational mesh and the optical apparatus, respectively.
Further, the presence of flow viscosity can have manifold effects on the shock structure,
responsible for boundary layer on wall surface and dispersion of shock reflection on
centreline. The purpose of this project is to gain new or revised insights into the
characteristics and behaviour of centreline shock reflection in supersonic flow by means
of state-of-the-art, non-traditional approaches including; (a) numerical simulation with
highly refined mesh owing to local mesh adaption; (b) experimental testing with free
flight in a ballistic range; and (c) theoretical analysis based on curved shock theories.

2. Details of program implement

The research project is proposed to be undertaken in two parts:

1. The first part (accomplished in J181042) investigated the characteristics of centreline
Mach reflection in computational and analytical approaches, utilising a high-fidelity
CFD (computational fluid dynamics) solver with adaptive meshing and the method of
characteristics (MOC), respectively, as outlined in the last year’s Activity Report.

2. The second part (undertaken in the present project) aimed to examine the detailed
characteristics of centreline shock reflection and the effects of viscosity on the shock
structures numerically and experimentally, in conjunction with theoretical methods:

(a) Euler simulations are performed to scrutinise the flow characteristics in the vicinity

of the triple point in the presence of Mach reflection. Navier-Stokes simulations
with slip wall condition are performed to investigate the influence of flow viscosity
on the shock structures in the absence of boundary layer. Both simulations are
performed using adaptive mesh refinement, which allows to accurately resolve the
essential flow characteristics including shock waves to an extremely fine level.
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(b) Flowfields associated with axisymmetric intakes are investigated by utilising the
ballistic range of the IFS Shock Wave Facilities. Shock structures are generated by
ejecting models with ring structures (e.g., wedge, M-flow rings) supported by sabots
at supersonic velocity (M=2) into stagnant air. The flowfields surrounding the ring
models are visualised via Schlieren photography using a high-speed camera.

() Further theoretical analysis is performed so as to acquire quantitative insights into
the intake flowfields caused by ring structures. In particular, shock structures are
analysed in the light of the Guderley’s analogy (analogous to implosive shocks).

3. Achievements

The shock structures in ring-shaped supersonic
intakes have been scrutinised to an extremely
fine levels by high-fidelity CFD computation
using progressive mesh adaption, which
resolved the intake flowfield to 2x%107 m, y
comparable to the mean free path 4 = 1.21x107 .. : viscous SEREIEE
m. The comparison between the inviscid and i

viscous (without boundary layer) cases revealed Fig. 1 Mach number distributions
rather little influence of flow viscosity on the (with computational mesh)
shock position (Fig. 1), whereas a somewhat 5
moderate pressure gradient was observed in the H torr ]
centreline pressure distributions (Fig. 2) and the Mach e
disc was found to be thicker for the viscous case (Table 1).
These results verify the validity of the use of inviscid

solvers for most numerical studies conducted in L inviscid _
conjunction with theoretical and experimental studies. , ',.!
The same methodology has been applied to axisymmetric 000595 000594 -0.00393
scramjet intakes with three ramps for scramjet-powered x [m]
ascent flight, yielding valuable insights at various Fig.2 Centreline pressure
freestream and wall conditions, as summarised in Ref. [1]. distributions
Experimental investigation, on the other hand, was Table 1 Mach disc thickness

close up

ik

pp,

L)

iviscous

hindered by the difficulty associated with the acquisition
of helium gas, which is inherently required to serve as & [m] &[]

the driver gas in the operation of the IFS ballistic range. | Inviscid 8.87x107 7.3

viscous 2.16x10 17.82

4. Summaries and future plans

An effective, robust numerical technique using mesh adaption has been established,
allowing to capture the shock structures at unprecedented refinement levels. This paves
the way for further investigation in conjunction with theoretical approaches and
experimental verification. Future work will focus on the identification of the key factors
and mechanism that determine the incident shock wave and Mach disc radius and their
formulation represented as a function of the intake geometry and freestream conditions.

5. Research results (x reprint included)

1) Journal (including international conference with peer review and tutorial paper)
Intake Flowfield and Performance for Scramjet-Powered Ascent Flight, Acta
Astronautica, Submitted on the 215t March (under review), 2020.

2) International and domestic conferences, meeting, oral presentation etc.
]_Ezci)_eri_r;l_e_ntal Investigation of Centreline Shock Reflection in Ring-Shaped
Supersonic Intake Geometries, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-36, pp. 72-73.

3) Patent, award, press release etc. Not applicable.
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1) Ffiifis ESROTERRE MaFEaT)

[1] H. Takana, N. Hara, T. Makino and M. Kanakubo: Enhancement of CO2 Absorption by
Ionic Liquid Electrospray, Proceedings of 12th European Congress of Chemical
Engineering (FECCE12), (2019), USB.

2) Ef=:E - ENFER - iR% - QBERRF

[2] H. Takana, K. Kawatani and N. Hara: Computational Simulation on Ionic Liquid
Electrospray for High Efficiency Carbon Dioxide Absorption, Proceedings of
International Symposium on New Plasma and Electrical Discharge Applications; and on
Dielectric Materials ISNPEDADM 2019), Bonifacio, France, (2019), USB.

*[3] H. Takana, K. Kawatani and T. Fujino: Development of Numerical Modeling on
Enhancement of COz Absorption by Ionic Liquid Electrospray, Proceedings of the 19th
International Symposium on Advanced Fluid Information (AFI-2019), Sendai, (2019),
CRF-37, pp. 74-75.
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1.

Experimental Investigation on Atomization Process in Electro-Sprays
by Surface Disturbance Measurements

Noritsune Kawaharada*, Hidemasa Takana**¥
Friedrich Dinkelacker*tt
*Institute of Technical Combustion, Leibniz University Hannover
**Institute of Fluid Science, Tohoku University
TApplicant, ftnon-IFS responsible member

Purpose of the project

Electro-spray process forms one of the finest and narrow-dispersed droplets in
liquid spraying devices. The electrostatic force which is observed on charged liquids
stretches the liquids to ligaments and droplets (Primary breakup). These structures
are further fragmented by Coulomb repulsion due to charged electrons (Secondary
breakup). In spite of the important roles of the primary breakup on further
atomization, it is still not fully understood yet due to the complexity of the process.
The main purpose of this project is to obtain information of the first step of the
atomization process in electro-sprays by high speed visualization techniques.

Details of program implement

The liquid column is stretched by the electrostatic forces and is fragmented from
constrictions which appear as a surface disturbance. In this project, a high speed
back light imaging setup was used to capture the structure. A simple capillary tube
and a counter electrode plate setup were used for the electro-spraying. Inner
diameter of the capillary tube is 0.1 mm. However, because of the surface tension, the
initial liquid diameter is expanded to almost same as the outer diameter of the
capillary tube (0.4 mm). Time resolved images were taken under several conditions.
As a first step of the investigation, electrical conductivity, applied voltage, and flow
rate are chosen as experimental parameters.

The images shown in Figure 1 are the representative results from the
measurements. Fine sprays are coming out from each liquid tip. The expected
surface disturbance is not visible (left), or only slight stripes are visible on the
ligament (right). It is necessary to make the spatial and temporal resolutions higher

Figure 1 : Liquid tip shapes during electro-spraying process
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2)

3)

Blue

Superimposed
Raw images Binarised images image
Figure 2 : Image processing steps of a simple 3 colors superimposing method for
visualizing the structure movements (from left to right).

to detect the surface disturbance at the appearing position of fine sprays.

Achievements
The high speed imaging techniques are applied for the parametrical investigation
as a first step of the project. The transient liquid column shapes and spray angles are
successfully obtained from the investigation. These data are wuseful for
understanding where the fragmentation starts and for a sensitivity analysis of the
parameters to develop a prediction equation of initial droplets sizes.

Summaries and future plans

The transient liquid column shapes and spray angles are successfully obtained
from the parametrical investigation by high speed imaging techniques. However the
results show that the surface disturbance appears at extremely small region on the
liquid tip. Therefore it is essential to make the spatial resolution higher with a high
intensity optical setup and high magnification lenses in the near future. A simple
post processing program which tracks surface structures and droplets by 3 colors has
been developed and tested on the other spray images (Figure 2). This technique will
also be applicable for understanding the atomization processes in electro-sprays.

Research results (x 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)

Breakup in Electrosprays, Proceedings of the 19th International Symposium on
Advanced Fluid Information (AFI-2019), Sendai, Japan, (2019), CRF-38, pp. 76-77.

Breakup in Liquid Sprays, Proceedings of the 16th International Conference on
Flow Dynamics (ICFD2019), Sendai, Japan, (2019), OS5-11, pp. 354-355.

Patent, award, press release etc.

Not applicable.
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*[1] Takamasa Okumura, Chia-Hsing Chang, Takehiko Sato: Influence of Electric Potential
Induced by Atmospheric Pressure Plasma on Cell, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information (AFI-2019), Sendai, Japan,
(2019), CRF-70, pp 150-152.

[2] Yuto Oba, Shuto Tamura, Takamasa Okumura, Tomoki Nakajima, Takehiko Sato:

Visualization of thermal flow in liquid medium by high-Frequency pulsed gas-liquid

phase discharge, The 6th Japan-Taiwan Plasma Life Science and Technology
(JTPL-2019), Tsuruoka, Japan, (2019).

3) T (FEF, ¥E YR IHRH)
el

— 154 —



FE J191090

X5 —ﬁ&“itlﬂlﬂ%fﬁ
e MRSy B
hFFEIAR 2019.4 ~ 2020.3

ke 1H GER)

B EERAIREN Z A L - AIEERREC K DRITEBRTE
Flight Attitude Stabilizing by Side-Jet Generated by Detached Shock Pulsation

A B, KA T
MRS T80, AR TR 2T
TR, PRI EE

1. HIREHN

k’fu%ﬁ?é%@%m@%ﬁ%&)\@i BB RRIENENZZE T Joa B R P I 2
Tt RS S, EEERE TR, 22 E R T C OB AR O AN E BN L D%
BORLZE DS S TN D. Ziilﬂ T, BEDCERR AR CRE S8, ST
HRIE 2RI L7 BB SIENED TSN T, BRI THREREEIC L 2 B TIRIC L DR L
X D RDEBIAE L A OFit S HRIRE R SRS 5.

2. PIEREOAR

ST, 3 AIZEMTE T - 7o HEARY TRBRIEEC K 2 A PR O BB IR o> Al
(LRI AR OB DIz, ik L lgodz. RFEE TICH LA LU IR

S FRA TR AR AR FE AT R F SR OO B FRA T I2RASE 2R T L, 2 FEHORIY (1 1)
% M1.8 TREEREE FORENIZ B BRI TSE, A CRAET 2 EERIEIRE 2 5 R X 5]
BUbFHIZ I8 L7z (M 2.8 KON 3). BIRIAIY, vk TOEEBWIRZ TS, k“ﬂiﬁmfj‘ﬁg
BREDOL L TRESNIZbDE AN, EHEED A ZI280, ML8 TRATT DI 1T
DRI T-HHRAR L B DL 2 Y 1 O el 2 BG T& /.

e
] ]
. E P e Modeltype | L D1 D2 | spike
BTN e " 1-N 70 42 10 N/A
1-S 70 42 10 Equipped
le——L———f—90—>

1. RIRAVABIAE R YETAARRFLR (AL mm, /A D 5%IROFTEADOIE 10° )

— 1565 —



i[] [z LD3
200 mm M

R IEI——>

PD1E] Ij PD2 LD: Laser diode

PD3
PD:  Photo detector
M:  Model
| S: Photo strobo
HC: High-speed camera
DSO: Digital strage oscilloscope
DSO DG: Delay generator
SC: Signal converter

2. HERITEREREEICK SEERIRES S URER L & 5 LB ARIEFHAIRRR

(a) Shot#805 (Model 1-S) (b) Shot#806 (Model 1-S) (c) Shot#808 (Model 1-S)

(d) Shot#809 (Model 1-S) (e)Shot#810 (Model 1-S) (HShot#811 (Model 1-S)

(g)Shot#812 (Model 1-N)
R BEARITREREESL DSTHEROBRRL £ 5 £%E BEOEEROTHRL
(Shot#807 (%, B b HOFHAD - HEHEEHRILK)

3. HIRBEROZERIR
FRED T, AEEITFERTIL L IRoTo 70D, FEBRT — X ODRUFHIAER TH 5.

4 FEDHESEDEE

SFEEROFMR, I CETG)> B/NLEUHLE & TRRIC & 2 SR BB E O rTREME A2 B B AN
THTETHS. L7z, CFD ICL DT &30, TetnaY x5 Z5H 2 720 07 HUHHE H R
DRFEZRED, BeRE &AL D OB & E & OB 2.

5 HIEAE HIRIRHY)

1) Ffiifis EROTERERE MaRFEaT)
L

2) EF=E - BRESR - RS - QERKRE

*[1] Mizukaki, T., Anna Kouno, Yuki Yoshitomi, Fumihiko Iwasaki, and Kiyonobu Ohtani:
Flight Attitude Stabilizing by Side-jet Generated by Detached Shock Pulsation,
Proceedings of the Nineteenth International Symposium on Advanced Fluid Information,
Sendai, (2019), CRF-90, pp. 90-91.
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[1] Kanazaki, M., Tomisawa, K., Fujita, K., Oyama, A., and Nagai, H.: Aerodynamic
Performance of Control Surfaceson Mars Airplane Balloon Experiment Two, Journal of
Fluid Science and Technology, JSME, Vol. 14, Issue 3, (2019), JFST0017.
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(2] WA, SIEHEE KRR 2SR R KBRS OB 22 R, 25 63 [T R
Bfveis, e, (2019).

*[3] Kanazaki, M., Kittaka, H., Oyama, A., Fujita, K., and Nagai, H. : Numerical Simulation
of Dynamic Derivatives for Mars Airplane Balloon Experiment-2 (MABE-2), Proceedings
of the 19th International Symposium on Advanced Fluid Information (AFI-2019), Sendai,
(2019), CRF-39, pp. 78-79.
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*[1] G. Yamada, M. Kajino and K. Ohtani: Experimental and numerical study on radiating
shock tube flows for spacecraft reentry flights, /. Fluid Science and Technology, Vol. 14,
No.3 (2019), JFST0022.
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*[2] G. Yamada, M. Kajino, F. Kikuchi and K. Ohtani: Spectroscopy of Shocked Radiating
Flows for Re-entry Flight , Proceedings of the Nineteenth International Symposium on
Advanced Fluid Information, Sendai, (2019), CRF-40, pp. 80-81.
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Study on Fracture Behaviour of Single Natural Fiber
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Purpose of the project

One of natural fibers that has a strong tensile property is Abaca (Musa) fibers. It
has been used as a reinforced composite in the automotive industry to improve the
acoustic performances. However, Abaca single fibers are highly random in length
and width, causing large distribution in its tensile strength. Therefore, the failure
behavior of Abaca fiber reinforced composite could significantly be affected by the
loading rate. The purpose of this research is to investigate the tensile property of
single Abaca fiber in order to propose a design guideline for Abaca fiber reinforced
composite for a broader engineering application.

Details of program implement

A test apparatus was built and used, as shown in Fig. 1 (a). It consists of a motor, a
linear stage, specimens’ holder, an adjustment stage, and a cantilever beam
installed with a strain gage. The loading rate of the tests was 0.46 N/s (Fig. 1(b)).
Twenty specimens were tested to investigate the maximum tensile strength and the
fracture behavior of the single fiber.

Cantilever spring Sampling data ; 1 KHz \

' Fiber specimen S \
T Flherbnlaaknnt

of
Strain gages
Linear stage s 10 15 20 25
Time, s
(a) (b)
Figure 1: The tensile test apparatus (a) and the relationship between strain rate and

time (b).

Achievements

Twenty specimens of single fiber were selected for evaluation of the tensile strength.
In order to achieve a more accurate value of the tensile strength, the cross-section
area of each specimen was evaluated. Fig. 2 shows the comparison of the measured
cross-section area (Fig. 2(b)) and the estimated area (Fig. 2(a)). Fig. 2(a) shows that
the area is 16963 um? by assuming that the cross-section was circular. However, Fig.
2(b) shows that the cross-section was not circular and that the measured area is
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1)

2)

10626 um?2. Therefore, the cross section of each specimen was measured and used to
calculate the maximum tensile strength of the fiber, as given in Fig. 3.

Maximum tensile strength, MPa

1600

1400

1200

1000

800

40um

0

0.005 001 0.015 0.02 0.025 0.03

Measured cross section area, m?

Figure 3: The maximum tensile strength of single abaca fiber.

The tensile strength of abaca fiber is given in Figure 3. It is shown that fibers that
have smaller cross-section areas have a higher value of tensile strength. The
diameter of the analyzed fiber ranges from 5635 um? and 19714 pm?2 resulting in
the tensile strength value ranging from 490 MPa to 1548 MPa.

Summaries and future plans

In the future, the interfacial shear strength will be evaluated by using polyamide
and polypropylene as resin. Furthermore, the fracture behavior of the composite will
be studied using a high strain rate tensile test (impact loading).

Research results (¢ reprint included)
Journal (included an international conference with peer review and tutorial paper)

Not applicable.

International and domestic conferences, meeting, oral presentation etc.

Strength and Fracture Behavior of Single Abaca Fiber. Proceedings of the 19th
International Symposium on Advanced Fluid Information, Sendai, (2019), CRF-41,

pp. 82-83.

3) Patent, award, press release etc. Not applicable.
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[1] Shiku Hirai, Yuma Fukushima, Shigeru Obayashi, Takashi Misaka, Daisuke Sasaki,
Yuya Ohmichi, Masashi Kanamori, Takashi Takahashi: Influence of Turbulence
Statistics on Stochastic Jet-Noise Prediction with Synthetic Eddy Method, Journal of
Aircraft, Vol. 56, No. 6 (2019), pp. 2342-2356. DOI: 10.2514/1.C035465.
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*[2] Takashi Misaka, Norio Asaumi, Seiji Kubo, Takeomi Ideta, Shigeru Obayashi: Prediction
of Film-Cooling Effectiveness based on Bayesian Model Calibration of SST Turbulence
Model, Proceedings of the International Gas Turbine Congress 2019 Tokyo, Japan,
(2019), IGTC-2019-061.
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Aerodynamic Drag Reduction Using a Coating Material in Flapping Wing
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*[1] T. Ishide, Y. Takagi, S. Otsubo, T. Kaeriyama, K. Shimoyama and S. Obayashi:
Aerodynamic drag reduction using a coating material in flapping wing, Proceedings of
the Nineteenth International Symposium on Advanced Fluid Information, Sendai,
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Proceedings of the Nineteenth International Symposium on Advanced Fluid
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Numerical Analysis of a Morphing Jet-Flap under Ground Effect

Edyta Dzieminska*t, Shigeru Obayashi**{+¥
Yuki Kamiyama¥*, Shota Hanada*, Aiko Yakeno**, Yoshiaki Abe**
* Department of Engineering and Applied Sciences, Sophia University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

The purpose of this project is to verify the effect of the combination of morphing flaps
and pneumatic control systems for high lift devices on amphibious aircrafts and STOL
aircrafts.

2. Details of program implement

In this research, lift characteristics of morphing flap models were calculated using a
CFD solver, ANSYS Fluent. Morphing flap geometries were generated by deforming the
NACA23012-slotted flap model extracted from NACA’s experiment data.

Firstly, lift characteristics of morphing flap models were calculated changing flap
angle and morphing angle as shown in Figure 1(a). Maximum lift coefficient increased
as flap angle and morphing angle increased but when they were set above a certain
limit, the lift slope decreased at low angle of attack. In order to prevent boundary flow
separation and gain better lift characteristics, propeller slipstream was applied into
morphing flap by configuring actuator disk model as shown in Figure 1(b).

e il

e " [

f=20 deg, m = 30 deg
f=20 deg, m =20 deg o
=+ =+ f=20deg, m= 10 deg I35 Actuator disk model:

wseesses =20 deg, m =0 deg
(a) Morphing flap (b) Actuator disk model

Figure 1 : Calculation setups

Figure 2 shows the comparison of lift characteristics of morphing flap with the
propulsion system. It can be seen that lift coefficient of morphing flap with the
propulsion system continues to increase until the angle of attack becomes about 9
degrees. Moreover, the decrease of lift coefficient over the stall angle seems to get
slower.

