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Fig.1 Experimental procedure

Fig.2 Experimental results of z-axis cross-sectional velocity prole in different vertical
location obtained by PIV measurement
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the Sixteenth International Symposium on Advanced Fluid Information, Sendai, (2016),
pp. 82-83.

3 Toft (FEf, RE, YAIIEXRF)
L



1.

FREE J16014

2 —BIEFEITSE

]

N s WE~ VT R r—)

E YAN;:E

AR5 U5 438

WFFEHAH] 2016.4 ~2017.3

RS TATEE 1S 14H
F/ BERER W -SHEEEORIRE TORAICET 2038

Research of Highly Functional Characteristics
Produced by Nanostructures and Their Applications
ks R, FI R, R, NH &S
Ky B, ARE R, P JE-—e
*ALHEE KRB AR, AR AR ST
FER PR TR A5 T S eR, o U g egt
THEES, TIPS
MEEH

FALRDFFAARBE DO TR E— by F o T NTeT ) Ry 77 LA (FgRY
U = WG 2 IROTAICHRIECE L 7oAid) CEHIE(E AT Y (ReRAM) OFERES
&, ARERFDFFORANRT 3 2 ReRAM (2RI 2l 2 @S L, ZiubDT
A ADREIEZAED LTAERIZIRWMETHE R T, mRf L & sl B BN TREZR T /3 A A D
5z HiE .

2. HIERAROAR

SinF/ Ky baT LAWRICEE L, 20O BCHEy — 228 Em0 15 &, K1 oA
XDOXHT/sb. £ Ry MIBEEF T UA% (SET) L LTEWET S22 Tavy
7B AN — NEEOZET UTREN T 288217, AT Ry NI 7 — K
ERBEMNTHEST DD T, &7 — NEEOEUICK U THMEZ R b2~ 2 &2 5.
CZTHREL QW DEALEFOERMEKO L HIZ, ARETImPIZERTEX D L) IR
U 2 6 0TI, MERBISRD 2B RR L CEBT 260 Th S, F T
DRI, $20 T2 S AT DI L LI ) — 7 i/ 2 S 20ADT
\CHE BN OMRKERLS F T2 BIETO TR, W Ry b A XL &7 — Mz
DTN EDRH > THENET S, XD TEMEOEWVEROFEBZ HETHOTHS.
Z O E BT 5720120, —EO — N EEREARET Al — R E LTHW DY
ENRH Y, FRIRHCSEOMEER 155 - DI2FE L TE LN &7 — MCEIT 58E
JEEZFE L TR LENSH D, ZOBEEHILT a7 HI/2 50T, iR Z DfEEiT
BT AT FTa AT UNRNNEZRD., ZOATY &L TReRAM # W5 Z & T, infiihe
AT Ry N7 v A R OIEEEIT- T

ReRAM D7 v ZHGUReEREN L, JLFEAFZECIER L 7= MOSFET |2 X A @il &
V1T5 2 & T, EHUEORIEORE & L TH1%PNICIIA D Z ENTE DL Z LB L
2KEENE, 7/ Ry b7 LA 22 5OAT7— h e 1 OO — N &Rk L, §ilEs
— MEEAZZELSET- L EOHIRPEE R, 2 AR (AND, OR, XOR - + @
6 i) O L ZFH L7 DO TH 5. filffl 7 — NEEDA R/ FFHADIE A FF> 2 L3,



Z OFEFE% ReRAM OESHUEN LT 5 2 L2525 &, KFHARILS — FO~—I Ui
X 2 5DFDLHIT/ 5. ZOfEIE, ReRAM OIEHLOREE L » +oRkEW\~—2 0 035
BN TWAZ LAaRL, mPlitlEEERE 7L LT ReRAM ME 2 5 Z Ll T 5.