Figure 3 shows the flow velocity vector around the morphing flap models with and
without propulsion where the angle of attack is 2.5 degrees. In the model of Propulsion
16.7 hPa, Figure 3(b), the boundary flow separation point shifted backward by the
accelerated flow. The slipstream seems to delay the boundary flow separation on the
morphing flap which is set for high flap angle and high morphing angle.
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Figure 2 : Lift characteristics of morphing flap with and without the propulsion system
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(a) Without propulsion (b) Propulsion 16.7 hPa
Figure 3 : Flow velocity vector around the morphing flap (Flap angle: 20 deg, Morphing
angle: 30 deg, Angle of attack: 2.5 deg)

3. Achievements

Calculation results showing lift enhancement by the morphing flaps and the
pneumatic control devises which were stated in the application form were gained. More
analysis is needed to search for the optimized morphing flap geometries.

4. Summaries and future plans

In this project, qualitative observations of the two-dimensional lift characteristics of
morphing flaps and pneumatic control devises were obtained. Assuming these systems
applying into the design of amphibious aircrafts or STOL aircrafts, three-dimensional
analysis is needed for estimating taking-off and landing performance.

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)

*[1] Y. Kamiyama, S. Hanada, E. Dzieminska, S. Obayashi, A. Yakeno and Y. Abe: "X &
HLBEICEsmBhEBICHEICLEE—T 407 7T vy 7O EMIT (n
Japanese), Proceedings of the 57th Aircraft Symposium, Shimonoseki, (2019),
JSASS-2019-5061.

*[2] Y. Kamivama, E. Dzieminska, S. Hanada, A. Yakeno, S. Obayashi and Y. Abe:
Numerical Analysis of Morphing Flaps on High-lift Devices with Pneumatic
Controls, Proceedings of the Nineteenth International Symposium on Advanced
Fluid Information, Sendai, (2019), CRF-69, pp. 148-149.

3) Patent, award, press release etc.

Not applicable.
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1.

Micro—Combustion for Micro-Tubular Flame-Assisted Fuel Cell Power Generation

Jeongmin Ahn*¥, Kaoru Maruta**+f, Ryan Milcarek***{+}
*Department of Mechanical and Aerospace Engineering, Syracuse University
**Institute of Fluid Science, Tohoku University
***School for Engineering of Matter, Transport and Energy, Arizona State University
TApplicant, ¥FIFS or non-IFS responsible member

Purpose of the project

During the IFS Collaborative Research Project 2018, natural gas was investigated as
a fuel for micro-combustion and flame-assisted fuel cell (FFC) power and heat
cogeneration. Natural gas showed potential for high electrical efficiency (25%) and
power density (350mW.cm-2) and further improvements are expected with additional
optimization. Some of the previous work resulting from the IFS Collaboration has
been published recently [1,2]. This technology has further potential to be applied in
stationary and portable technologies requiring power, but many of these applications
utilize fuels like liquefied petroleum gas (LPG) or higher hydrocarbons. Currently no
research has been conducted on butane or higher hydrocarbons for use with the FFC
for power generation. To conduct this research this project will expand the Syracuse
University-Tohoku University collaboration to include Arizona State University and
create the Syracuse University-Tohoku University-Arizona State University
collaboration. The work aims to analyze higher hydrocarbons (e.g., butane) that have
not previously been investigated for use in the micro-combustion and FFC power
generation concept.

Details of program implement

Butane/air mixtures at different equivalence ratios were analyzed using chemical
equilibrium computations. Specifically, equivalence ratios ranging from stoichiometry
to an equivalence ratio of 5 were investigated under constant enthalpy/pressure and
constant temperature/pressure conditions. The concentrations of hydrogen, carbon
monoxide, carbon dioxide, water, nitrogen and other equilibrium species were
quantified. Micro-combustion of butane/air was investigated in a micro-flow reactor
with controlled temperature profile for temperatures ranging from 700-1000°C. The
concentration of exhaust species was assessed with a gas chromatograph and
compared with chemical equilibrium calculations. Yttria-stabilized zirconia anode,
electrolyte and cathode materials were prepared using extrusion and dip coating
techniques. After drying, each layer was sintered to appropriate temperatures. Silver
was used for current collection on the cathode. The long-term performance while
operating in butane/air micro-combustion exhaust was assessed. The anode was
assessed with the current-voltage method and electrochemical impedance
spectroscopy during testing in the butane/air micro-combustion exhaust. The current-
voltage method was conducted using a Keithley 2460 source meter and with
electrochemical impedance spectroscopy (EIS).
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Figure 1 : n-butane/air microcombustion exhaust and SOFC polarization and power
density curves at equivalence ratios from 1.5-4.5.

Achievements

A FFC was integrated with a micro flow reactor with controlled temperature profile
to reform n-butane fuel into syngas at high equivalence ratios using heat
recirculation. The FFC was able to produce a high power density of 300 mW.cm2
using a total fuel/air flow rate of 50 mL.min! at an equivalence ratio of 3.5. When
exposed to the high amounts of fuel available at high equivalence ratios, the fuel cell
had a high fuel utilization of >40%.

Summaries and future plans

A high power density, electrical efficiency, and fuel utilization were achieved with n-
butane for the first time. The performance achieved led to thermodynamic models
that demonstrate the potential for a self-sustained, high efficiency, micro power
device. The results of the second years’ work were published in an international peer
reviewed journal[1].

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

Microcombustion Reforming of Ethane/Air and Micro-Tubular Solid Oxide Fuel
Cells, . Power Sources, Vol. 450, (2020), 227606.

International and domestic conferences, meeting, oral presentation etc.

(included international conference without peer review)
combustion of n-butane for power generation applications, Proceedings of the
Nineteenth International Symposium on Advanced Fluid Information, Sendai,
Japan, (2019), CRF-R1, pp. 130-131.

Patent, award, press release etc.

Not applicable.
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1. Purpose of the project
The main goals of the project are to conduct research aimed at the development of
clean and efficient energy technologies and to train highly qualified specialists in
this field. The research activities will be concentrated at fundamental study of
combustion waves in porous media and micro channels, development of effective and
eco-friendly methods of hydrocarbon fuels burning and new porous materials
production using self-propagating high temperature synthesis methods.

2. Details of program implement

Four Russian teams and one team from IFS performed the complementary
researches. The participants discussed current scientific problems related with
project at the international conferences ASPACC 2019 (Fukuoka, Japan) and ICFD
2019 (Sendai, Japan). The Russian teams discussed scientific problem of the project
at the conferences and workshops held in Russian research Institutes involved in the
project. The on-line seminars served for discussion and approbation of the scientific
results obtained by the all teams involved in the project. The tasks of the project
distributed among the teams and the all tasks will form complementary study.
Generally, the teams from IFS and FEFU conducted experimental and theoretical
study of flame in microsystems and a study related with flammability limits of lean
premixed gas flames. The team from Moscow developed theoretical approach to
describe nonlinear phenomena in combustion occurring in microsystems. The team
from Novosibirsk dealt with development of effective numerical algorithms for
modeling of gas combustion in micro channel systems and porous media. The Tomsk
team developed special materials for porous burners using by self-propagating high
temperature synthesis methods.

3. Achievements
The project proposes to use micro burning technologies to create environmentally
friendly porous radiative burners and to develop new micro combustion applications
aimed at obtaining fundamental knowledge on the flame structure. Laminar gas flow
with controlled characteristics, homogeneous composition of the mixture in the cross
section of the micro channel, as well as the relative simplicity of the organization of
combustion at elevated pressures and initial temperatures, create advantages in
studying of the flame structure based on micro combustion, compared with
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traditional methods. The part of the studies were focused on the flame propagation
and stabilization in the planar micro channels. The planar geometry is convenient
to investigate flame structure by optical methods, to study of the flame instabilities,
quenching and ignition in turbulent flows. Team from Far-Eastern Federal
University in collaboration with Lebedev Physical Institute RAS (LPI RAS) team
obtained the following results concerning gas combustion in planar micro channel [1].
The hydrodynamic instability of a flame propagating in the space between two
parallel plates in the presence of a gas flow is studied by linear stability method. The

2 |::>>1 2<<::Jl

scheme is shown in Figure 1.

Figure 1: Scheme of the flame in a planar channel with gas flow. Indexes 1 and 2
denote regions of combustible mixture and combustion products, respectively. Large
arrows show direction of the gas flow. The curved tape schematically shows the
flame front in the upper figure. The curved lines in two bottom figures are flame
fronts [1].

The linear analysis was performed in the framework of a two-dimensional model that
describes the averaged gas flow in the space between the plates and the
perturbations development of two-dimensional combustion wave. The model includes
the parametric dependences of the flame front propagation velocity on its local
curvature and on the combustible gas velocity averaged along the height of the
channel. It is assumed that the viscous gas flow changes the surface area of the flame
front and thereby affects the propagation velocity of the two-dimensional combustion
wave. In the absence of the influence of the channel walls on the gas flow, the model
transforms into the Darrieus—Landau model of flame hydrodynamic instability. The
dependences of the instability growth rate on the wave vector of disturbances, the
velocity of the unperturbed gas flow, the viscous friction coefficients, and other
parameters of the problem are obtained. It is shown that the growth rate of
disturbances is larger than the growth rate predicted by the classical
Darrieus—Landau model for a flame in free space in the case when the gas flow
directed against direction of flame propagation. In the case when the flow of the
combustible mixture moves in the direction of flame propagation, the growth rate of
disturbances is smaller than the Darrieus—Landau model predicts. The possibility of
the pulsating instability development in the case when the gas flow moves towards
the flame is shown (see Figure 2). The pulsating instability can occur even for the
mixture with Lewis number less than one, which is impossible for freely propagating
flame.
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Figure 2: The time dependencies of flame surface perturbations f (solid line), flame
propagation velocity perturbations so (grey circles) and perturbations of the
pressure drops p2-p: at the flame front (hollow circles).

Laminar flame of low-Lewis-number premixtures are known can exist in two
stationary combustion modes that are flat flame propagating with constant velocity
and unmovable flame ball. For the understanding of ball-like flame behavior in
counterflow field, transient three-dimensional computations with thermal-diffusion
model were conducted by IFS Tohoku and FEFU’s teams for near lean-limit
low-Lewis number mixtures [3]. Analysis of flame structure for non-spherical
ball-like flame located its center at the stagnation point showed that the maximum
temperature on the stagnation plane was higher than that on the counterflow axis
because of the small difference between the flame curvatures on the stagnation plane
and that on the counterflow axis. With the increase of stretch rate, the maximum
temperature of the non-spherical ball-like flame on the stagnation plane increased
and the position of maximum temperature got away from the stagnation point. On
the other hand, the maximum temperature on the counterflow axis decreased and

(A) (B). t=0.0 t=10.0
(C).

t=14.0 t=154

Figure 3: The iso-surface of temperature for (a) non-spherical ball-like flame
and (b) splitting ball-like flame. Direction (B) corresponds to the counterflow axis
and the others (A) and (C) lie on the stagnation plane.

Mixture inlet

(A)
(B)

th‘; (©) (a) A = 0.050 (b) A = 0.089
X
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the position of maximum temperature got closer to the stagnation point. Existence of
unburned fuel was also confirmed near the stagnation point. Thus, net fuel velocity
was newly introduced to evaluate the effect of the unburned fuel diffusion. The
analyses on the peak positions of the net fuel velocity showed that the flame splitting
occurs when the positions of the inner two peaks of the net fuel velocity are located
outside of the reference flame ball radius (see Figure 3).

The idea of application of microflow reactor to verify the kinetic models of fuels
combustion was proposed by participants of the project from FEFU and IFS Tohoku
in previous work (K. Maruta et al., Proc. Combust. Inst., 30 (2005), and others).

A new type of spiral microreactor was created by FEFU’s team [4] using a quartz
tube ~ 100 cm long with an inner diameter of 2 mm and an outer diameter of 4 mm.
The diameter of the base of the spiral was 80 mm, the height was 60 mm. The
geometric parameters of the spiral were selected so that the turns of the spiral did
not overlap each other in the frontal and lateral projections. A flat cylindrical burner
was installed at the base of the spiral, operating on a pre-mixed methane-air mixture.
The photos of spiral microflow reactor with different points of view are shown in
Figure 4.

Figure 4: The left photos is general view of spiral microflow reactor. The top view of
the reactor is shown at right photo. The normal flame is pointed by a circle.

Thus, it was possible to construct a compact micro reactor with a very smooth
temperature gradient, in which the maximum temperature is reached at the top of
the spiral. Before experiments the study on temperature gradient determination was
carried out. The temperature gradient was determined using a NEC TH9100WB
thermal imager, which was mounted on top of the same axis with a spiral and the
center of an external cylindrical burner. The measurements of the thermal imager
were corrected according to the data obtained using a K-type thermocouple with a
shell with a diameter of 320 um during the measurement of the wall temperature at
the base of the quartz spiral. The tip of the thermocouple was in direct contact with
the heated wall and held in this position for several minutes to obtain an average
temperature. The temperature of the tube varied from 500 to 1300K, and the length
of the working area was approximately 85 cm. The flow inside the tube was laminar
under atmospheric pressure. The position of the flame front was recorded focused at
a mirror mounted above the studied spiral.

Studies have shown that the temperature distribution along the spiral tube is
uniform. Processing of data obtained from the thermal imager showed that the wall
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temperature profile can be approximated by a linear function. Two combustion
regimes were revealed in the inlet velocity range from 5 to 150 cm/s for
stoichiometric methane-air premixture: a normal flame at the velocity rates from 39
to 150 cm/s, and unstable combustion regime with repetitive extinction-ignition
dynamics at the velocity from 8 to 38 cm/s. On the other hand, the path length from
ignition to extinction points in FREI regime increased more than 10 timesSpiral
shape of microtube allows to achieve almost linear temperature gradient in the
temperature range from 500 to 1300 K along the very long length of the quartz tube.
The experiments shown that the path length from ignition to extinction points in
FREI regime increases more than 10 times as compare with linear configuration of
traditional microflow reactor. Thus the resolution and sensitivity of experimental
setup became higher and allows detecting of the transition effects from normal flame
to FREI regime and from FREI regime to weak flame.

Collaborative research of scientific groups from ITAM SB RAS and TSC SB RAS was
dedicated to the development of a simple model with detailed chemistry for
prediction of pollutant emissions of radiant cylindrical porous burners [2].
Development of such models is motivated by increasingly stringent environmental
standards demanding intensive research including computations in the framework of
reduced models. Previous results presented in (4. Maznoy et.al, Energy 160 (2018))
demonstrate low NOx and CO emissions of cylindrical radiant burners fed by natural
gas/air mixtures. The concentration of NOx in combustion products is 10-50 ppm
and CO — 2-50 ppm depending on equivalence ratio and firing rate. However the
possibility of further reduction of pollutant emissions by fuel modification by
relatively small percentage of additives are still of great interest. In this study we
propose a simple model with detailed chemistry for predictions of NOx and CO
emission from cylindrical porous burners. The effect of firing rate, equivalence ratio
and percentage of such additives as Hz, O2 and H20 is studied in the frame of the
proposed model and compared with experimental data.

Simplified model is based on the chemical reactor network concept which was
originally developed for prediction of gas turbine emission (M. Falcitelli et al., Appl.
Therm. Eng. 22 (2002)). Combustion processes in the inner hollow of the cylindrical
radiant burner is modelled by laminar premixed flame. The processes inside the
porous shell are described by 0-dimensional constant pressure perfect stirred reactor.
Motion of combustion products through the exhaust pipe towards the probe location
also describes by constant pressure reactor. Numerical simulations [2] have
demonstrated that accounting for the processes in the exhaust pipe which include
low temperature CO oxidation is very important for accurate prediction of CO
emission. Low computational costs of the proposed model allow to apply it in a wide
range of problem parameters and examine big variety of combustible mixtures with
different additives.

Figure 5 demonstrates dependencies of NOx (left) and CO (right) emission on
equivalence ratio obtained for firing rate FR = 260 kW/m2 by means of experimental
(marked lines) and numerical (solid lines) studies. All mole fractions in Fig. 5 are
converted to dry basis and corrected to 0% Oz level. Dependencies obtained for firing
rates 160 and 420 kW/m?2 are similar to those presented in Figure 5.

Both numerical and experimental data demonstrates decrease of NOx emission in
the case of hydrogen additive and increase of NOx concentration if the oxygen
enriched oxidizer is used. Analysis of the results obtained at different firing rates
shows that numerical and experimental results on NOx emission are also coincide in
conclusion that effect of different additives becomes more prominent for near
stoichiometric mixtures. Although the numerical results obtained in the frame of
significantly simplified model cannot provide exact quantitative information on
variation of NOx concentration for different additives these results allow to predict
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the trends of these variations. Moreover, numerical results demonstrates the
capability of the model in the accurate enough prediction of characteristic values of
NOx emission. An order of magnitude of CO emission as well as trends of its
variation with variation of mixture composition, equivalence ratio and firing rate are
also well described by reduced model. Herewith, results of numerical simulations
show that accounting for the processes in the exhaust pipe is of vital importance for
accurate enough predictions of CO emission. However, it is not the case for NOx
emission which was found insensitive to the processes occurring with combustion
products after they leave the porous burner. This is due to the intensive low
temperature CO oxidation taking place in the exhaust pipe, while NOx is mainly
formed in the porous matrix behind the flame front.

Numerical and experimental results show that hydrogen additive results in decrease
of CO emission in the entire range of equivalence ratios (Fig. 4b). For CH4 + (25% O2
+ 75% N2) mixture CO concentration is less than reference value obtained for CHs-air
mixture at small equivalence ratios and higher than the reference value for near
stoichiometric mixtures. Numerical results qualitatively reproduce this
experimentally found trend.

601 (a)

35/ (b) —— (70%CH4+30%H2)+Air

] —— CH4+AIr I
—— CH4+(25%02+75%N2)

NOx (ppm)

! _+-- Vs I ....:l.. .-Afjjj;. s
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Figure 5: Experimental (marked lines) and numerical (solid lines) dependencies of
NOx (a) and CO (b) emission on equivalence ratio obtained for firing rate FR = 260
kW/m?2 [2].

Radiation efficiency and CO/NOx emission of hollow cylindrical Ni-Al radiant burner
run on methane-air mixture modified with hydrogen and oxygen were investigated
as a function of equivalence ratio and burner firing rate by FEFU’s and TSC SB RAS
research teams [5]. H2 and O: addition was found to be beneficial for expanding the
lean limit of internal combustion mode, when the flame is stabilized under the
surface of the burner. The findings have suggested that:

1). Hydrogen enrichment allows to extend the lean limit of internal combustion mode
existence, reduce by half the CO emission at minimal firing rate, and NOx emission
at maximal firing rate; up to 5% increase radiation efficiency at low and middle firing
rates.

2). Oxygen enrichment at low firing rates allows to combust lean mixtures with 4
times reducing in CO emission while maintaining reasonable NOx emission and
radiation efficiency. As it was shown in [5] the fuel mixture compositions and
combustion conditions make it possible to decrease the NOx and CO emission and to
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maintain high radiation efficiency.

The effect of curvature on the emergence of pulsating diffusive-thermal instabilities
and dynamics of hydrogen-air flame oscillations was numerically studied by LPI RAS
team within the model with detailed transport and reaction mechanism [6]. It was
shown that there are two regimes of combustion front stabilization near the
cylindrical burner: attached and detached flames, which emerge for mass flow rates
smaller and larger than the mass flow rate in the freely propagating combustion
wave. In the attached flame regime the curved cylindrical flame is less stable in
comparison to the combustion front stabilized near the planar burner and this effect
1s more pronounced for the rich mixture compositions. In the detached flame regime
the hydrodynamic perturbation imposed by the divergent flow significantly distorts
the flow field in the product regions of the flame. As a result of this the radicals
produced in course of the chain-branching reactions resides longer in the vicinity of
the chain-branching region for the curved flame and the radicals have more time to
recombine and release heat. The change in the flame structure in the detached flame
regime due to the curvature effect significantly influences the flame stability
characteristics: the critical pressure for the onset of instability and the frequency of
oscillations increase with the decrease of flame radius. Thus in contrast to the case of
the attached regimes in the detached regime the flame curvature has stabilizing
effect.

4. Summaries and future plans

The results obtained by all teams give new fundamental knowledge on combustion in
the porous media and micro channels and the outlined research plan was fulfilled in
generally. The obtained results were presented at ICFD 2019 and submitted for
publication in reviewed journals. The plan of the project teams includes continuation
of gas combustion studies in small-sized flat channels to obtain fundamental
knowledge of the combustion wave’s structure. Studies of combustion in flat channels
will allow to create inhomogeneous gas flows in the space between parallel plates
with specified characteristics, and the flame localization in the gap between the
plates will allow optical and thermocouples measurements of the characteristics of
the reacting gas mixture. Heating the walls of the channel with an external heat
source will allow maintaining the specified temperature profile in the walls, which
will make it possible to investigate the characteristics of the combustion waves at
elevated initial temperatures. In addition, the relative simplicity of the organization
of combustion at elevated initial temperatures and pressures and the convenience of
visual and temperature measurements create advantages in the study of the flame
structure in flat channels, compared with traditional methods. The future researches
of the project teams will allow verification of existing and newly created global flame
propagation models for engineering calculations of gas combustion in practical
devices.

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

premixed flame propagating in narrow planar channel in the presence of gas flow,
Combustion Theory and Modeling, Vol. 24, No. 2, (2020), pp. 362-375.

NOx and CO emission of porous burners, Combustion Theory and Modeling, Vol. 24,
No. 2, (2020), pp. 262-278.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
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Kikuchi and K. Maruta: Dynamic Behaviors of Flame Ball in Flow, Proceedings of
the Sixteenth International Conference on Flow Dynamics, Sendai, (2019), 0S2-20,
pp. 216-217.

Microchannel, Proceedings of the Sixteenth International Conference on Flow
Dynamics, Sendai, (2019), 0S2-14, pp. 204-205.

Combustion of Oxygen and Hydrogen Enriched Natural Gas in a Cylindrical
Radiant Burner, Proceedings of 12th Asia-Pacific Conference on Combustion,

Fukuoka, Japan, (2019).

Flames, Proceedings of the Sixteenth International Conference on Flow Dynamics,
Sendai, (2019), 0S2-15, pp. 206-207.

Burners for Energy Production on the Basis of Microcombustion, Proceedings of the

19th International Symposium on Advanced Fluid Information, Sendai, Japan,

(2019), CRF-R2, pp. 132-133.

3) Patent, award, press release etc.

(Patent)
Not applicable.

(Award)
Not applicable.

(Press release)
Information about collaborative research between IFS Tohoku University and
FEFU conducted in International Combustion and Energy Lab (FEFU) within
project of Ministry of Education and Science of Russian Federation is placed at
the site: http//www.p220.ru/home/projects/item/790-14-y26-31-0003
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1. Purpose of the project

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

2. Details of program implement

The project was mainly performed by Tohoku University and Imperial College
London with the support from Texas A&M and Concordia University. The primary goal
is to develop the inlet turbulence generation algorithm for a cross-platform-based
parallel computation, and the subsequent objective is a demonstration of the inlet
turbulence generation algorithm to the flows over a low-pressure turbine blade. In this
report, we start from the conditions for the flow simulation, and then explain the details
of inlet turbulence generation including its algorithm and performance test. Finally,
some preliminary results of flow simulations over the low-pressure turbine blade were
presented.

3. Achievements
3.1 Flow conditions

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

3.2 Domain and mesh

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

=

x \

Wake measurement line

Figure 1 : Computational domain and mesh.

3.3 Boundary conditions

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

Next, a laminar inlet condition is described. The inlet plane is bounded by end walls
at z = thz = £1.14391. In this study, a Blasius boundary layer is assumed near the end
walls, which is approximated by hyperbolic tangent function of the velocity magnitude
according to Eq. (2) in [4]. Therefore, the inlet boundary condition is imposed as a total
pressure profile as:

v/ (v=1)

1 re hz + Ly 2/m
v =l oy | |epT — Lz Lann ((retonlhs £ 2) |
| 2 50
v/(v=1)
1 2
Pt;mid = P {CPTt/ |:CPTt - §U2:| } ) (2)

Dt = Pt;+ + DPt;— — Pt;mid- (3)

Note that cert is a constant (= 38.5); z is a spanwise coordinate (~hz < z < h2); e
corresponds to 99% thickness of the boundary layer profile approximated by [tanh{(ani
7ol }]1/np , where 7 is a distance from the wall.
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Finally, a turbulent inlet condition is introduced, based on the digital filter (DF)
technique of Klein et al. [5,7]. The algorithm follows [6], which requires the integral
length scale in each direction (I, ly, I,), the Lagrangian time scale (r = Ix/U where U is the
mean inlet streamwise velocity), and the prescribed Reynolds stress profile. The
integral length scale and the Lagrangian time scale is estimated from the wake region
in the laminar inlet simulation. The Reynolds stress profile is assumed as a function of z
(spanwise coordinate), which has a form of :

Rij = cij(tanh [aij(z — hz)]
+ tanhag; (h, — 2)] — 1)(z* + byj), (4)

where Rjj are parameters to be adjusted. These parameters are adjusted such that Rjj
corresponds to the experimental profile. Specifically, Rjj is designed to have a turbulent
intensity of 6% as a peak value in the vicinity of the end walls and 4% as a flat value
around the centerline in the inlet plane. As such, the random velocity field is obtained,
which is then superimposed on the laminar velocity profile as a ghost state of the
Riemann solver in the boundary condition kernel. The code implementation of the
velocity fluctuation will be described later. Next, a density fluctuation is introduced by
the strong Reynolds analogy (SRA)[8]. The original idea is that the total temperature
fluctuation is negligible in the sense of its Favre mean. More specifically, only the terms
that are linear in the fluctuation are retained, which leads to:

cpT) = cpT" +uyul, (5)

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

I/ T/l 7
Em = (- )M, (6)

3.4 Flow solver, numerical schemes, and simulation procedure

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

3.5 Inlet turbulence generation algorithm

As explained in the previous section, the flow solver is mainly written in Python
and partly by Mako templating engine as a kernel that generates a CUDA code for GPU
computations. In this section, we describe two different implementations of the velocity
fluctuation. The algorithm basically follows Touber and Sandham [6]. Let us assume
that the inlet plane exists in Ymin <y < ymax and Zmin <z < zmax. The integral length scales in
the inlet plane are given as |, and |, and the Lagrangian time scale is defined as ¢ = Ix /U.
The algorithm is briefly summarized as follows.
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0. Define M, x M. uniform grid points for a ran- 3. Compute velocity fluctuation on the random lat-
dom lattice: ¢m, = bmin+meAd (p=yorz)  tice (uniform grid):
where mg = 0,..., My — 1 and A¢ = (Pmax —
¢mi“)/(M¢ n 1) uni,t = P, t;
1. Prepare (2N, + 1) x (2N +1) correlation coef- Ymym. = 'Z:o 20 b5y BT (45, ) (Ma+2N, ) +ms+is
ficients: bj,;, = bj,bj, (0 < jo < Ny, Ny = Jy=0j:=
! 3 0<my<My—1 11
2ny = 214/A¢), where (0<my <My —1) (11)

4, Bilinear interpolation is performed to get veloc-
9) ity fluctuation at flux points on the inlet plane:

'4"}‘,- (fi stands for the ith flux point)
. Temporal filter is imposed:

ky o

_ mlky — Ny|
ﬂ¢ ’

2N, 5

bj, = Bjo Z: 5%,;.! (10)
kg=0 ” At At
wj,: =¢}-‘_ Lexp (—“2—7) —i—u’:}“_ 1—exp (—“T),
2. Generate 3 x (M, +2N,)) x (M, +2N.) random (12)

numbers at t = t; as [r}""] (I = l,(M.+2N,)+

1,,0 < lg < My + 2N, — 1), where ¢; stands for 6 Add velocity fluctuation to the mean (laminar)
the current time step and ¥ takes (u/,v',w’). velocity profile.

The random seed is fixed at each time step so

that the random numbers are reproducible.

The initial setup (0. Define a random lattice and 1. Prepare correlation coeffecients) is
performed by CPU (coded in Python). The subsequent steps (2 to 6) are iteratively
performed at each time step. The code implementation is as follows:

CPU: { 2.Generate random numbers

3.Compute velocity fluctuations
4.Bilinear interpolation
5.Temporal filtering

6.Add to the mean velocity

GPU:

The CPU side is purely coded in Python whereas the GPU side is constructed as a
kernel by Mako templating engine that generates a CUDA code (runtime code
generation). We call this implementation non-FFT version. Note that the algorithm and
implementation above assume a single domain for the simulation, which can be applied
to the multiple do- main (via MPI) by constructing the random lattice for each domain.
In the algorithm, the step 3 includes a convolution, and thus the use of the FFT could
accelerate the computational speed. We constructed the following framework, which is
called FFT version hereinafter:

2.Generate random numbers

ek { 3.Compute velocity fluctuations via FFT

5.Temporal filtering

4.Bilinear interpolation
GPU:
6.Add to the mean velocity

These different implementations (non-FFT and FFT versions) are tested for a channel
flow simulation. The important parameters are the size of the random lattice (Njatice =
(Ymax-Ymin) (Zmax-Zmin)/(AyAz)) and the stencil size of the convolution (Neon. = (2ly/Ay)(21,/Az)).
We set the ratio Neonv/Niatice = 0.78, which roughly corresponds to the actual simulation
case. Figure 2 shows elapsed time of the FFT and non-FFT codes using different random
lattice size while keeping the same ratio Nconv/Niattice. The result shows the non-FFT
version is faster than FFT version for a range of random lattice size, which indicates
that the use of FFT is not effective for a larger random lattice case.
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Figure 2 : Comparison of elapsed time using FFT and non- FFT code for velocity
fluctuation.

Figure 3 shows preliminary results of our inlet turbulence simulation over the
low-pressure turbine blade. This implies that in the laminar inlet simulation, the wake
region formed by low momentum fluid becomes wider than experiments at the mid-span
plane, which results in inaccurate prediction of a performance of the whole turbine
cascade. The more detailed results were presented in [1] (Y. Abe et al.) of Research
results section.

;‘....iq- \ : x -~ X - 1
N Wi i X N : "~. -,
li W T e R '{.': i

Figure 3 : Instantaneous flow fields of laminar (left) and turbulent (right) inlet cases
after approximately 27 flow passes. The contour color shows a magnitude of density
gradient.

4. Summaries and future plans

This project developed an inlet turbulence generation algorithm for a cross platform
based parallel computation, and the algorithm was demonstrated to simulate flows over
the low-pressure turbine blade. In this report, we started from the conditions for the
flow simulation, and then explained the details of inlet turbulence generation including
its algorithm and performance test. Two different implementations (non-FFT and FFT
versions) have been tested for a channel flow simulation. The result shows the non-FFT
version is faster than FFT version for a range of random lattice size, which indicates
that the use of FFT is not effective for a larger random lattice case. Then, some
preliminary results of flow simulations over the low-pressure turbine blade were
presented. Two different inlet conditions have been examined, i.e., the laminar and
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turbulent inlet conditions, which implies that the effect of turbulence is significant in
the prediction of wake expansion behind the blade. In the future plan, the more detailed
analysis for the simulation results will be conducted, and also an improvement in the
accuracy of inlet turbulence (e.g., control of temporal correlations) will be focused.
Furthermore, the implementation of the current flow solver (PyFR) on vector machine
(NEC SX-Aurora) will be also considered in terms of the cross platform based
implementation.

[1] P. E. Vincent, A. S. Iyer, F. D. Witherden, B. C. Vermeire, Y. Abe, Ralf-Dietmar Baier
and A. Jameson, ICOSA- HOM2018, 9 Jul 2018.

[2] F. D. Witherden, A. M. Farrington, and P. E. Vincent, CPC, 185 (11), pp.3028- 3040,
(2014).
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[5] Emile Touber and Neil D. Sandham, Theor. Comput. Fluid Dyn., 23, pp.79-107
(2009).
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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)
High-performance Implementation of Inlet Turbulence Generation for GPU-based
Parallel Computation, Proceedings of the 19th International Symposium on
Advanced Fluid Information, Sendai, Japan, (2019), CRF-R4, pp. 208-209.
the Sixteenth International Conference on Flow Dynamics, Sendai, Japan, (2019),
0S2-55, pp. 286-2817.
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International Conference on Flow Dynamics, Sendai, Japan, (2019), 0S2-57, pp.
290-291.
Igl_cz)r_n_p_r_e_ssible_I:T;fi_e_r_-é‘;c;k_e_s_éz)lv_e_r_\_fi_a_ Artificial Compressibility: Application to
Submarine Hydrodynamics, Proceedings of the Sixteenth International Conference
on Flow Dynamics, Sendai, Japan, (2019), 0S2-61, pp. 298-299.
3) Patent, award, press release etc.

(Patent)  Not applicable.

(Award)

[1] Best Presentation Award for Young Researcher, “A High-Order Cross-Platform
Incompressible Navier-Stokes Solver via Artificial Compressibility: Application to
International Conference on Flow i)_y_n_a_rzlzcs
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(Press release) Not applicable.
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Link between Tracer and Microseismic Analysis to Comprehensive Understanding of
Hydraul ic Feature of Fractured Geothermal Reservoir
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1. Purpose of the project

Geothermal energy would provide sustainable energy systems and is abundant in
the US and Japan. To assess the amount of resources and to design sustainable
utilization of fields, it is crucial to estimate how water flows within reservoirs.
Generally, tracer testing has been conducted to obtain the hydraulic properties between
the two wells, such as connectivity, velocity, permeability. Microseismic monitoring
observes fracture creation due to water injection and water movement to extract
fracture properties (i.e., position, number, scale, etc.) in the whole reservoir. 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. In this research, A new approach integrating tracer and microseismic analyses to
evaluate comprehensive hydraulic properties is proposed for designs of sustainable
geothermal development.

2. Details of program implement

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 is in charge of microseismic
analysis. Stanford group and Suzuki have conducted (1) tracer analysis using field data,
(2) characterization of tracer transport in fractured media using 3D printing networks
and direct simulation, and (3) flow experiment nano- and microparticle tracers using
micromodel. We started the collaboration with Peter Kang at University of Minnesota.
To combine the information between flow information from tracer response and the
structure information from microseismid data, we attempted to characterize the
relationship between flow properties and structure information by using topological
data analysis. We introduce the collaboration research with Peter Kang in this report.

3. Achievements
3.1 Col laborative Seminar

Geothermal development requires comprehensive understanding of fluid flow in
reservoirs by evaluating from various viewpoints. We held a seminar to introduce our
recent research related to hydraulic, thermal, mechanical, and seismological
perspective and discuss technologies and social acceptance required for sustainable
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geothermal development. We invited Kewen Li, Adam Hawkins, Ayaka Abe, Halldora
Gudmundsdottir in geothermal group from Stanford University, and Keisuke Yoshida in
Research Center for Prediction of Earthquakes and Volcanic Eruptions, Shuokun Shi,
Yanayra Ortega Matienzo in Earth Energy System Lab, Mechanical Engineering from
Tohoku University. The participants were eight Japanese and ten international
students and researchers. The topics were as follows:

1.

2.

3.

8.

9.

Opening: Optimization model for sustainable geothermal development and
community building (Suzuki, Tohoku U)

Migration of Shut-in Pressure and its Effect to Occurrence of the Large Events
at Basel Hydraulic Stimulation (Mukuhira, Tohoku U)

Fluid movement after the 2011 Tohoku-Oki earthquake and its effects on the
aftershock activity (Yoshida, Tohoku U)

Reservoir Characterization and Prediction Modeling Using Statistical
Techniques (Gudmundsdottir, Stanford)

Rock mechanics studies for super-critical geothermal development: fracturing
(Liu, Tohoku U)

Investigating the Effect of Wing Cracks on the EGS Reservoir Permeability
Enhancement by Hydraulic Stimulation (Abe. Stanford)

Laboratory and Field Tests of Thermoelectric Generators for Power Generation
under Different Conditions (Li, Stanford)

Unknown Interfacial Surface Area at Low Reynolds Number (Hawkins.
Stanford)

Accounting for Model and Observation Error in Geothermal Thermal
Breakthrough Models (Bjarkason, Tohoku U)

We also had a field trip to Binary power plant in Ryokan Sugawara, facilitation of
drying fruit by geothermal heat in Nakayamadaira area. Photos are shown in Figure 1.

(a)

(b)
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Figure 1: Photos of seminars and field trip: (a) presentation by Mukuhira,, (b) students
presentation during dinner time, (c) binary power plant, (d) drying fruit by geothermal
heat, (e) heat exchanger, (f) naturally cooling system in Shintoro-no-yu, and (g)
gathering photos in Ryokan Miyama.

3.2 Relationship between structure and flow properties
We conducted fracture characterization by topological data analysis with Peter
Kang at University of Minnesota.

To estimate flow properties from structure data, we need to analyze the fracture
aperture but also connectivity comprehensively. Topological data analysis is a rapidly
growing field of research. Persistent homology is one method for computing the
topological features of shapes (dot, ring, pore), which provides complex and multiscale
geometric information in large datasets and has been applied in several research fields.
For instance, glassis an amorphous material and known to have similar atomic
arrangement with liquid like them. However, it has not been understood how different
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each other.

In persistent homology, we can recognize hole structures, which has entrance and
exit to outside by using 1st order PH as shown in Figure 2. If we consider the yellow
parts as rocks, the hole can be regarded as the flow path from inlet outlet. Now we
consider this structure as rock. This is 3D image and this is 2D cross section. The yellow
part is rock skeleton and these are three fractures connecting from the inlet to the
outlet and forming a flow path.

_~inlet

\ outlet

PH; = hole
Figure 2: Flow paths detected by 1st order PH.

In the PH analysis, we thin or thick the object voxel by voxel and counting the voxel
increment. When closing the flow path, the voxel increment was death 5. the voxel is
thickening from both sides. If we multiply the resolution in this case 1 voxel is 0.1 mm.
We can calculate the fracture aperture. First, by using the death value of PH analysis,
we can estimate fracture aperture. In addition, PH detects the smallest aperture in a
flow path. We consider the flow properties is controlled by the smallest point, Thus, PH
will give us the useful value. If there is independent fracture, this recognizes as 2nd
order PH not as 1st order PH. PH detects only fractures functioning flow paths. By
considering the PH definition, PH may be able to characterize apertures of fractures
functioning flow paths. Our objective is to propose an analysis to characterize flow
properties using structure data.

First, we prepared synthetic fracture network by using OpenSCAD. We generated
many numbers of penny-shaped fractures and controlled aperture, radius, number and
orientation as shown in Figure 3. Several fracture network models for different number
of fractures were prepared with same aperture, same radius, and same orientation. We
also prepared network with variable apertures according to the power low relationships.

— 204 —



{a) Outside (b) Inside
el de
W/ ——_ ®)

50mm

Penny-shaped fracture

Figure 3: Fracture network with different fractures.

After prepared the fracture network, the data was converted to binarized images
and analyzed by PH. We used Open source software Homcloud. We don’t use all data,
but numbers of flow paths were recognized as the numebers of pairs (Death >0) and
Fracture aperture was recognized as double of Death.

Figure 4a shows the results of estimation of number of fracture for three networks
with different number and same aperture radius and orientation. Some results are
higher than the actual value, but the estimated value has high correlation with the
actual fracture numbers.
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E] 38 115
= 1.0
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Number of fractures in network Aperture in network
Figure 4: Estimation of fracture properties by PH. (a) Number of flow paths and (b)
frequency of fracture apertures.

Figure 4b shows the results of estimation of fracture aperture for three networks
with different aperture and same number radius and orientation. The size of circle is
the number of flow paths. The estimated value has high correlation with the actual
fracture aperture. These results indicate that PH can be used in estimating numbers
and apertures.