1: 7/ By b7 LA — M &Rl U7 imBiisne A6 1

X2 : B L7=F 7 Ry b7 LA ROl — NEITEIC X D inEEse 2l & S D~—

3. B BEDZERIKR
EFEWFZED D EBNTIER LT, 7/ Ry M7 LA SEHERLE 7 v 7 a5 ReRAM
DOEBUEE AT, FOFER L UTHIEY — M2k 5 6 oK EERHEE 2 T4 ReRAM
OIBTHIEE L ORPA CHBLCTE 5 2 L AR T Z L3 CE 2. Ml OHIRTEIT 72
o1z, H)IMFEE CIERL L 7= TaOx Wi % FV V72 ReRAM O #Ei{ED TEM N D35
LRGN E TileZ, TEM B4 FF OB H 0, SHOMERDPHIFRFCTE 5.

4 FEDHESEDEE
ReRAM 7 Fr 7 AE VR, =a2—F/ %y FETF & L TOFTZ /2R85B 2158
LEHELTEY, 7/ Ny M7 LA &R, FINFTEEE & 3EF L T TV <, ReRAM
IAEROIERSRAE 72 EIC Ko THREDN SRR D Z L7 h, Hfm U CRHICHET L T,

5. HWAEAEER FRIRIHY)
1) ZFiijes E&ROETERRE MBRFEEZET)

[1] T. Uchida, M. Jo, A. T.-Fukuchi, M. Arita, A. Fujiwara, and Y. Takahashi: Capacitance
evaluation of compact silicon triple quantum dots by simultaneous gate voltage sweeping,
Journal of Applied Physics, Vol. 120, No. 23, (2016) 234502-1-6.
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*[2] Mi. Jo, R. Katsumura, A. T.-Fukuchi, M. Arita, Y. Takahashi, H. Andoh, and T. Morie:
Analog memory characteristics of 1T1R MoOx resistive random access memory, 2016
Silicon Nanoelectronics Workshop, Honolulu, Hawaii (2016), pp. 78-79.
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Control of Electronic Band Structure of Quantum Nanodisks for High-Efficiency
Solar Cells and Laser Applications
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NPS) M ODFMEESEFE LT-. KT NPs 22O DOFIEERINID TR S NI Th 5.
T AT NEEOE NP IR KR E < 725720, RIS L OSEERNE 45 &2
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GaAs—NPs 1TMAHINFIA TS hy FH T Tt 22OV TULTO X S ITEk L-. £
& HIT 12 nm D GaAs HTTE & Alo, 171Gag. ssAs FREEE > DR D &1 FH7 (MQW) % n—GaAs FEbi_EITRK
L7z, WA AT 7 —h EHFHETFE—AICL Y =y F U 7 %1TVY, GaAs—NPs ik &1
FIL72. SEMBIZL L PL HIEIXEIR RS CHEME Lz, X2 12 SEMBIE LR L ER iR
T KNS X 91T, B 18 nm D GaAs—NP MR b Z < AAHE LT=AS, EAIEL8 /25 40 nm
LIRS A aFio TWD Z EmginoTz, EROKEIRNP 1L, #HEDO NP MES L TERS
AT RTREMEDSE. FE T2, | THEOIIRIEARY MVEK 2 FHOFERRITTT. £ 1.55 eV
® AlGaAs RO E—7 L0 @ X —[NIBIEVHEZ 51 < AT MVBMGELT. £
2T 1 OB AR A VT, NP OFIEHRE DELEKIFNEE ZIRTTHTRAIEIC L > TRz
K2 IZIFF R SNTHAREDOE XA N T L& ry FLEER, KNLHAL X 91
FEER T O PL AT "L ETRIRDIEFIC L —B L7 LLEDOENT NS 1.55 v 1. 75 eV
DJREPHDFESEA T R LIS GaAsNP R DOFEF 5 TH D LRIETHZ LN TET
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BRI LRI ART MVIER A e Uiz, SR O O NIRIAWESEARY Rk NP
DEZEDNZ LS THATE L Z EZHALNC L. 2720, BERSMDIZHOEITORNED
RESRMORFEIZIIE L 2o T2 Enh, EEREIL 8 B & HWr45.
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[1] D. Ohori, K. Kondo, K. Sakai, C. Thomas, A. Higo, S. Samukawa, T. Ikari, A. Fukuyama:
Effect of embedding process on photoluminescence spectra of GaAs quantum nanodisks
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fabricated by bio-template and neutral beam etching process, £-MRS Spring Meeting;
(2016), MIII-3.