Next, we conducted direct flow simulation with same fracture network by using
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OpenFOAM to calculate permeability. By using the OpenFOAM, we could obtain each
flow rate and pressure gradient between inlet and outlet. Based on Darcy’s law, we can
calculate equivalent permeability K between the inlet and the outlet in the whole model.
To derive permeability by using parameters obtained from PH, we consider the fracture
permeability. If we assume the fracture is a parallel plate, flow rate can be described by
the fracture aperture. Combining the Darcy’s law, single fracture permeability can be
written by this equation. If we consider multiple flow path between inlet and outlet, the
equation can be extended as follows:

N
g w bei
T 124 .
i=1

where wis the fracture width, A is the cross-section area, b;is the aperture of fracture i,
Nis the total number of fractures.

ey

Figure 5: Mesh structures of fracture network model in OpenFOAM.
Fracture permeability was estimated by Eq. (1) using parameters from PH analysis. We
compared to the exact permeability simulated in OpenFOAM as shown in Figure 6.
Although the estimated permeability was overestimated, but reasonable estimation
were performed.

107

108

109

= verticalkhorizonta
|

Permeability from PH analysis [m?]

101 10-10 10 108 107

Permeability from simulation [m?]

Figure 6: Estimation of permeability from PH analysis.
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4. Summaries and future plans

We proposed a PH analysis to characterize flow properties in fracture network using
structure data and validated the analysis by using the results from flow simulation with
synthetic fracture network. Opening aperture distributions of flow paths could be
obtained by PH analysis. Permeability derived from PH analysis was almost the same
order of magnitude as the permeability derived from the simulation. PH analysis can
contribute to find relationship between structures and flow. This would contribute to
combine the tracer data (flow data) and microseismic data (structure data).

In our last year’s report, our study showed that evaluation of particle size
distributions may provide estimates of the sizes of the narrowest pore throats and
minimum fracture apertures in the flow path. The tracer response curves for different
particle sizes are expected to determine each travel time and to estimate each length of
flow path, which is not obtained in conventional tracer tests. Fluid flow experiments
using micromodels will clarify mechanisms of particle transport in fractured and porous
media, which will help us analyze tracer response curves more thoroughly.

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. The MIT group (Fehler) succeeded to integrate crustal stress
into micro seismic analysis first in the world and extract hydraulic properties by using
micro seismic data.

The 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)
study on nano-/microparticles transport to characterize structures in fractured
porous media, Rock Mechanics and Rock Engineering, Vol. 53, (2020), DOI:
10.1007/s00603-020-02081-8.
[2] A. Suzuki, M. Miyazawa, A. Okamoto, H. Shimizu, I. Obayashi, Y. Hiraoka, T. Tsuji,

fracture network patterns with persistent homology, Computers & Geosciences,

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

Kang: Link between tracer and microseismic analysis to comprehensive
understanding of hydraulic feature of fractured geothermal reservoir, Proceedings
of the 19th International Symposium on Advanced Fluid Information, Sendai,
Japan, (2019), CRF-R3, pp. 134-135.
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3) Patent, award, press release etc.
(Patent)

Not applicable.
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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, electro- kinetics 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 goal of this project is to propose a feasible method for delaying the
laminar-to-turbulent transition and reducing viscous drag, especially on the swept
wings. For that purpose, the integrated transition analysis tool was developed, which
combines a direct numerical simulation developed by IFS/Tohoku University and a
number of stability analysis codes developed by JAXA. This tool enables us to quantify
the transition suppression effect (laminarization effect) brought by the discrete
roughness elements (DRE) on the wing surface. By optimizing the roughness shape
further, we proposed a new type of the roughness element (SRE) that has a higher
laminarization  effect than  the
conventional DRE, as shown in Fig. 1.

This year, we have started to
demonstrate flow situation around a
complicated wing structure,
reading-edge part of a swept wing. We
investigated the receptivity of an
attachment-line boundary layer to
cause a transition by direct numerical
simulation (DNS). We have identified
two optimal instability modes and
verified the dependence of the wing Fig. 1: Vortical structures in boundary layers

a} DRE (conventional}
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shape on these growth rates. We also tried to clarify the ultra-fine roughness coating
effect on a transition delay. As the first step, we have investigated a two-dimensional
small wavy surface, which is much smaller than the TS vortex. We found, in a certain
wavelength case, the vortices paring was restrained and a transition delayed.

2.2 Electricity generation from flowing water and graphene interface

Energy harvesting from the environment has
been a topic of interest in recent 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.

To investigate the mechanism and maximize
the performance, we developed flow-chip
generator equipped with microchannel which is
covered with graphene (Fig. 2 (a)). Figure 2 (b)
shows typical signal of generated voltage from
water flow on graphene using the flow-chip
generator. The generated voltage is clearly
responded to water flow. In this case, the
direction of electric current matches water flow
direction, and magnitude of the generated
voltage correlates with flow speed as shown in
Fig. 2 (c). Non-linear voltage generation at higher
flow speed was observed. The investigation is
still ongoing and further investigation will reveal
quantitative understandings of electrokinetic
phenomenon, leading better output performance.
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Fig. 2: () Flow-chip type generator.
(b) Typcal generated voltage. (c) Flow
velocity dependence of generated
voltage.

2.3 Characterization of phase transition at hydrogen-metal material interfaces
Hydrogen embrittlement (HE) is one of key issues for design and maintenance of the
hydrogen stations. Concerning the HE of austenitic stainless steels which are used for
hydrogen components, it has been reported that there is a correlation between
stabilities of austenite phases and susceptibilities to HE. However, the detailed

mechanism of HE of austenitic stainless steels
have not been fully understood in a view of
phase transition. Especially, behavior of HE to
the fatigue failure has not been elucidated yet.
In this study, eddy current testing (ECT) is used
for an evaluation method of a fatigue crack
propagation and a phase transition of a
material by a hydrogen charging. Martensitic
transformations around fatigue cracks and
fracture states of hydrogen charged AISI 304
specimens are discussed.

Four specimens are prepared: 1) non-charged
with electric discharge machining (EDM) slit, 2)
hydrogen charged with EDM slit, 3)
non-charged with fatigue crack, and 4)
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hydrogen charged with fatigue crack. Eddy current testing was made for the slits and
cracks of each specimen. Figure 3 shows ECT signals of the specimens. The signals
changed by applying fatigue test and hydrogen charging. The results of the numerical
analyses based on the reduced vector potential method suggested that the signal phase
changes with changing the sample relative permeability, and the signal amplitude
changed with changing the sample electrical conductivity. Thus, it was suggested that
not only strain application by fatigue test but also hydrogen charging cause martensitic
transformation of AISI 304. In addition, crack closure might be happened on the
hydrogen charged specimen during the fatigue test.

3. Achievements
The study has achieved a good result 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 has been derived which leads to novel technologies in the near future.

5. Research results (x reprint included)

1) Journal

*[1] A. Yakeno and M. Hirota: Three-dimensional global stability on Stuart vortex of
free shear layer, Springer Proceedings in Physics, Vol. 226 (2019), pp. 9-13.

*[2] BEHE, HFEL, REEF, RSHE - ISCHES & 2 BRIV R 22 E Ml 0 R
OEAEHIMRGE, 722341, Vol. 38 (2019), pp. 39-72.

2) International and domestic conferences, meeting, oral presentation etc.
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Conference on Flow Dynamics, Sendai, (2019), 0S18-23, pp. 710-711.
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crossflow-induced boundary-layer transition, 72nd Annual Meeting of the APS
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Numerical Modelling of Particle-Laden Effect on Supersonic Flow for Cold-Spray
Polymer Coating

Chrystelle Bernard*t, Hidemasa Takana**}+
Olivier Lame***, Kazuhiro Ogawa**** Jean-Yves Cavaillé*****
*Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
**Institute of Fluid Science, Tohoku University
***MATEIS, INSA de Lyon, Université de Lyon
****Fracture and Reliability Research Institute, Tohoku University
wEkr* KLy TMaX UMI 3757, CNRS — Université de Lyon — Tohoku University,

International Joint Unit, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project
This project aims to study the in-flight behavior of polymer particles during the
cold-spray process. The analysis of the particle temperature and velocity prior to the
impact on the substrate will give us an insight of the particle behavior in supersonic
flow. These results will be used as input data of the impact simulations to perform
finite element simulations of the cold-spray process.

2. Details of program implement

The previous year saw the implementation of a 2D-axisymmetric nozzle with the
injection of particles inside the nozzle. The obtained results were quite encouraging
to estimate the particle velocity and temperature (as well as temperature gradient);
however, no information regarding the powder feeder was taken into account. Thus,
we assume that the flow inside the nozzle was axisymmetric. In this new analysis,
we model the 3D geometry of the nozzle and account for the powder feeder (see
Figure 1). The difficulties here lie in the backflow that might arise around the
powder feeder because of the difference of pressure between the inlet gas pressure
and the particle inlet gas pressure.

Axis (mm)
o 19 149 9

Figure 1: Schematic representation of the cold-spray nozzle with powder feeder.

3. Achievements
The working gas used is air. For a first calculation, the inlet gas pressure and
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temperature are chosen to be (0.4 MPa, 653 K) as they appear to be the best
parameters from an experimental viewpoint. Normally, particle inlet gas pressure
should be equal to atmospheric pressure; however, because of the backflow, pressure
of 0.3 MPa was firstly introduced. The gas temperature at the particle inlet is 300 K.
Under these conditions, the evolution of the gas velocity is presented in Figure 2. It is
clearly demonstrated that the gas flow along the nozzle can no longer be considered
as axisymmetric.
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Figure 2: Evolution of the gas velocity along the nozzle for an inlet gas pressure and gas
temperature of (0.4 MPa, 653 K) and gas pressure and temperature at the particle inlet
of (0.3 MPa, 300 K).
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4. Summaries and future plans
In the perspective of this work, we intend to improve our modelling by slowly
decreasing the gas pressure at the particle inlet towards atmospheric pressure
during the calculation to avoid back-flow. In the following, we will introduce one,
several polymer particles and then considering a flow of particles to consider the true
physics of the cold-spray.

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.

Investigation of the thermal behavior of in-flight polymer particle during
cold-spray process, Proceedings of the 19th International Symposium on Advanced
Fluid Information, Sendai, (2019), 0S20-4, pp. 220-221.
In-flight history of a polymer particle during cold-spray process, Cold-spray club
meeting: cold-spray and polymers, Paris, (2019).

3) Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.

[1] Best Presentation Award for Young Researcher, “Investigation of the thermal
behavior of in-flight polymer particle during cold-spray process”, Chrystelle
Bernard, November 7, 2019, 16th International Conference on Flow Dynamics.

[2] Special Recognition Award, “Polymer coating by cold spray process: understanding
and modeling polymer deformation behavior at high temperature and strain rate”,
Chrystelle Bernard, February 11, 2020, The 2nd Caterpillar STEM Award.

(Press release) Not applicable.
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1. Purpose of the project

Extension of material durability is an important issue to save partially earth ores
resources. Among other strategies, the application of coating on existing metallic
structure is one solution. Epoxy-amine polymers have been extensively studied and
their good resistance to water uptake stated. Recently, amines were classified as
carcinogen. An alternative solution was proposed based on Ionic Liquids. This project
aims to evaluate and characterize the degradation mechanism of IL-epoxy polymer
coating and matrix by nondestructive techniques to propose industrial implementation
in future.

2. Details of program implement

Water uptake of polymer matrix is a diffusion process controlled by the water
adsorption and absorption kinetics. As the water and the polymer present different
permittivities (s, =80 and e,,..* 3, respectively), the overall permittivity of the
sample may vary. Capacitive measurements were then selected in this work.

2.1. Sample elaboration and experimental procedures

IL-epoxy samples (free films) are based on BADGE epoxide mixed with two hardeners:
the polyether Jeffamine D400 (stoichiometric ratio of 63 phr) and the
trihexyltetradecylphosphonium dicyanamide ionic liquid (IL105 hereafter). IL105 were
prepared with three mixing ratios: 10, 20, 30 phr. Polymer samples (discs of @4 cm and
thickness at about 1.2 mm) were polished to SiC2000 emery paper. Samples were
immersed in 0.1 M NaCl solution (pH 6.5, 35°C). Before analysis, the samples were
cleaned and gently dried. Samples were installed in a specific holder (CESH-Biologic)
connected to an Impedance Analyze (HP4194A). Impedance data were recorded in the
frequency range from 1 kHz to 1 MHz (11 points/decade). Gravimetric measurements
were performed with a weight scale (AsOne Sefi ITX220) with a precision of 0.1 mg.

2.2. Results

Figure 1 presents the gravimetric and capacitive measurements with the time of
immersion. Similar trends are observed with a rapid increase at the first time of
immersion. For the two measurements, the trends follow a Fickian law of diffusion. The
material ranking is slightly different, however, the IL105-10phr presents the lowest
water uptake kinetic. Note that the water absorption is the driving force for the
permittivity modification since IR-FITR analysis did not shown chemical modifications
of the polymers.
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Figure 1. Comparison of the mass and capacitive variation with the immersion time.

3. Achievements

We achieved to set up the capacitive measurements on polymer samples with a good
reproducibility and a good agreement with gravimetric measurements. Our results
point out a difference of behavior for two IL epoxy resin. For D400 and IL105-10 phr the
hardeners are in the proper quantity while IL105-20phr and 30 phr presents an excess
of hardeners. It is believed that the microstructure and local chemistry of the polymer
may change capacitive properties.

4. Summaries and future plans

Capacitive measurements provided valuable information that needs to be further
discuss in term of kinetic of diffusion based on the Fick law. They also suggest a role of
the polymer microstructure and chemistry that need to be better understand.
Completing modeling approaches (Fick Law) and microstructure will help to better
interpret capacitive measurement and later design new polymer chemistry.

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)

Livi: Evaluation of Water Uptake in Ionic Liquid Composite Polymer Coating:
Comparison between Gravimetric and Capacitance Measurements, Proceedings of
the Sixteenth International Conference on Flow Dynamics (ICFD2019), Sendai,
Japan, (2019), 0S18-82, pp. 848-849.

3) Patent, award, press release etc.

(Patent)
(Award)

(Press release)

Not applicable.
Not applicable.
Not applicable.

— 228 —



AR J19Ly03

X5 U gt X — NSRRI
e ) B -yl P AN
WFFEHHE 2019.4 ~ 2020.3
i ey 140

1.

BHEIRNE R TLICETSRE—BERER IV Ea—T T
Coupled Computing of Fluid-Structure Interaction Problems
for Multiphase Energy Systems

LA 5%, Thomas Elguedj™ i, FafH —H1E**, 4 —flpkex*
EF]*:J‘ %’ﬁ‘:*****, 1:-/&% '\_%L’iélr*****
*EALREFIAE ST, **INSA de Lyon LaMCOS, *** 35 Kof L5550
e | [TERSE T, e BRI R T30
THFER, THToMRHIGHIZEE

HREH

KFT, BRFHREEBRT DIOICRKNNCEIRT 2 £ B2 6T D b DODOUEDEL
L EINDLZRTANF—THY, NPOWHETOTRNLF—FEIIEROCABRENZ L~ TIE
WISV, mEEAKE L U CHTBIE 21T O BN H D, £z, BECTES 7K
R LBITHEAT 272021, KROFIKRIURESC LB E BB LIOKFEAT—
vikat, 72 BONIKSERE oM 0 R U OFEAENT LD KB b DR 2 B 8 L Tz @K
RS ORGP L T8 D, £ TTARIIFETIE, S KERRRIMERE Sz & S ITHBEL
THET DKRFEH ZADIHANBRZNTERNGR & L, MEIOREEMHT & SAMT 2 [RIRF ) 5
BT TFHEOBRRE A BRIV E T 5. £z, @ERIROIREED & SURIBERF TR AT 5 KR DI
ZMIEBERG T SRR TFEE IR T 5 2 LI LY, RetEomy VKERFORGT
WCHBANT 2 Z LA A ET 5.

2. PIERMEDOAR

AW TIE, FRUBREIME S KB VBIGE SO AT v 3T TR E4T9 . Mt
BT E G - ABFET D £ COMEBHAIOIRYT &, & SURTRZ DOIREED S BT EN R A
WT 2RI OENT D 2 2T~ 7T 5. AEFEIZBO TR HEIC L VAL 22920
F— B e FN IR 2 F20i L=, [ 1 (KBRS R (a=0.5) DT DRFEZE
fbarRd. BRMREECE L C, AV BItARI L& ZIRARITIN - T2 KB EHERIANERIC
TRAUH92%, R & & BRSBTS LRREE S IR L O DT R D NS,
ZIUZL, AKEOENERE S, EIERRRD D HEIEDOREUTHH S 7 /KB EFR LT
DO THDHEEZBND.

3. WIRBEDERIKER

BERREIX T5% Th . mHKRY 7 OZGUSEBIG AT 5 L CHEL L 70 5385 A
FIEERG, WA RGOS, K 1EO—FETH D Peridynamics E7 /U K D44
SRURITIT 2 I LTz, £z, 3 iR EE st A 7 LA OBFE ATV, T0MPa 15
JEIR KSR A WBIZIC BT DA — MRl 2 v B o —T ¢ o ZIZ X D IRIRAKSE D

— 229 —



" . Time: 0.000800

() 20x 1074 s (b)8.0x 107 s
1 B2V KB IFESS RO B o = 0:5 12 B2 B8 R s

REETHIAATRE L 7e o Tz

4. FLHLESHDEFE
AREFEDIFFETIL, Peridynamics model (2 X D8ED & ZYRITHLGU BT 2 Bl fighr 7
EERSECTE . 5%, WIEKFEX 7 DIRZWBIREMTT 5 L CTHEL 725 Euler
FSI R T L OREEZIT, EEURTILE ) AFBRAVET SV I 21—y g 023
Wi 5. F7, KFELINOKZEKROILHEE) & OlERRG2 550 L, JRRCEEIOMEIZEI L
THETEMZ AVERHH Z EVHIL, S%OMELE -T2,

5 BARAR (HIAIRIHY)
1) FiiE EHROCERRE MORFEET)

research of solidification dynamics with anisotropy and thermal fluctuations,
International Journal of Numerical Methods for Heat & Fluid Flow, Vol. ahead-of-
print No. ahead-of-print, (2019), https:/doi.org/10.1108/HFF-12-2018-0740 [IF:
1.958].
2) EF=E - BRNESR - RS - QBERRE
[2] Jun Ishimoto and Satoru Shimada: Coupled Particle and Euler Computing for Hydrogen
Leakage with Arbitrary Crack Propagation of Pressure Vessel, 8th World Hydrogen

Technologies Convention (WHTC 2019), Tokyo, Japan, (2019).

for Multiphase Energy Systems, OS20: AFI-2019 IFS Lyon Center Collaborative Research
Forum, Proceedings of the 19th International Symposium on Advanced Fluid Information
(AFI-2019), Sendai, Japan, (2019), 0S20-11, pp. 234-235.
[4] FHEE, A EEES  GEICEZET 2 UK B2 B R iahiglT, &
33 [EEEFA Sy ARy T A (08.3-1 : HERIARDTE), FLIE, (2019).
3) T (FEF RE, YR IHRRF)
L

— 230 —



AR J19Ly04

X5 U 3 — N RS
AR SRR B
HFFEHHE 2019.4 ~ 2020.3
ST 14-H

EER—FEMTVEICRET 574 S—ROREMN & ELTER
Stability and Transition to Turbulence of Taylor Vortex in a Gap between Rotating Two Cones

JESE EahFy, /NE SRR, MR REKERE, i B, KR (R

*k%

Daniel Henry***, Varely Botton
KRBT T 7eRt, AR AIIIET, *** U 3 R INSA
THIEEAE, TIPS E

1. HIERE/

TRIZ IPSEE 2 5.2 72 & & ORLZEBRIZOWTOMEIL, IBEE2EET5 X9 78%<
DEXHRICE > TEHETHD. HlzIE, BHEET AT AOBFELH 5w 2 R ERELEE E < &
— B u—# 7 EORESEREREH AN T <, VD[RR Higs° X T —7g &
{bFEEE OREIGIZ LD, 2L HOhNE &L 0 B HHET 27201218, IO REL TN
DRET DR ST A—50, REEMIZ L DIRND /T — L DEEA T = X LE T 5
VENGH D, ARFETIE, I3 —%0EF e LT, ROEECEEET 2\ Mo
TAEIRO S .

JATIIgEE LC, “EMEEOT A 77— 7 v MRIZBIT DRI E < 2 & Tn 5.
ZOHTY, PRI 5O I il 0N 2 [Els S B C HE R OF 28 A i~ 7-af%E Tld, W
P2 DIEHREEE LI U T2 & 5 B S5 TR T 1 DREETR AR ZEE & 722 0 FfERICIET A 7 —
MWARAETS. ZOBEBOER, MHEES EHBOIEOLTRIND T AT hE K
(MENERRE) E Lz &I, BRRE YT « T4 —I Nk b Z R bh->TnA. L
ML, TAXZ MEBNAROKE S(ETFIZEOH L RDEAICIE, MOFRERRRITIRES
ML 72, XSIZAfEEE KE 5 2 & CTEMZR IR AR, T ARY Mo Z b
X LT, EEREBBG BN D T2 DB & W BLR D 52 < OWFERM TV T
W5,

— 5T, AWFETIET AT NEPARTEESD L FIZEDH HRITBNT, HEOM
BEAMER L 72 [FD BT WSS ZIR0 IS . o 15 123l ORII A2 25510 & 72
VHEHEL 72D Z LTSNS, £, FERIC K 2@ 0HORNERRNICEY, ZDOT AT L
TIHEHE & R T A T —« 7= MR E L D 2 ERATIFE L W 30> T D
D, ENDOMOBEBSMAZFZOWTUIARI LGN Z. £ 2C, AR TIE EMNT VM
NOWBTEREDNSERS S B S R 5 7- 012, T8k & BUBEMRNT 2 N CLE T 217\,
TEADERS T DS & F D% OERBRBI S % il i e A TH LN TH 2 L2 i &
T 5.

2. PIERMEDOAR

AAEREIE, REEDMERL L T W ED —EMROEEIZ OV T, AR hL e L A2 b
1EZ AW PR O T o 72, 11, 3 R« ) — NI U 5 438 5 A N4k

— 231 —



1

2)

PSRt D LA 2 VR Re AWV TORLIZ S D Td 5. AR I~V OFEIE, 458
DEFETEL DT A T—DFOENZ LD LD THD. AWIE TR OLITRER & OB
FOYFOFRER L DU AT -T2 L 25, ZIE TIZRATD - CORD > T 5B D IFE D
BN OOh 5.

5.6 k.. 1Y

54 F
s

L.4 46
44
42

3.8 protoag
36
34

60 80 100 120

1 PANHEBERERIE D & LA VA Re \Z K DDA T 75 I

R BEDZERAKR

MR O PR 2 B0 % 5 g & LT, MRIRIRE I o7z, /i ofEiERs, FfE
DEFHZ L0 K& BT 5 Z L I3RS & L C3E 28 o T, W98 B RO ER A TIE
TR EIcH D LB TND.

FLHESHDFRE

R FF- 72 W RV ARG AET 57 A 7 —IROBERBIZOWT, iR 2 K
WHZ LT, T ALY MMEDFR DN DDA DL 5k LRI 22508 2 A 7
7T Kb HFREFER S WD T ENTE R, BRI, MIEEAMER A e oAl LI 3 O E o
TNDKIRAV NG A T 7T DKo D Z & L7250, ROV T ERFEOBEAIZBWT
by, TONIEEAT 7T MNIEHERZ ERENE R, BREE TOBERIIN RV IENLD L
Bbns.

EAR ETHIRIHY )

Fifitis (EROSERRE MaFEST)
L

Effz# - ENFS - RS - QOERERF

*[1] T. Adachi, K. Usuki, D._Henry, V. Botton, A. Komiya : Stability and Transition to

3)

Turbulence of Taylor Vortex in a Gap between Rotating Two Cones, Proceedings of the
19th International Symposium on Advanced Fluid Information, Sendai, (2019), 0S20-9,
pp. 230-231.

ZOfth (53, RE, YRAIIHKRDE)

L

— 232 —



Project code J19Ly05

Classification LyC collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 1st year (progressing)

Modelling Materials Behavior for Advanced Electromagnetic 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, 11 IFS responsible member

1. Purpose of the project

Early detection of flaws or defects in metallic cracks requires to assess the
microstructure changes that occurs before the apparition of cracks. To do so,
electromagnetic methods are foreseen to be an effective method as microstructure of the
materials strongly affect their magnetic behaviors.

In this framework, the project investigates Magnetic Incremental Permeability and
Barkhausen Noise on metallic parts subjected for example to thermal creep.

2. Details of program implement

During previous years of the project, the following tasks were completed:

¢ 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. The PhD was defended in September 2019.

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

e Comparison between Magnetic Incremental Permeability and Barkhausen Noise as
techniques revealing the microstructure of the materials.

e Both techniques were modeled using the Jiles-Atherton theory for magnetic
hysteresis.

3. Achievements

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. Interestingly, Barkhausen Noise show slightly different
sensitivities to the microstructure, revealing that both techniques are complementary.
From the modeling attempts, Jiles-Atherton model was chosen for its limited number of
parameters, as well as their physical interpretation. It was especially shown that some
parameters are especially sensitive to the number of precipitates in high chromium
steels.
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Figure 1: a) Magnetic incremental Permeability (MIP) experimental setup. b) Induction
field versus excitation field when performing MIP experiment, showing the local cycles
that are measured by the system, thanks to the superimposition of low and high
frequency excitation field.

4. Summaries and future plans

Further steps of this collaboration are mostly related to the development of
electromagnetic models (linking magnetic fluctuations in the materials to the voltages
in measurement coils) for improving the accuracy of model parameters from NDT
signals.

5. Research results (x reprint included)

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

[1] B. Gupta, B. Ducharne, T. Uchimoto, G. Sebald, T. Miyazaki, T. Takagi :
Non-destructive testing on creep degraded 12% Cr-Mo-W-V ferritic test samples
using Barkhausen noise, J. Mag. Mag. Mater., Vol. 498, (2020), 166102.

*[2] B. Gupta, B. Ducharne, G. Sebald, T. Uchimoto, T. Miyazaki, T. Takagi : Physical
Interpretation of the Microstructure for aged 12 Cr-Mo-V-W Steel Creep Test
Samples based on Simulation of Magnetic Incremental Permeability, Journal of
Magnetism and Magnetic Materials, Vol. 486, (2019), 165250.

[3] B. Gupta, T. Uchimoto, B. Ducharne, G. Sebald, T. Miyazaki, T. Takagi : Magnetic
incremental permeability non-destructive evaluation of 12 Cr-Mo-W-V steel creep
test samples with varied ageing levels and thermal treatments, NDT & FE
International, Vol. 104, (2019), pp. 42-50.

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

*[4] B. Gupta, G. Sebald, B. Ducharne, T. Uchimoto, T. Takagi : Modelling Materials
Behavior for Advanced Electromagnetic Non Destructive Testing Techniques,
Proceeding of the 19th International Symposium on Advanced Fluid Information
(AFI-2019), Sendai, (2019), 0S20-14, pp. 240-241.

[5] B. Gupta, B. Ducharne, T. Uchimoto, G. Sebald : Micromagnetic Non-Destructive

Testing on High Chromium Creep Test Samples: Characterization, Modelling and
Physical Interpretation, 24th International Workshop on FElectromagnetic
Nondestructive Evaluation, September 11-14, (2019), Chengdu, China.
Analysis and Interpretation of Eddy Current Magnetic Signature Micro-Magnetic
Nondestructive Testing & Evaluation Method, 24th International Workshop on
Electromagnetic Nondestructive Evaluation, September 11-14, (2019), Chengdu,
China.

3) Patent, award, press release etc.

Not applicable.
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*[1] H. Nakamoto, P, Guy, T. Takagi: Corrosion Induced Roughness Characterization by
Ultrasonic Attenuation Measurement, E-Journal of Advanced Maintenance, Vol. 11, No.
4, (2020), pp. 139-146.

2) EFRE - ENER - IRR - OBERKRE

*[2] H. Nakamoto, P. Guy, T. Takagi, T. Uchimoto, K. Hamaguchi: Back Surface Roughness
Measurement Based on Attenuation of Ultrasonic Wave, Proceedings of the Nineteenth
Int. Symp. on Advanced Fluid Information, Sendai, (2019), 0S20-12, pp. 235-237.
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Project code J19Ly07

Classification LyC collaborative research

Subject area Multi-scale mobility for humans and materials
Research period | April 2019 ~ March 2020

Project status 1st year

1.

Response Characteristics of Cellulose Nanofibril under AC Electric Field

Hidemasa Takana*t, Laurent Chazeau**ft
Florent Dalmas**, Jean-Yves Cavaille**
Anthony Dichiara***, Heather Wise***
*Institute of Fluid Science, Tohoku University
**INSA Lyon, Université de Lyon
***School of Environmental and Forest Sciences, University of Washington
TApplicant, ftnon-IFS responsible member

Purpose of the project

Cellulose nanofibrils (CNFs) with a width of around 4-20 nm and a length of around
1 micro meter have attracted significant attention as a basis for advanced bio-based
materials. To fabricate materials such as filaments or films with high mechanical
performance from CNFs, it is essential to align the fibrils in the macroscopic
structures. It has been demonstrated in the previous study that CNF's can be aligned
and assembled into strong filaments using a flow-focusing channel where an
elongational flow field is aligning the fibrils in the flow direction.

Takana, et al. of IFS Tohoku Univ. proposed AC electrostatic field in combination
with the flow-focusing technique for further control of the CNF alignment. AC electric
field is applied upstream of the flow-focusing location aiming at electrostatically
control the fibril alignment in the flow. The effect of the applied alternating electric
field on the CNF alignment in the flow will be clarified through numerical simulation.

Details of program implement

To realize the full potential of this method described above, it is essential to
understand the complex behavior of CNF's flowing in the alternating electric field. In
this study, a numerical simulation has been conducted of CNF alignment by an
alternating electric field in the presence of elongational flow to understand the CNF
alignment process in the flow channel. The Smoluchowski equation was used to model
the evolution of the probability distribution-function of the orientations of fibrils in
electric field and extensional flow field.

Achievements

Figure 1 shows a schematic illustration of the flow channel for single cellulose
filament fabrication considered in this study. An alternating electric field is applied
along the flow direction for CNFs to be aligned parallel to the electric field by the
electrostatic torque. The pre-aligned CNFs flow into the nozzle to be aligned further
by the elongational flow.

Figure 2 shows the distribution of the obtained order parameter, with and without
the electric field. With the application of an alternating electric field between a pair of
electrodes before the nozzle section, the order parameter increases linearly from 0 to
0.6 between the electrodes, and then increases up to 0.9 in the nozzle. The CNF
alignment is clearly enhanced by the electric field.
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4. Summaries and future plans
The numerical modeling on the alignment process of the CNFs in an alternating
electric field and elongational flow was successfully developed. Based on the
optimized conditions predicted by the numerical model, cellulose fabrication
experiments will be conducted and the effect of applied electric field on the material
characteristics of fabricated cellulose single fibers will be clarified.
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Figure 1: Schematic illustration of Figure 2: Distribution of fibril order
the flow channel with electrodes. parameter along the central line with

or without electric field.

5. Research results (x reprint included)

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

[1] H. Takana and M. Guo: Numerical simulation on electrostatic alignment control of
cellulose nano-fibrils in flow, Nanotechnology, Vol. 31, (2020), 205602 (7pp).

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

[2] H. Takana, Y. Takeda and M. Kiuchi: Effect of Alternative Electric Field and
Elongational Flow on Control of Cellulose Nano Fibril, Proc. of the 4th Int.
Conference on Natural Fibers (ICNF2019), Porto, Portugal, (2019), ID61, USB.

Nanofibrils and Carbon Nanotubes in a Flow Focusing System, Proc. of the 16th Int.
Conf. on Flow Dynamics (ICFD2019), Sendai, Japan, (2019), OS5-8, pp. 348-349.

[4] H. Takana and M. Guo: Computational Simulation on Control of Cellulose Nano
Fibril by Alternative Electric Field, Proc. of the 16th International Conference on
Flow Dynamics (ICFD2019), Sendai, Japan, (2019), 0S5-9, pp. 350-351.

(5] ViR, EARFBE @ ®ME 'L e — 2 BRI ) 72 0/ Mk ESRFERCL 7 O >
Jalb—vay, BREKYCRT YL 2019 i CE, B, AR, (2019), P089.

[6] BAFE :: Bru—2F ) 757 A4 \—2 B0 %< [FEEFEE N & FER LI X D%
AT FEM AR, BERFPRE 2 BEMEFUSERRIC LD =01 — « EEEAT O =
BICBIT 2 ESHMEAS, o, A&, (2019), P089. (HAfrikiH)

3) Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.

(Press release) Not applicable.
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Project code J19Ly08

Classification LyC collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 1st year

Elucidation of the Pathophysiology of Skin Sodium and Water Metabolism

Asadur Rahman*}, Akira Nishiyama*
Thomas Elguedj**, Jun Ishimoto***¥+}

*Department of Pharmacology, Faculty of Medicine, Kagawa University
**Mechanical Engineering, INSA-Lyon & LaMCoS Lab
***Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project
Since the local disturbances in the sodium ion (Na+)/moisture balance of dermal
tissue caused various diseases, elucidation of the mechanism of control behind
these disturbances would be crucial to manage these pathological conditions in
clinics. Aiming this, the purpose of the present study is to establish the fixation
method of dermal tissue to evaluate the in vivo Na* accurately by imaging mass
spectrometry (IMS).

2. Details of program implement
In this project, we planned to apply Ishimoto laboratory’s vitrification method using
a cryogenic solid particulate spray, and use a next generation integrated research
system (supercomputer) to achieve dermal tissue fixation by a method that does not
alter the water content of skin, and thereby allow accurate evaluation of the Na*
concentration distribution in dermal tissue by IMS.

Mice/rat skin

J

Frozen by vitrification method
5 | using a cryogenic solid
Ty -i Laval nozzle particulate assay

| 4" Vacuum insulation m

Subcooled|

liquid N, "l" A2

Solid Ni H.J s J, M ¥ illat Imaging mass
Solid Nitrogen { |g® kA Megasomc oscillator
T R il e L = spectromet
(SN, )particles o2 | _J b P ry
#ia—7
e |
i Spiral section Na+ concentration

distribution in skin

Figure 1 : A. Principle of two-phase Laval nozzle for continuous SNz production;
B. Scheme of workflow.
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3.

Achievements

We have measured the distribution of sodium in dermal tissues by IMS. But due to
the difficulties in tissue fixation step, shrinkage in dermal tissue was obvious in
hematoxylin and eosin staining (Fig. 2A). Therefore, the tissue distribution of
sodium by IMS in the dermal tissue of high salt diet-fed CKD rats (Fig. 2B) may not
reflect the real distribution of sodium. To overcome these difficulties, we are

planning to use the vitrification method to fix the dermal tissue before performing
IMS.

Surface
layer

Deep
layer

Normal CKD rats
Hematoxylin and Eosin staining rats +

HSD

Figure 2 : A. Hematoxylin and Eosin stain of frozen dermal tissue (OCT sample); B. IMS

2)

to detect the distribution of Nat.

Summaries and future plans

By applying the vitrification method, we may measure the Na* concentration
distribution accurately in skin by IMS. This technique will help to identify the local
disturbances in the Na*/moisture balance of dermal tissue, and to elucidate the
mechanism of control behind these disturbances.

Research results (x 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] A. Rahman, A. Nishiyvama, T. Elguedj and J. Ishimoto: Elucidation of the

3)

Pathophysiology of skin sodium and water metabolism, Proceedings of the
Nineteenth International Symposium on Advanced Fluid Information, Sendai,
(2019), 0S20-7, pp. 226-2217.

Patent, award, press release etc.

Not applicable.
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Research period
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Project status
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Active Control of Protein Mass Transfer by Membrane Utilizing Variation of Surrounding

1.

Condition

Atsuki Komiya*f, Sébastien Livi**f+
Ryo Watanabe* *** Hani Alkitabi Aldaftari * ***
* Institute of Fluid Science, Tohoku University
**IMP, INSA Lyon, Université de Lyon
*** Department of Mechanical Engineering, Tohoku University
TApplicant, ftnon-IFS responsible member

Purpose of the project

In this study, we aim to perform the diffusion experiments at a view point of mass
transfer control of protein, and quantitative evaluation of mass transport
phenomenon by changing the microchannel and pore size of membrane. To achieve
an ideal crystal growth process under gravitational condition, the authors are
considering a locally active control of mass flux of protein by using a functional
membrane. The transient field of lysozyme in hindered diffusion is carefully
visualized with changing the condition such as microchannel and pore size by using
optical interferometer in this study. The capability and technique for active control of
protein mass transfer are also discussed in this study.

Details of program implement

In this collaborative research, the hindered mass diffusion phenomenon is focused
on. Both French and Japanese sides have concrete contributions and they are
merged in this collaborative framework. The main point of this research in Tohoku
University is to conduct diffusion experiments. Accurate measurement system for
mass diffusion coefficient is designed and hindered diffusion phenomena are
visualized. For the evaluation of membrane performance, total mass flux through the
material is quantitatively evaluated. The contribution from Lyon end is to make a
special membrane. By utilizing several characteristics of polymers or porous media, a
special membrane which has a function of changing representative diameter of micro
channel due to the surrounding conditions such as temperature, pH value or electric
and magnetic fields is fabricated. The evaluation of the characteristics of the special
membrane is also done in the French end. As precursory experiments, several types
of the membrane filters were used in this study. To compare the experimental results
to existing data, iso-pore and millipore type membranes were applied in this study.
Representative pore sizes of membrane used were 5pm and 10pum.

Figure 1 shows the typical experimental results of diffusion field visualized by
phase-shifting interferometer. These interferograms were obtained from the
experiments under the conditions of 5 pm iso-pore and millipore membrane use at
elapsed times of &= 2500s, 3600s, 4900s and 6400s. From the visualization results,
the concentration gradient near the surface has no difference between iso-pore and
millipore cases. However, the concentration profile at far side differs between two
cases. Figure 1 also shows concentration profiles at = 2500s. At 2mm distance from
the surface, the concentration profile in case of millipore membrane shows large
compared with the case of iso-pore membrane.

— 241 —



| 2500s |l 3600s |l 4900s [l 6400s 2500 seconds elapsed
iso mil ieo_ mil iso I iso mil 1.4 ﬁr 4+ Iso-pore H
= BEE g B A 4 Millipore
o : H g
g teEs -
N - @
B e e O
g Sl Bl s o
== R EE e
E=EEE == == oo =
BRSO EMER oo
= % ' e Distance from membrane surface [mm]

Figure 1 : Typical experimental results in case of 5um iso-pore and 5um millipore cases.

3. Achievements
We could successfully visualize transient mass diffusion field. The achievement of
our activity in this year was 80%. The difference of mass flux between 5pm and 10pm
cases should be discussed later. This might be affected by the time variation of
concentration difference between upper and bottom surfaces of membrane.

4. Summaries and future plans
This study focuses on the evaluation of the relationship between hindered diffusion
process of protein through several types of membranes and their structures. A series
of clear visualized images of concentration profiles of diffusion fields was obtained.
The experimental results reveal that the concentration gradient near the surface has
no difference between iso-pore and millipore cases. As future plan, we will continue
the visualization experiments and evaluate the hindered mass diffusion process.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
Relatlons between Hlndered lefusmn Process of Proteln and Membrane
Structure, Extended Abstracts of the Second Pacific Rim Thermal Engineering
Conference, (2019), PRTEC-24440.

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

international conference without peer review)
Evaluatlon of the Inﬂuence of Membrane Structure on Proteln Mass Diffusion,
Proceedings of 16th International Conference on Flow Dynamics, Sendai, (2019),
0S18-77, pp. 838-839.

[8] H. A. Aldaftari, R. Watanabe and A. Komiya, Numerical Simulation of
Concentration Field around a Growing Crystal Subjected to Gravity, Proceedings
of 16th International Conference on Flow Dynamics, Sendai, (2019), 0S18-78, pp.
840- 841
H1ndered D1ffus1on in Membrane, Pz'oceedmgs of the 19th International
Symposium on Advanced Fluid Information, Sendai, (2019), 0S20-6, pp. 224-225.

3) Patent, award, press release etc.

Not applicable.
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Project code J19Ly10

Classification LyC collaborative research
Subject area Environment and energy
Research period | April 2019 ~ March 2020
Project status 1st year

1.

Eddy Current Magnetic Signature (EC-MS) Micro—-Magnetic Nondestructive Method
for the Evaluation of Fe-Si Electric Steel

Benjamin Ducharne*¥, Tetsuya Uchimoto** ***+
Shurui Zhang**, Toshiyuki Takagi**.***
*Univ. Lyon, INSA-Lyon, LGEF
**Institute of Fluid Science, Tohoku University

#**ELyTMaX UMI3757, CNRS- Université de Lyon - Tohoku University International

Joint Laboratory, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

Magnetism has been used for years as a subsidiary method to identify the level of
mechanical residual stress through ferromagnetic steels. It is admitted that residual
stress strongly modifies the magnetic behavior and consequently the monitored
magnetic signatures. However, some of them like the Eddy Current Magnetic
Signature (EC-MS) happen to be especially sensitive. EC-MS exhibits drastic
changes, strong enough to predict and anticipate the presence of elastic or plastic
deformations. The EC-MS signature is obtained by plotting the imaginary part
versus the real part of an Eddy current probe impedance, controlling locally a tested
sample under the influence of a slowly varying high amplitude magnetic excitation.
The superimposition of the weak amplitude, high-frequency magnetic excitation of
the Eddy current probe to the quasi-static contribution creates minor hysteresis loop
situations where the reversible magnetic contribution is the main provider. EC-MS is,
therefore, an exceptional way to observe and characterize this reversible contribution
and this over different average magnetic states. This contribution tends to be
particularly sensitive to residual stresses and strains, and so is EC-MS. In this
framework, the project investigates EC-MS. Experimental set-up improvements are
envisaged such as dedicated numerical tools to enhance the understanding of the
method.

2. Details of program implement

During this year, the following tasks were completed:

e Development of a simulation tool for the EC-MS magnetic control method. This
simulation tool is based on the Jiles-Atherton-Sablik theory and an improved
Dodd and Deeds analytical solution for the simulation of a pancake-type Eddy
current coil. This task lied in the framework of the master degree of Ms Shurui
Zhang and M. Aoba Kita.

¢ Ms Shurui Zhang and M. Aoba Kita stayed two months in INSA Lyon from
September the 1st 2019 to November the 1st 2019. During their stay
complementary magnetic tests were performed (Hysteresis cycle B(H) ...).

e M. Ducharne went to IFS in January for two weeks, to validate the simulation
tool by comparing the simulation results to the experimental ones.
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3.

2)

3)

Achievements

Simulations of EC-MS are required as they constitute an essential step towards
the understanding of the physical mechanisms. In this project, the scalar
Jiles-Atherton-Sablik stress dependent hysteresis model has been used to simulate
the induction, the differential and the incremental permeability of a mechanically
stressed Fe-Si electric steel. By coupling these simulation results to a frequency
dependent analytical solution of a pancake coil type Eddy current sensor (modified
Dodds and Deeds (D & D) analytical solution), the simulation of the EC-MS
impedance variations have been obtained. To converge towards correct simulation
results, the early stage D & D solution had to be improved by the adjunction of a
classic dynamic contribution product of p to the time derivative of B. Unlike the
classic approach, correct simulation results have only been obtained by considering a
B and T small dependences of p, strong enough to modify the EC-MS signature
(reversible magnetization) but too weak to influence the frequency dependence of the
B (H) hysteresis cycles (irreversible magnetization).

Summaries and future plans

Further steps of this collaboration are mostly related to the improvement of the
already existing simulation tool (More specifically improve the link between the
magnetic fluctuations in the materials to the electrical quantities in the
measurement coils).

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)

and Interpretation of Eddy Current Magnetic Signature Micro-Magnetic
Nondestructive Testing & Evaluation Method, 24th International Workshop on
FElectromagnetic Nondestructive Evaluation, Chengdu, China, September 11-14,
(2019).

Patent, award, press release etc.

Not applicable.

— 244 —



Project code J19Ly11

Classification LyC collaborative research
Subject area Health, welfare and medical care
Research period | April 2019 ~ March 2020

Project status 1st year

Microfluidic Tools to Study Aerotaxis in Eukaryotic Cells

Jean-Paul Rieu*§, Christophe Anjard*, Olivier Cochet-Escartin®*, Rémy Fulcrand*
Kenichi Funamoto**f+, Satomi Hirose**
*The Institute of Light and Matter, Claude Bernard University Lyon 1
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

It is well known that eukaryotic cells sense oxygen tension and change their
behaviors accordingly either by regulating gene expression as just highlighted by
the Nobel Prize in Medicine 2019. It is less known that they can also move to regions
of favorable oxygen level (aerotaxis) [M. Deygas, et al. Nat. Comm., 2018]. Using a
self-generated hypoxic assay, we showed at iLM that the social amoeba
Dictyostelium (Dicty) displays a spectacular aerotactic behavior. When a cell colony
1s covered by a coverglass, cells quickly consume the available O2 and move outward
of the hypoxia area, forming a dense expending ring moving at constant speed (see
Fig. 1A-B). Hence, aerotaxis seems a conserved mechanism in various eukaryotic
cells.

The self-generated hypoxic response in our spot assay combined with the easy
use of Dicty for quantitative biology provides a powerful experimental framework to
understand the molecular nature of the O2 directed migration as well as the
detection and sensing mechanisms (sensitivity to a threshold or to a gradient,
response time, and cell adaptation). However, to get further insight in the O2
sensing mechanisms, we need to develop oxygen gradient microfluidic devices to
investigate the cell responses to various types of Oz gradient as functions of gradient
steepness and absolute O2 level. Therefore, we design a new device to study
aerotaxis adapted from Funamoto’s microfluidic devices for observations of cancer
and endothelial cells [K. Funamoto, et al., Lab Chip, 12 (2012), Integr. Biol., 9
(2017)].

2. Details of program implement

We have fabricated a very efficient microfluidic device enabling to control the
Oz concentration in the range of 0.5-20% within 15 min with gas channels positioned
just above the media channel with cells. An effort was made to include Oz sensing
polymer films inside the device. The device was fabricated in Nanoliyon facility
during a two-month stay of Funamoto and Hirose at iLM in 2019. Then, it was
successfully tested with Dicty during that stay. Dicty cells responded to the 0-2%
range of O2 concentration. This is extremely low O2 concentration and indicates a
very efficient Oz detection mechanism for those cells.

3. Achievements

This project is progressing smoothly, and we obtained several -critical
achievements to understand aerotaxis of Dicty cells.
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Figure 1 : (A-B) A spot of initially densely packed Dictyostelium cells quickly move
outward with the formation of a ring of cells when covered by a coverglass (B, 3 h). (C-F)
Microfluidic device developed jointly by IFS and ILM generates an Oz gradient between
0% and 21%: (C) device geometry with two gas channels above a media channel whose
bottom is covered with an oxygen-sensing film; (D) raw fluorescence signal of the O2
sensitive fluorophore contained in the oxygen-sensing film (the brighter the
fluorescence intensity, the less the fluorophore quenching, and the lower the oxygen
concentration); (E-F) calculated oxygen map and profile along media channel, and the
oxygen concentration is as low as 0.5% on the hypoxic right side.

§

4. Summaries and future plans

(i) We developed a microfluidic device, and used it for experiment with Dicty cells. We'll
validate the microfluidic device using several cell lines and improve it for Dicty,
especially for mutants associated with proteins involved in the O2 detection and
response pathways.

(i) Our preliminary results indicate that Dicty cells become aerotactic when Og
concentration is lower than 2%. The current device can barely not control the O:
concentration down to 0.5%. We need hence to work on a second generation of
devices or to adjust protocols to control more precisely gradient in the O2
concentration range 0.1-0.5%.

5. Research results (xreprint included)

1) Journal
Results obtained during the 1st year of the project will be submitted during the first
semester of 2020 to a major interdisciplinary journal (PNAS). A more detailed
methodological paper will be submitted in 2020.

2) International and domestic conferences, meeting, oral presentation etc.
migration of Dictyostelium, ELyT Workshop, Voguie, France, 17th-19th Feb.
(2020).

3) Patent, award, press release

Not applicable.
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Classification LyC collaborative research
Subject area Fundamentals

Research period | April 2019 ~ March 2020
Project status 1st year

Sensitivity Analysis for Fast and Efficient CFD Design
under Unsteady Flow Behavior

Aiko Yakeno*§, Frederic Gillot**§t, Sebastien Besset***, Benjamin Chouvion***
*Institute of Fluid Science, Tohoku University
**ElyTMaX, UMI 3757: CNRS-TOHOKU University-Université de Lyon
***Department of Solid Mechanics, Mechanical Engineering and Civil
Engineering, Ecole Centrale Lyon
TApplicant, Tinon-IFS responsible member

1. Purpose of the project

The context of the study is the analysis of unstable behavior of wing profiles when
exposed to trans-sonic conditions. Simulations are available and come from specific codes,
but unfortunately require huge computational effort when changing experiment
conditions (flux conditions, wing design parameters). In order to achieve fast design
analysis under trans-sonic conditions, a sensitivity analysis of the numerical
experiments is of special interest, but not yet available. (Sudret 2007, Fruth et al., 2013)

The proposal can be divided into three parts. First part will consist of applying meta-
modelisation of a given cost function representing the emerging of unstable behavior of
a given wing section design exposed to trans-sonic flux. The meta-modelisation will then
enable to reach classical sensitivity analysis output, such as Sobol indexes, which will
allow targeting a specific and limited set of parameters for shape optimization studies.
The second part will consist of working on spatiotemporal meta-modelisation, able to
take into account transient phenomena of unstable behavior. Spatio-temporal kriging
will then be considered as a first approach to reach the sensitivity indexes. The third
step will consist in developing polynomial chaos (PCE) meta-modelisation of the unstable
phenomena criteria. As working on PCE allow to reach directly sensitivity indexes, the
effort put on its building will benefit directly and will provide us with direct access to
sensitivity indexes and statistical information on the wing design.

2. Details of program implement
2.1 Research plan and preparation status

The project will be running on 3 years from October 2019. Expected results are mainly
open sources codes, as well as scientific publications in international conferences and in
international peer-reviewed scientific papers. We will proceed the research, in the
following three steps.

1) classical Sensitivity analysis with NOVA type approaches
2) improving with meta-modelelisation
2.1) Kriging kind meta-modelisation for ANOVA estimation
2.2) Spatio-temporal Kriging based approach
3) change of the model description -> classical FDM to the iso-geometric description
3.1) sensitivity from Iso Geometric Analysis model with polynomial chaos
3.2) sensitivity from IGA(Iso Geometric Analysis) model with patio-temporal kriging
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The first year will be dedicated to
stepping one and two, the second year
on steps two and three, and the third
and last year on the third step and
specific applications. We have
already started discussions and
shared ideas. We have obtained one of
the first results on transonic buffet
unsteady phenomena (Fig.1) around
an airfoil.

2.2 Database preparation of airfoil
unsteady flow simulations

The unsteady simulation takes
much computational cost, 100
times larger than that of a steady
one. One of the most significant
issues of this study is database
preparation of unsteady flow
simulations around airfoil shapes.
In this case, we try to simulate two-
dimensional flow around NACA
airfoil 70 different shapes (Fig.2).

2.3 Sensitivity analysis

On the sensitivity analysis side,
generic code is being produced to
adapt to future databases from
CFD. The use of GPU enhanced
code 1s foreseen so that to decrease
computational sensitivity analysis

Fig. 1 Transonic buffet simulation
around an airfoil (pressure distribution)

Fig. 2 Database preparation of unsteady flow
simulations around different airfoil shapes

time and enable fast experiments for the codes.

3. Achievements

The study has just been launched in the last October and achieved some of a good

result as has been planned.

4. Summaries and future plans

In the project first year, corona-virus infection restrained traveling in Japan. However,
we think through this study, it is expected the interdisciplinary research collaboration
will lead a novel technology in the future.

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

Not applicable.

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

Not applicable.

3) Patent, award, press release etc.

Not applicable.
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Theoretical Simulation on Epitaxial Growth of Functioning Thin Film
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DOKREXRTT7 MBI NT. F2C, EFARHWNVEITw L E—T DY Ial—a vk
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3. HIEBEZEDEINR
ARl STEEARNE TORMRIRIRC OV TOBRRZATY, FERSHETORE 2 L 1A
DfFREATo T

4 FLHESHDERE
A, =R SMEHZONWTD T~ v 7 DOV ab—a vy bfTo7zmn, HirbEE
ARG EORE IR EPETH D, £z, B EHCOWTOHE () Jpn. Appl. Phys.,
58 (2019), pp. SAADO6-1-4.)|Z DOV Td, HIZHFRDORT oy Va2 WA 72 ERigt L T<
FETH.

5 HIREE IEAIRIHY)
1) Zfiiss EHOTERERE BHRFZEE0)
(1] &78 O N SN T T 7 = UAEK, =2—% A FEU R, 5 134 7, (2019), pp. 25-27.
2) EfF=E - ERNFER - RS - QBERRE
[2] Satoru Kaneko et.al.: Graphitic films growth on insulators: paper and oxide substrate,
UMRS-ICA2019, Perth, Australia (2019), P58,

Nakamaru, C. Kokubun, K. Konda, T. Tokumasu: In-plane Relation between Magnesium
Oxide Thin Film and Silicon Substrate, Proceedings of the 19th International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-45, pp. 90-91.
[4] Satoru Kaneko et.al.: Graphitic spheric ball and thin film growth in oxygen atmosphere
by pulsed laser deposition, ZSPlazma2020, Nagoya, (2020).
3) T (FEF, ¥E YR IHERH)
7L
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Experimental and Computational Study on Unsteady Aerodynamic Characteristics
of Micro Aerial Vehicles
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5 HAEAR IBIRIHY)

1) ¥Ffiifis ESROTERERE MaFEaT)

*[1] Y. Yamaguchi, D. Sasaki, M. Okamoto, K. Shimoyama and S. Obayashi: Numerical
Investigation of Geometrical Corrugate Influence to Vortex Flowfields at Low Reynolds
Number, Journal of Fluid Science and Technology, Vol. 14, No. 3, (2019), JFST0018 (8
pages).

2) Ef=E - ENER - IR% - OEXERSE

Shirakawa, H. Ohshima, S. Obayashi and K. Shimoyama: Experimental and Numerical
Study on Unsteady Aerodynamic Characteristics, Proceedings of the Nineteenth
International Symposium on Advanced Fluid Information, Sendai, (2019), CRF-46, pp.
92-93.
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A Study of Eigen-Vortical-Axis Line in Hierarchical Flow Scales in Turbulence
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K. Nakayama, H. Hori, and Y. Hattori: A Study of Eigen-Vortical-Axis Line in
Hierarchical Flow Scales in Turbulence, Proceedings of the Nineteenth International
Symposium on Advanced Fluid Information, Sendai, (2019), CRF-47, pp. 94-95.
H. Hori, K. Nakayama, and Y. Hattori: Stretching Effect for Swirling in
Eigen-Vortical-Axis Lines in a Hierarchal Isotropic Homogeneous Turbulence,
Proceedings of Sixteenth International Conference on Flow Dynamics, Sendai, (2019),
0S16-14, pp. 682-683.
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Development of Molecular Imaging Technology for Investigation of Projectile Aerodynamics

I P, KA T
SR T, BRI T
I, TR

1. BAEB®

ARFGE UL, BEEEH TRAT 2RI U5 BIZHI O\, BHERITT WK EOIEE
WENS AT Z LK THLNCTAZ AR L CWA. £, A LD
JF 055 % ERIIDOHINIEHAT 2 Z L12 &LV, HEFMA LIThnd 545500 % E BRI )
T HZEHLABL WS, KAMOER DD, AL TIIN A A—2 0 THMICE B
LCEY, ¥RZ, WK EOIE 185 % € St aTRE7 =%k} (Pressure-Sensitive Paint, PSP)
Hifiz Y 27 ¢ 7 Lo DR BRIGE FTRE e T e T4 A BfE L T\ D, REOER
D=, AW TIE, FoRRRISEMEEZE L, Do ik Lo G H THe 7 mnk
IR TR PSP 2B L, IR Lo gt ER A=, FT, MoOFHITEE
PSP LN FHAE R4 25 2 & T, PSP sHlOR SR SW T, AT
L7-.

2. HIRFERORE

B4 11T, AMF7ECHA%E Lo mndii B s PSP 2 H L7 AR D Tdi ks R 4
NT. FREMATEIRIFERE LT, dE X~y 1.9 & L7a. 7, BBRIIRAKIE T TITo Tk
0, BNRHEIL 2 v~ 7 Thsh. ZEAFNH PSP ITOWTHE, BEAFRIL Tris
(4,7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride T& vV, &R 4 FE X
Fluorescein Th 5. MitaFkl, U L ERRIGHRI LALBRZFREFMARICEH Litk, 74 vV
TN E O TRFMAEREN WA S W, £, RAMEEMIIT VI =0 A ThHS. b, HMHIZ
BN, FFURTEN DA TRAIL TWAIRIETH 5.

Flow separation line GRS X

X1 :~w/N 1.9 CHRAT 2 ERRWIR L)+
OREAEEY M« AE0DA)

— 2565 —



£ 0, TRANE_EIZIBW T, ASMAICIREI M EBI PR S T D D300 5. £ D1,
TIANAT IZHEWVEINHET LTSRN RA S, AR LV %728 T, B
TR LTRY, AR CIHMRESISDNADN > TOD DN 5. AR L RIS
HCHF LIy 2V — LU BREHT 5 &, Bk Liciihig e v = U — L BE EOjii
GHIEMRIC—E L TR Y, PSP IC X DFHARR & v = U — LA K D RHIRERORICES
PERRONIZ, DLc KD, EHRNSIIERIRDIE EOEF G2 it L, €Otz o
TAGHHITHEIC L > ORTZ LB LT,

3. BIREEDERIKE
AAEFEOREL LTI, IR L7 ius s — 36 PSP ORHE% & bl b
SEBZLITRILTRY, ThEEA LIRS AT 2Rk Lo /%, fekk
D HEV SIN T2 = LICHEI L= 2 LT bID. BHZ S 2 ) — LU kR Y0
{LDFHITH: S L= Fihd & PSP & ReA M bR &M, PSP 2HIlOZ 4RI 5
BIL7=. 72, PSP MR EIC oW COBT- /s b 13 D=, S MRl % & 5
B D T & AR TH B = LR

4 FLHESHRDRE
TEMERIZRIRAME R BUITOWTIE, RERIIR7R T — 2 BG4 5 & HFEE D BB £ T
BETD 2 EHPR. FHARSEEIIVEEE LY b L L TRY, oMo IFE L MRS
PELZET, PSP RHUOZ M A7RT Z & b HERIZ. AEREORRFNDH 2D PSP OFF
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*[1] D. Numata and K. Ohtani: Time-Resolved Pressure Measurement on the Surface of a
Supersonic Spherical Projectiles by Using a Bi-Luminophore PSP, Proceedings of the
Nineteenth International Symposium on Advanced Fluid Information, Sendai, (2019),
CRF-93, pp. 196-197.
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Project code J19L.043

Classification Discretionary general collaborative research
Subject area Environment and energy

Research period | April 2019 ~ March 2020

Project status 1st year (progressing)

1.

Neutral Beam Based Interface Engineering for Triboelectric Nanogenerators

Dukhyun Choi*{, Seiji Samukawa**{+
*Department of Mechanical Engineering, Kyung Hee University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

Surface engineering is important technique for controlling triboelectric behavior.
Thus, various surface modification techniques had been developed for dramatically
enhancing triboelectric performance. However, the investigation of interfaces in
TENGs were hardly performed. In this project, therefore, we investigate the effect of
interface engineering on triboelectric performance. This project has three objectives:
(1) Investigation of the effects of interface engineering on performance of TENGs:; (2)
Characterization and Optimization design of interfaces between triboelectric
materials and electrodes; (3) Acquirement of physical mechanism.

Details of program implement

Interface engineering was applied on interface between negative tribo-materials and
electrode. To understand the effects of interface engineering on TENG, the following
actions were progressed:

(1) Deposition of metal oxide interlayer:

The metal oxide interlayer was deposited on Al electrode. First, the neutral beam
based oxidation and deposition of metal oxide using sputter ware conducted to obtain
the difference between methods and triboelectric performance. Furthermore, various
metal oxides were utilized, such as HfOx, TiOx, and AlOx, to confirming the effective
interlayer.

(2) Triboelectric performance:

We controlled the contact area, frequency and load to be 300 mm?2, 2.5~5 Hz, and 5 N,
respectively. The outputs were measured using oscilloscope and low-noise
preamplifier.

(3) Characterization:

The physical characteristics of metal oxide interlayer were investigated using X-ray
absorption spectroscopy (XAS) and Kelvin probe force microscopy (KPFM).
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Figure 1 : Effect of metal oxide interlayers formed with (a) NB and sputter, (b) various

metal oxides, and (c¢) Effect of oxygen partial pressure (O.P.P.) on tribo-performance.
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3. Achievements

Figure 1a shows the effect of metal oxide interlayers formed with neutral beam (NB)
and sputter. Without a metal oxide interlayer, the maximum voltage was measured
as 20 V. However, the output performance was enhanced after applying the metal
oxide interlayer. After forming metal oxide interlayer using NB, the
tribo-performance was slightly improved to 23 V. Meanwhile, the triboelectric
performance was noticeably enhanced to over 60 V after forming a metal oxide
interlayer with sputter. During NB based oxidation, thin and dense oxide layer can
be formed. However, the oxygen vacancy can be formed during sputtering. Thus, we
assumed that the oxygen vacancy affects the triboelectric performance. Therefore, we
controlled the oxygen partial pressure (O.P.P.) as shown in Figure 1b. As increase the
O.P.P,, the triboelectric performance was significantly dropped from 350 V to 200 V.
This means that the oxygen vacancy in metal oxide interlayer can improve the
triboelectric performance. Since the element of electrostatic induction in TENGs
change from dipole to free electron between the tribo-materials and electrode, the
electrostatic interruption by excess free electrons might be possible. When applying
the metal oxide interlayer with oxygen vacancies, the excess free electrons can be
trapped by oxygen vacancy due to the electrical property of oxygen vacancy. Thus,
the electrostatic interruption can be prevented. Finally, we investigated the effective
metal oxide for improving triboelectric performance. As indicated in Figure 1c, the
TiOx interlayer shows highest output performance. This trend can be explained,
based on their dielectric constant. Dielectric constants of AlOx, HfOx, and TiOx were
measured as approximately 6, 14, and 38, respectively. This means that the dielectric
constant also affects the triboelectric performance. Thus, the metal oxide interlayer
can improve the triboelectric performance, based on the free electron trapping by
oxygen vacancy and improving polarization.

4. Summaries and future plans
We confirmed the effect of metal oxide interlayer on triboelectric performance. The
oxygen vacancy and dielectric constant of interlayer are important variable to
controlling triboelectric performance. Based on these results, we will acquire more
controllable interfacial engineering for improving TENG performance.

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

Choi: Surface modification of triboelectric materials by neutral beams, J. Mater.
Chem. A, Vol. 7, No. 43, (2019), pp. 25066-25077.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Layer based Interfacial Engineering for Improving Triboelectric Performance,
Proceedings of the Nineteenth International Symposium on Advanced Fluid
Information, Sendai, (2019), CRF-48, pp. 96-97.
3) Patent, award, press release etc.
(Patent) Not applicable.
(Award)
Best Paper Award, “Neutral beam aided surface modification for controlling
October 21, 2019, Chinese Institute of Electronics & The Japan Society for
Precision Engineering.
(Press release) Not applicable.
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Application of Nanostructure Surfaces to Enhance the Thermal Performance
of Heat Pipe

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

1. Purpose of the project

Slippery superhydrophobic and hydrophobic surfaces are introduced for performance
enhancement of heat pipe that is widely used to dissipate high heat fluxes at larger
scale industries. And thermal performance as well as heat transfer mechanism on
condensing surface of heat pipe are experimentally investigated, leading to further
applications, such as water harvesting, fog collection or icing/anti-icing, etc.
Furthermore, the durability analysis of as-prepared surfaces is underway, which is
aimed at resolving the cloaking challenges.

2. Details of program implement

Slippery surfaces can be prepared on a number of substrates using various slippery
materials, including paraffinic materials, fatty acids and high viscosity GPL oil. As a
preliminary plan, paraffinic materials, is used. Indeed, paraffinic materials are
environmentally-benign, hydrophobic and oily, so they are potential candidates in
domain of SLIPS. Following that, the SLIPS has been tested as condensing surfaces to
understand temperature-dependent switchable wettability, nucleation density and
droplet depinning behavior. Since the surface condition of paraffinic surfaces apparently
seems to be different than that of less-viscous GPL oils, condensation mechanism is
necessary to be evaluated as if it would be drop wise or film wise. Moreover, stick-slip
dynamics needs to be investigated, resulting in physical understanding of droplet
depinning in various phases of paraffin, namely, solid, mush and liquid.

Shown in Figure 1A is the test facility to study the performance of condensation of water
at atmospheric pressure, leading to the dorpwise condensation on paraffin-infused
SLIPS (Figure 1B) and droplet number density in solid and liquid phase (Figure 1C).
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Figure 1 (A) The schematic of condensation unit (B) Condensation patterns on pristine
copper and paraffinic slippery surfaces, (C) Droplet number density in solid and liquid
phase of paraffin wax.
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3. Achievements

The group at Tohoku University headed by Prof. Nagai has done intensive research
about SLIPS and the corresponding applications in heat pipes. And the group at
Shanghai Jiao Tong University headed by Prof. Zhang has conducted systematic
research on SLIPS and reported enhanced performance of thermosiphon heat pipes.
Further his team has carried out work regarding fabrication of SLIPS by applying
paraffin waxes into porous superhydrophobic copper substrates, that provided
satisfactory condensation patterns as shown in Figure 1B and 1C. The paraffin-infused
surfaces could provide a unique wettability change depending on the solid and liquid
phases that considerably influence the droplet number density. Such pehenomeon is of
great practical importance in condensation heat transfer and water-harvesting
applications.

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. With quantative
optimization of paraffin wax to surface voids, spin coating reported more uniform
surfaces as compared with dip coating method. Paraffinic SLIPS provided no cloaking
as predicted by theoretical models and FTIR analysis, however cloaking took place
during preliminary condensation experiments.

. 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)
Sticky and Slippery Surfaces, Proceedings of the 19th International Symposium on
Advanced Fluid Information (AFI-2019), Sendai, (2019), CRF-53, pp. 106-107.

3) Patent, award, press release etc.
Not applicable.
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Project status 1st year (progressing)

Analysis and Modeling of the Transport Properties of the Contact Line Based
on the Molecular Dynamics Simulation

Akinori Fukushima*+¥, Takashi Tokumasu**j+t
*Faculty of Engineering, University of Fukui
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS 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, nanoscale
mechanical devices can be realized, and the transfer of heat and momentum between
liquids and solids on the nanoscale 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 the last year, we
considered the condition that droplet shared by solid walls which moves along the
perpendicular direction against the liquid-vapor interface and evaluate the shape of the
interface by macroscopic and microscopic methods. In this year, we focus on the slip
length dependence of the argon droplet shearing phenomena as shown in figure 1.

2. Details of program implement

54 [nm]

Figure 1: Simulation condition and its schematic image

In this study, we evaluate the dynamics of the liquid-vapor interface by molecular
dynamics (MD) simulation. Changing the magnitude of interaction between the liquid
and the solid walls and the channel size, we will clarify the slip length dependence of
the dynamics of the liquid-vapor interface. We make the droplet sheared condition and
evaluate the shape of the interface by the function, ¢), defined as follows,

Q (z) = cosbr (z) — cosba (2)

where z1is the coordinate along the perpendicular direction of the solid wall, &k and 6a
are the advancing and receding angles defined in figure 1. The channel size is changed
in 6 patterns, 5, 6, 7, 8, 9, and 10 nm. Moreover, the interaction parameters are changed
in 4 patterns, 0.30, 0.36, 0.42, and 0.48 kdJ/mol. The liquid droplet is constructed by
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argon atoms. Using these parameters, the channel size and the slip length dependence
of the function, @), is clarified.

3. Achievements

2 T
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Figure 2: Simulation results of the shape of the interface. (a) MD simulation in the case
of the 0.48 kcal/mol and 10 nm. (b) Channel size dependence of the characteristic value,

Q.

Figure 2(a) shows a typical example of the simulation result of the shape of the
interface in the case of 0.48 kd/mol and 10 nm. At the point that z is zero, the function
has the maximum values and decrease with approaching the solid walls. Figure 2(b)
shows the channel size dependence of the maximum value of the €), which is named €.
The horizontal axis is the ratio between channel size and the slip length between the
liquid and the solid. The @« linearly increases with increasing the ratio between the
channel size and the slip length. This result means that this ratio is the important
parameter to describe the dynamics of the droplet on the solid surface.

4. Summaries and future plans

In this study, we consider the condition that droplet shared by solid walls which
moves along the perpendicular direction against the liquid-vapor interface and evaluate
the channel size and the slip length dependence of the shape of the interface by
molecular dynamics simulation. As a result, the characteristic value of the shape of the
interface increases with increasing the ratio between the channel size and the slip
length. In the future work, we will make numerical models to describe the dynamics of
the liquid-vapor interface.

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)

*[1] A. Fukushima, and T. Tokumasu : Analysis and Modeling of the Transport
Properties of the Contact Line Based on the Molecular Dynamics Simulation,
Proceedings of the 19th International Symposium on Advanced Fluid Information,
Sendai, (2019), CRF-43, pp. 86-87.

3) Patent, award, press release etc.

(Patent) Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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Information, Sendai, (2019), CRF-50, pp. 100-101.
[3] K. Takemura, H. Nagashima, Y. Kawamoto, S. Takahashi, M. Kondo, A. Kawachi, S.

Okazaki, H. Fuke: Temperature prediction of a heat pipe using gas-liquid two-phase

simulation, Proceedings of the Sixteenth International Conference on Flow Dynamics,
Sendai, (2019), 0S18-37, pp. 758-759.
(4] 7rtiE, A, REILAY, EiEf, JOEEE, NPT, [, mEEL KR A
AN 220 LTz & — RS TNEROREN T3, 55 32 [MIFHH ) Fafiss, (2019).
3) it (BFEF, RE, YAIIHRRH)
L
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Molecular Dynamics Study on Formation Process and Stability of Surface Nanobubbles

B OBKEER, AN SRR, LHp R
*HUR R TRFRFE TP Sl s 2 7 L
AR AR ST
el SnS e PN S RS AR
THEE, TTPRISEE

MEEH

BRI EI DT ) /3T PSSR SOSSCHR e & W\ o Tk A 7RG B % RF 72, T
FHNCEETHS. BERRIITITT /ST U L OB ZE TR s, iR
[ DT ST IVORFEVEC OV TR 2 2B K - TR e S Cn s, Zhus
Mz, FNoEBAMEOHLISTFVIab—a b ShTng, —FT, ZhETH
HENTWASTFL I 2l —2 g ML 2RICTOR, FITHEOKEHHR LARNET L%
DTS Z ERZ. FRZ, BIEORTE L BHID FEiEERISEO Rl 2 I 2 7= B
DR NI DOWTOMHTIZIE, D 2 DOER Z ) AV RS BS O B % F2819 2
ERHD.

F ZTAISEY, BN (Molecular Dynamics, MD) &2 = L—y 3 V2 HWT,
FURTEMFRN OB L D FUE T ) NI NA~DEBEZ A SN T H 2 LA B E T 5.

2. BIRBEDOAE

FRETEMHERIN G T/ X T VOLZEE~E D L D IZHE5T 20 OBz, L0 BEflirex
RN F T 2 R ETEERIORE 2B ST 5 2 EBRREZRV. 20720 1@IRd
X9, FETEMR AR LTS ) —L B B FRERIRS L OVKEIR) & 72 25 S R N
2R TOMD V2 lb— g 2{To7. 2DV 2 b—3i 3 25 0 BESIEDEE Sy
iz ROTAER, K 1ONTRT LB R H ) — VO 2 DITHEN R ~FE R LR
DL, KIECHIINT2 2 L2 LN L. ZORBIIEHELSAENLZENAFAETE D
YA N H )= IMEGT 2RI L Db DR EEZ NS, FFERRS, 251
7o ERLROEMEIIIIBR N 55 Z &, W LT EBRZEOEIG TR R TOn 145 L
ITERHR CTHDH Z &, BLOZ O LIEREERS TN F ) — N OREEIZ G 2 D508
N ENWZ EERHLNT LT

T RTINNDOFERGEFEE A ST B 72010E, F MR A HS 2 5NN
L, WBSIRETOMENDD. DD, 77774 FEKOIINSRDRAICBIT DT/
NTINVOFEDO MD ¥ 22—y a v witol=. 777 74 MEERO—EBZBKL LT L
B AAEARER BT BT 5 2 & C, NTADEMERR-. ZORE, +o78lt
TCITEKRMEY A R RICHET ) ST ADNLERINTIGR T 5 2 L bz,
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(b)

h
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g N> number
30+ o 240
L <480
Z 20f

£ 720
= 10k

% )

£

E GI 1 1

1 1 L 1
50 100 150 200 250 300
Pentanol Number [-]

(—]

K1 (@) ~_oF ) —)b, BEIURR L OUKERENS 22 5 RS, (b)) EFEH ADKEHE~
OB B & ) — )L DR

3. WIRBEZEDERIR

FIRTNADOMD ¥R 2 b—a A, FEEITHEMTH D OO, Ed L O DOLRE
MEOFHHD 7= DD TEWY S 2 L—3 g VIFINKETH 5. F D07 DHRR CIIAIIZE
HAEDRLCTd D REIEMHRINN T ) ST IV DR & ZEVEC G 2 DB A2 O NS 5%
TIZE STV, — T, AFFERIEIC & > CHEEZREFR TH D KIRAH COREEER] D
"E, BXOT T 774 5 ETOF ) RTVEER T 072k e BiFCnd., FRoonb
2 OOMTEC LY, FTEOHNE BWNZBITET 5 72 DI 72 Hfir 7asid A 5ok LT
5.

4. FLHESHDEFRE
ZIVETOMETIE, RSt L OERAE COMER Y I 2 b— 3 V2 ENLIUT
Sl AT XY, FEIEHFIOFAEINEFE T A DKEH~DRE LT Z L, BIOMEE
BEE OBAMEY A NOFEICEID T 774 N RITT ) NTNVERBARETH D Z Ll
Nbhotz. SHIIINGDOEEMAA YD Z LT, REEERINT ) T AOFER
BEMESNED L IZHGETDNEHLINIT D & LB, B7eIB iz L v 2 "7
DIEFRSCRREN ED X DR EN D 0 E EEMICH LN L TL.

5 HAEAR IBIRIHY)

1) ¥Ffiifis @R OTERERE MaRFEaT)
L

2) EF=E - BRESR - IR - QERRE

*[1] T, Hori, G. Kikugawa, L. Ueno, and Y. Matsumoto : Molecular Dynamics Analysis of
Surfactant Effect on Water-gas Interface, Proceedings of the 19th International
Symposium on Advanced Fluid Information (AFI-2019), Sendai, (2019), CRF-96, pp.
202-203.

3 FoM (FEF ®E, YRIIEXRF)
L
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The Quantitative Density Measurement of Unsteady Flow around a Projectile

RHD AP, 7k R
B RO, FRE R, R TE (R
*TRERFRTRR, **ﬁitﬁt%{mﬁiﬂ%ﬁﬁ AT
IR TR T
THIREA, TTFﬁV‘]xﬂS?ﬁE

1. HRE/

FRET N EARAITSED 2 &N TE DMERITHEE (NY AT 4 v 7 L) TIEA
T4 VIR EOIFHBOFE A YR LT FER AT 9 Z L3 TE, W02 iR &
e BCHEHINTWS. BHAITRER CIZZNE Ty 2 U — L AR L B AT EET
RS T K DFHAZR EAMTHOIL TV D205, FANAE OV D 3 WoehIZR & B R HAl3SA
EEFIR IR AR TIEE CIE 7 BUR O X 5 IR 2 SCRF 2 BN 72N e o,
IR DL AN I T HBIRAFHIT 2 Z L b AETH D, & 2 TR TIITs sk il
v =Y —1 v (Background Oriented Schlieren) {E%FH LT, #“iifsks Sem iRl E
DY OIEFEES 2 SUTTANZEHIIT 2 Z L 2 HiyE U CRHISER AR AT,

2. MIERBRONE
ARIBETIHX 1 IR T I, 126507V H A AZ (Canon EOS Kiss Digital X3, A
ZhmFEHL 4752 x 3168 pixels) ZABRHNICERIE L. #EOTHDO L AL, ZZE 5
AR 2 BT 5720, @ oEmA—AL 2> X (SIGMA 70-300mm F4-5.6 DG
MACRO) ZFIH Uiz, Wmimfgi3ier s i, OTmcRaosr2ilLiz7 ) » KX
H—r b L, WREROER TN OIRFROERIC Y A 2> 7 G THB LED (k- T
%%éh@pﬁﬁwyx%A@%%T%ﬁﬁi%??&wﬁx?’%wfﬁﬁmG%Emw
60mm X iS5 40mm FREE & HNT=8, BRI A 7 DI 3 End TR T A TR
FHAR Z A D IEM 2 % A 27T LED 2% NS85 2 && FRERIARDHEEA Z DRI
MHORE NN LBV TH D, FEFEEEE CIIRFMAOER L2 1 I 755D
WD ZENREET, RERDRIED TEUVRIL T Digital cameras S
bole. ZOROAFEE TITHE Y AT b il %@ @ @J
I Y % 2 0RE L, TRBHBELIDE oy @5“
NE DTS LA O & Bl B A Z@§ \3¢j@wx/,@gn
UNARS = 2T R e B R NP/ Naw e Y [E1 8 i BN 8
VR L TIRERIIROMN L2 X7, XA 27

BHIFHIZIE Arduino 2 HWTE Y, Bix 725G e
TR FIRITIE TE DAL o TS, ABFZER e
WIS L7z 2 B 2 1R, A4ERE I hIC b 5% 1 ZT7m IR %
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FEEHANCEED LT 5. FREARITES: 8Smm DOERTH Y, YT~ v 3K 1.36 ThH 5. [F
X 12 BOT T E NI XTI R DL MEHNER D, 3 RITEHER S A 0D
HEEmMERE LIobOThH S, ERATT O & Bki% 07 O P 5B 2 5 Lotz i iz
SWITHNTHEZ D Z LTI L TWD Z &3 5.

o /o
p/po = 075 e

=K
¥ Y 05

X

z

plpo =075 %\
. Y

X

#

plpo =115 f P AR

2 : 3T EEEHIR D]

3. WIRBERDOERIKR
AWFFETIL, RO = U — 1 AR K DEMERZEH S BOS IE2FH LIZE &R
TR A~FE R S, FEMEORVIEEF NGO 3 Rt SO I Lz, £
HHIIZR TH 2 BRI ORI Z S TE S 2 SIRtICI— A 2 2 & 2 AFEE LTI
F, BIEIOM 21TRIIEY, a5 Z ENTE

4. FEHESHNDEE
ARFFRIZ LD, FEFURE DV OIEEF TINS5 3 RTTE LR HA 2 U JeBk T T3
BT HZENTE. S%OMEE LT, P TE BN LGRS 5 2
EERREHZ L QN DT, AT LR LV EADIANG DO~EET 5, 10 @R
HEHWDHEOWBEZITZAUS, Hix 2R E O EZBR S ATRRIC R D L Z 2 bivd.

5 BRAER IFAIRIHY)

1) 2R EROTEERE MBHRFZEED)

*[1] Y. Hirose, K. Ishikawa, Y. Ishimoto, T. Nagashima, M. Ota, S. Udagawa, T. Inage, K. Fujita,
H. Kiritani, K. Fujita, K. Ohtani, H. Nagai: The Quantitative Density Measurement of
Unsteady Flow around the Projectile, Journal of Flow Control, Measurement &
Visualization, Vol. 7, (2019), pp. 111-119.

2) EFRE - ENER - IRR - OBERKE

[2] M. Ota, Y. Hirose, T. Nagashima, Y. Yahagi, T. Inage, S. Udagawa, H. Kiritani, K. Fujita,
K. Ohtani, H. Nagai: Quantitative Density Measurement of Unsteady Flow Field around
A Sphere in The Ballistic Range, Proceedings of the 32nd International Symposium on
Shock Waves, Singapore, (2019), OR-05-0355, pp. 1-5.

*[3] Y. Hirose, T. Nagashima, Y. Yahagi, M. Ota, S. Udagawa, T. Inage, K. Fujita, H. Kiritani,
K. Fujita, K. Ohtani, H. Nagai: Quantitative Density Measurement of Unsteady Flow
around the Projectile by Colored-Grid Background Oriented Schlieren, Proceedings of the
19th International Symposium on Advanced Fluid Information , Sendai, (2019), CRF-51,
pp. 102-103.
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FIMREN A T2 K SR EREREFEDHEL
Development of Accurate Temperature Measurement Method by Infrared Camera

W R, [ 12 Tt
* )R TREESFRPTFAL, AR A AR A ST
THGEE, TTHTPIGSEE

1. BIREHN

AT, I A 710 5 2 BRSEEREE R FIEORESL A BHY LT 5. ASMEAD A 7O
HSHEEDTZOICHE, 1 A 5 OB RERIERIE & IR T S LMD 5. LipLiaib,
T A T DB RRRIEREEA — ) — W B BR S TH BT, 2P C TR B LB 5D,
2L CARBIECHET v 77 4 VI KOS T ARAMED A 5 BRI TR E AT,
7 A W ERERRED T WATAEME DU CRA AT 72

2. MIREREDOAR

AT CUIX, WRABEFTEATIC W T T v 77 4 L A8 KOERIRFE 2 W IR R 52
Bra1T~72. Figure 1 (\ZARFEBROBESX 23, AEBR CIIEYRIFRNC T v 77 4 VA EdkiES
5. Ty TT 4V BIRIFRNCRET S 2 LT, BAFIERE X0 e LTZIRE RN A 5
WIS END. 777 4V AOFRFIT T — U ZEBIRINEER (FTIR) 12X - THIE S
NIZBERDIE RO D ERET D, KRS K DIRIMEBEN I ATRECTH S & &, TURFEED
EEIRIE & 7 ¢ )V A K DWERE O ) O NI R RS R 2 T2 2 E S FlRE L 72
% . AW W THEARV PR MR 572 FTIR, BRI A HWD Z L2 K> TS
A A T DR RIEER M TR AT o 72, TRFEEZPE LT 4V AE, RV=FLy, R
ke =1, Rke=U7, RVZFL B Any, RIZFLUBLOKRY 7
E LT SN S TH 5.

Figure 1 IZ/RSIVD IR D, HROMNED A T OWREREITIsE L2 11~13 pm (RIS E
THZ eI, R L2 A T OBAS iTRER RO APHMEIL 8~14 ym TH Y, FEE
DO FIRPEREIE & AFMEIZ T S D ATREMER S D = L VR E Tz,

Ambient temperature Plastic film

% -
/45;.3 (1) +(1-17,)E, ,(T;)

&

Black body furnace - Infrared camera
T,

-
E, ( T, )

Figuel 75 AF v 7 7 ¢ )V L% W TZIREEROB M
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3. HIRBEEDERIKR

ALRFTE TIEARIMNRES A T2 X B @R EREAE 2 & B & LT 5. AW Tl A
?ﬁ%@&%ﬁ%ﬂ?&®%4%%*&w@ﬁmkLt. JeifIh, ST AF VI T 4V
FAWTZ RN A F 2 X DIRBERIE TR 21T 5 Z 212k 0, EMNTIEH D030 A T O RRE
TE AR ATRECTH D Z LR ST, HL®%ﬁﬁ%$ﬁ HARTCREE L72HF5E B A
ERTEELEZD.

4. FEHESHNDEE

SIBITTR UT= T A T OWREREERED TS HEIC ST, REEHE T oS oiR B E 5k
Z{TH TETHD. Figure 2 (TR ENDKMEBMRIFZFEH LT, KRS X DIRIMICE FERE,
REERAZIS T D IEE & BRIFEE 2 e g2 2 & CHRIMR A 712 X 2 @ksEEREERE Tk
DRSOV TRFRHMET 2 TETH 5.

Figure 2 KBUEKIF

5 HIREE CIEAIRIHY)

1) it &R -OTERERE MBRFEEaT)
L

2) EF=iE - ERNFER - RS - QBERRE

*[1] T. Kogawa, J. Okajima, A. Komiya, S. Maruyama: Evaluation of Prediction Method for
IR Camera’s Sensitivity, Proceedings of Nineteenth International Symposium on
Advanced Fluid Information, Sendai, (2019), CRF-52, pp. 104-105.

3) ofth (BFEF, RE, YA IHRRF)
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FhIRMNRAR S HEE Z A L =R R B & B EHAIF A DS EL R
Development of Advanced Measurements Method for Intermediate Species in the Low Temperature
Oxidation of Hydrocarbons Using Mid-Infrared Absorption Spectroscopy

IS KRR, PR A
SHRIIFL, PRI
A, HITEE

1. ®WZEREM

W, BB RSET N E B AT T Vv a b—y g UNERIIThILTE Y, e
H & KEFE 2B C X D3I ARUSTE T VORI L S TS, BREIOBMLIEBFEIZ I
TANLLT LT & RHCHO) & i@iig bk FZH0) 1 X EE 2R EEH I AER I TH VD, BREEGIZISIT
% HCHO & HoOo DEET —H1E, FEUEFSINTET VORI TH Z LN TE D

Z T, AW TIE R ARINRI G EE & A EAEEE E (RCM) Z fA A Ao 7 G A A EE L
3.5 um # & 8 pm HOTHFH L —HF—ZHNT, 1 V47 % DIRIERRLERIZ3T 5 HCHO
& HeO: OBSEREOEEFHIT 5 Z L2 B E L.

2. HAERREORE

KT CTER LA VA7 # o OIRERLERIZRIT S HCHO & HOs OFHANEIC OV TR
~%. HCHO Ol HCHO OWIHimfEA K E WV 3.5 um Ha2H L7z, 20 3.5 um H#D
DFB-ICL ORIERER TIL, A VA7 Z D7 m— RAARNAEE L, HCHO OWIR
T 5. 22T, 2 WEOWINENS LD DERFHAINATRE S 2 RN ik
W, A VA7 2 OIKERIGEFLCET S HCHO OFZIT-72. 2 HEWIY EET
R—)L T YL b OIERIZ AL LT Y, HCHO OEIE L A V47 X o ORREI TR THR
5.

(“‘JE: Isc—octane—A283 Iso-orrum} (1)
d (fl_ucyof:_:so —octane €1 _Iso—octane €2 HCHO ]

Cheno =

(A2¢1 mewo—Ase2 mewo) (2)
d(f 1_HCHO €2 Iso—octane —€1_Iso—octane €2 HCHO )

Clso—octane =

ZIZTC, & 1R E & 2 FHANR R AW, I3EEE, cuenold HCHO @
])%E, Crso-octane \IA A 7 ‘/@7&%};&?, €1 HcHO &Sz_gcgo!i% 1 §+{EW§E&% 2 %HE'J/&ELZ%U'%)
HCHO OWINMIHTE, £, s0-octane & £2_ts0-octans V505 1 TR & 55 2 FHHRERICHIT D4 VA2
2 OIS 2 F IR, AT MVOREERGEMESS, ot FEOT 52 EZE L,
HCHO OWILATRY Y 2807.358 cm1(5.977 X 1020 cm2moleculelem?, vi, 1019 - 918) %55 1 21
RELTEELL. £72, HCHO OWINRFHL, A VA7 & 2 ORI FEITEH <45 2808.498
cm? (8.166 X 1025 cm2moleculelem™, vs+va, 954 - 928) %2 2 FHAE R & L GRE L.

WIZ, H202 OFHHREE K OFTEIZ DWW TR 5. HaO2 OF I XIS Ll R &
AMDALFERED TP 720 8.0 um #T{To 72, AW EF I A — R L—P— D3R Rk
WZBWT, DTN HeO & A VA7 X 2 OWINDMFELE L, HoO2 ODWINIZ T4 5. £ 2T, 1.392
um @ DFB-LD %\ T, HeO OFHZEIT 72, AT MVORERFIES, MO/ FEOT
WasEE L, Ha02 OWINAEEL Y 1251.278 cm1(2.82x1020cm2molecule’lem, ve, 38 7 32 - 38 7
31)% HaO2 DFE L L CGRE L. 1251.278 en ! ISB1T DWOREEL, Rl X 512, He0
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AT H L ORINEE TS
Ayzs1278 = Anz02 T Anzo + Arso-octame ()

ZTIT, HoO & A VAT X ORI, T2 7185.597 cm1(5.984x1022cm2moleculelem’,
vi+vs, 660661 &, 2808.498 e IZFWTEHAIL, 1251.278 e (BT 2WLEE DS HaO & A
VF B DOWSEEFELFIK Z LT, HoOw DUOLE 2B L=,

kD FiEEAWT, A VA7 2 o OIRERR VBRI 1D HCHO & HoO2 DR EERE A H
"Lz, AV F 72 ORIRR LR 2 5T B & K ERIT 2 EMEEE 2 O TTo 7. Y&k
1.0 DA I H T X2 U HREXREIRE 642 K, J£770.77 MPa L7205 L5\ C2EER L=, o
72 HCHO, H:0s, H:0, A VA7 X D7 a7 7 A V% Fig. 1(@i2+d. HCHO & Ho0:2 MK
IRF LSSV TAER L, FRE L7 HCHO & HeO2 OIHEIILENTRBECE > TV Dk
TEMGRTE D, A VA7 X AFEREE TR DERRNICIHE S0, HCHO & H202 ORI
WEISICIHE SN TS Z E3bhd . Atef H(N. Atef et al., Combust. flame, Vol. 178, (2017),
pp. 111-134)IZ K » THEE S N3OS T VO EMERZ Fig. 1027, ERiER &
FHRRE SRR AR L, BET 07 7 AL b BAFHC—E L.

'S p 1.0
[=) 0_2_5 (a) Experiment ——HCHO =
= 52-0‘ 1=265 ms w,/\' || ——H:0, Log %
5 '.315 [ —H,0 =
= % . N Iso-octanelpg 2
£ 8191 / Pressure 2

_ w
§ go's- Zgl > ‘?-
8 = 0 :ﬂL AAA 06
o 251 1.2
—?_ o (b) Galway_2017 =
= 52-0' =241 ms ] L1.0 %
S §15; =
S (98 g
<= ©1.01 n
e @ %
§ 80.5- . 0.6 E
87 ot S oy 0 ; —l04

0 100 200 300 400 500

Time after end of compression [ms]

1 : Pressure profiles and HCHO, H202, H20 and iso-octane profiles in the oxidation of
iso-octane obtained by (a) Experiments, (b) Calculations.

3. WIRBRDOERIKR
FRAIEEZ G L TA Y A7 2 o o iEfzdoo HCHO & HeO» OE &R HIIZAE) L
Tz BhrTE AR R LTz

4. FLHESERDEE

FIRAN TR & ST S E A A A DO TR L2 3HAEE 2 WG, 4 VA7 #  OfRIR
Rz 5 HCHO & HoO2 FHANZEEI L, HCHO & HoO2 231 VA7 % OIRIEREL
WRRPIZAER L TWAD Z EEZHOMNI L. K RWIEE, [EERMICBWCEHIIL, ({BFRG
TTNDOHRBIENLTH Z L DNHETH D.

5 HARAR FBIRIHY) FiliHE EHROTERRE FSREFEZE)
1) 2 EROTEERE MHFZEED)
7L
2) EFRE - BRER - RS - OBERKRE
[1] K. Tanaka, S. Sugano, S. Sakaida, M. Konno, H. Nakamura, and T. Tezuka: Time-resolved
Quantitative Measurements of Intermediate Species in the Low-temperature Oxidation
of Iso-octane using Mid-infrared Absorption Spectroscopy, Proceedings of the Sixteenth
International Conference on Flow Dynamics, Sendai, (2019), 0S2-29, pp. 234-235.
3) T (FEF, ¥E YRAIIHRH)
el
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Fluid Flow Analysis of an Atmospheric—Pressure Micro—-Plasma Ejected from a Narrow Nozzle

BR FEM, I RRRY, TR DIk
it RS, P R, LR R
I LB AL, AR SE T
THIERE, TIPS EE

1. HIZE/

WA EENE, AR oRy b, a7 XSO ISR S NS IR o —,
TyAaktiY—, v ruT I Faz—F %D MEMS T3 A AN THAF CER S
%, ZhfE D BAFED MEMS ERICIEIm v F o 7, IFEEDZ BT 1 2D & ez
D ANE#Z D Z LT A MY - AFER BRI TE 5. KRRE~A 7 0T T X< 3R
Ty F U TRF YA MRIEEZFTREICT 5. ZAvE THME 1.2 mm LU O#IEE SUS /A 7 (35
#) A RF (18.56 MHz) bt L TREUE~A 7 0 7T X<z El LTSI v RR Y 7
S RERO [T »F 7, DLC fIEISH L=, LnL, RRET 7 A~ TIHEEBET UL
BT AN T F o TTERSOMEE AN B % RITT L B2 HivD.

AWFFETIE, e, ZXVEMm GMNES 0.7 mm/0.4 mm) BER~DKREE~ A 7 07T
R DEIIE A S 2 V— L AETAHME LT, HAVE, WAES, WMt 2L - Fpk R
d & 7T R lZEEGRORIEE B 5N LT » T 0 FTARSOIRIE A ORI T A Z2 M3 5.

2. HIREEDOAE

va ) —LVEEEHWERRIEY A 7 n 7T X< (APUP) D AT LSRR OB 23] 1
WY ST AT AT~ UL, AR 0.6~1.8 L/min, RF&77:2~14 W, fift/ X
IV - SRR ERERE d: 3~5 mm |ZREE L TT VR =0 AR~ OB A BIEL Lz, A A —
R # 1% Photron, FASTCAM SA5, 7 L— 2 L— k: 7500 fps & L7-. APpP ifDBIEDOREF%
X 2 (23, Bl d, RF /B L O He it A /37 A —4 & U CHEZIEROM - 285 Lz,
X 38 (1-a), (I-bIZF T X< d K427~ d ORI CHEZSERICELNS AT 503,
RF /O TEANNHERT 5 Z L3V 5. KIC He i L OVRF E/MEAFEER 3 (2), ()

Gas flow
meter RF generator

He

Hi speed
camera
Y
—
Light source - Knifs adge %
X1 : JieALo Al L ISR E O] X2 : FHE ) 2D OB D R A=
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(1-a) Hejfit&: 1.2 L/min, RF: 9 W

’

(1-b) F&: 1.2 L/min, RF: 12 W
L

3
WE/ XIVEHE '5

Plasma ON (RF: 12 W)

~ Plasma ON (RF: 9 W)

A LA _
X 3 : MR ) A DDORKIE~A 7 07T A~fliizendin, dikfFrt: (1-a) 1. 2L/min, 9W
(1-b) 1. 2L/min, 12W, RF E/M&FEM: (@) 1. 4L/min, 3mm (3) 1. 8L/min, 3mm

(. 7T A~ OFF B FEREZDETRIC R E 25 E LD, RE&ENN 9 W LLET
ELNEG R S -, 72, He &4 1.4 726 1.8 Umin (ZHER04 L FRONELULAE U 5728, L
FUITHIRESE I DMAET 5 . BRRIEE & Bk OB S DELAIIHRICENR T 5 L E2 b b.

3. WIRBEEDERINR
APUP RO HMA~DELETRD “EL 345 & F OIS O MR, RF B, T AR
BRI SN E 720, KEES T A~ 7 1 AFROELS Tl 60%FEDERECTh 5.

4. FLHESHBDEE
Vo U — L AEIZ X D APUP EZEE RO pIH L TR T “ELi 384E & 2 O4HI B S 3 B H
Lol BB OMREIY, 7T X< e, BRISRAIRIE D D ELAVHEEE 21 50T 5.

5 HIREE IEAIRIHY)

1) 2 EROTEERE MBHFZEED)
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1. Purpose of the project

The present study focuses on the challenges of capturing surface pressure data on a
free-flight object in a ballistic range facility. There are four main challenges: (1)
shooting an aerodynamic model in a ballistic range; (2) capturing the free-flight
trajectory; (3) capturing luminescent images of the object during the flight; and (4)
obtaining the surface pressure distribution from the luminescent images. Prior work
has been successful with the first two challenges; this study will focus on methods to
overcome the third and fourth challenges using two-color pressure-sensitive paint
(PSP).

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 method to capture a pressure distribution over a free
flight object. It acquires two luminescent images to extract the pressure distribution
over an aerodynamic object. To apply this method for a ballistic range, it is necessary
to overcome four challenges as follows:
1. To launch a free-flight test article
2. To capture images of the free-flight object
3. To capture luminescent images of the object
4. To extract a pressure distribution from the luminescent images
Previous collaborative work has been successful up to the third level, capturing
luminescent images from a free-flight body coated with PSP. However, the images
captured in this test were severely blurred, which prevented pressure data from
being extracted from the luminescent images. This project focuses on ways to
improve the quality of the luminescent images in order to use them to generate a
surface pressure map.
The project was performed at the ballistic range research facility at Tohoku
University’s Institute of Fluid Science. The projectile was a sphere with 30 mm in
diameter. These models were anodized and then coated with a two-color PSP using
the dipping deposition method. For this test, pyrene sulfonic acid was selected as the
pressure sensitive dye for its bright emission intensity, and ((1,10-Phenanthroline)
tris [4,4,4-trifluoro-1- (2-thienyl)-1,3-butanedionato] europium(III)) was selected as
the reference dye that is insensitive to pressure; these chemicals were selected for
their similar excitation peak wavelength and distinct peak emission wavelengths.
The test chamber was evacuated to 50 kPa, and the test article was shot at Mach 1.5.
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The lower pressure in the test chamber gives a higher emission intensity from the
PSP. Two 365-nm Solis LED light sources from Thorlabs were pulsed to excite the
PSP with a pulse width of 1 ms. A Photron Fastcam SA-Z high-speed color camera
fitted with a 430-nm high-pass filter was used to capture the images. Frame rates
from 30,000-100,000 fps and exposure times from 2.5-30 us were used.

3. Achievements
At Mach 1.5, the test sphere traveled at 395 m/s under 50 kPa in a freestream static
pressure. The present project could achieve to capture a pressure distribution of the
free-flight sphere (Figure 1). With the camera-exposure time of 3.75 ps, a spatial
uncertainty was 1.48mm, or 4.9% of the diameter of the sphere. This is substantially
reduced as compared to previous tests where blurring caused the image of the sphere
to be elongated by approximately 25%.

200

150

100

Pressure (kpa)

50

0
Figure 1 : Pressure distribution of a free-flight sphere at Mach 1.5.

4. Summaries and future plans
This test proved that it is possible to capture a clear luminescent image of a test
model moving at Mach 1.5 in a ballistic range. In order to capture these images, a
combination of a short exposure time and fast frame rate were used.
The next challenge is to apply the two-color PSP more consistently to the model to
give a uniform coating. This would ensure more uniform emission intensity, allowing
for a quantitative surface pressure analysis.

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

Range Facility using Two-Color Pressure-Sensitive Paint, The 58th AIAA
Aerospace Sciences Meeting, AIAA Science and Technology Forum and Exposition,
Orlando, FL, USA, (2020), AIAA paper 2020-0123.

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

Object in a Ballistic Range Facility, Proceedings of the Nineteenth International

Symposium on Advanced Fluid Information, Sendai, (2019), CRF-98, pp. 206-207.
3) Patent, award, press release etc.

Not applicable.
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