[2] D. Ohori, K. Kondo, K. Sakai, A. Higo C. Thomas, S. Samukawa, T. Ikari and A.
Fukuyama: Photoluminescence emission from As-etched quantum nanodisks fabricated
by bio-template and neutral beam etching process, 16%2 Int. Conf. on Nanotechnology,
Sendai, (2016), TuPM15.2.

[8] KA, b—vR & NI v 7, JEEIEE, )5, e, musez: 147071
— MEFRINT. 2 V2 Gals B 1)/ T 4 A7 OIIEFHHES OIRFEIRIFE, TRk 28 FFRTRE
7T SRR N, (2016), 16a-P1-11.

*[4] A. Iwamoto, D. Ohori, C. Thomas, A. Higo, S. Samukawa, T. Ikari, A. Fukuyama:
Radiative carrier recombination process in GaAs ND fabricated by bio-template and
neutral beam etching embedded by AlGaAs, Proceedings of the Sixteenth International
Symposium on Advanced Fluid Information, Sendai, (2016), pp. 16-17.

[5] T. Ikari, D. Ohori, A. Higo, C. Thomas, S. Samuakwa, K. Nishioka, A. Fukuyama:
Investigation of carrier recombination process in top-down fabricated GaAs nano-disc
array structure by photoluminescence measurements, /EEE NMDC, Toulouse, France,
(2016), M3-2.
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Topology-Based Multisensory Realization of Wake Turbulence
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(a) time step 0 (b) time step 24 (c) time step 50 (d) time step 100
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[1] Y. Takeshima and I. Fujishiro: Multisensory Realization Using Topology-Accentuated
Visualization, Proc. The 6% IIEEJ International Workshop on Image Electronics and
Visual Computing, Da Nang, Vietnam, February, (2017).
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A Study on the Functionality Improvement of
Nanoparticulate-Filled Carbon Fiber Reinforced Plastic
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*[1] T. Takayama, H. Kosukegawa and T. Takagi: Functionality Improvement of
Nanoparticulate-filled Carbon Fiber Reinforced Plastic, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 20-21
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1. Purpose of the project

The cavity in the liquid needs latent heat as it evaporates, and the temperature of the
liquid around the cavity gets low. As a result, the local saturated vapor pressure
increases, suppressing expansion of cavity. The phenomenon explains thermodynamic
effect in cavitation. Especially, the cavitation in hot water or in cryogenic fluids is
significant on thermodynamic effect.

More investigations have been done on thermodynamic effect in a sheet cavitation in
hydrofoils. However, cavitation in inducers for rocket engines using cryogenic fluids is
not the sheet type but the tip leakage vortex type. Furthermore, the author showed
that the interaction of a tip leakage vortex cavitation with a tip leading edge of a blade
caused cavitation instabilities in an inducer. Therefore, quantitative evaluation for
thermodynamic effect in a tip leakage vortex cavitation is very important to design a
reliable inducer for rocket engines. However, the thermodynamic effect in a tip leakage
vortex cavitation is remained unclear.

This report investigates the thermodynamic effect in a tip leakage vortex cavitation
around the two- and three-dimensional hydrofoils in hot water focusing on the
temperature depression, cavity length and pressure oscillation.

2. Details of program implement

Figure 1 shows the temperature depressions for the sheet cavitation (SC) and the tip
leakage vortex cavitation (TLVC) around the two-dimensional hydrofoil (NACA0009)
with the tip clearance of 0.27mm at the mainstream velocity U.=10m/s, Reynolds
number Re=9.2X 105> and non-dimensional thermodynamic parameter X* =0.483 (7
=90°C). The temperatures for the SC and TLVC were measured at the middle span and
1mm away from the tip, respectively. In ¢>1, the temperature depression A7 for the tip
leakage vortex cavity is larger than A7 for the sheet cavity. As not shown here, it was
confirmed that the pressure around the TLVC was lower than that around the SC in the
computational results.

Figure 2 shows the cavity length Lea/C in cold water (X*=0.072, Re=3.4X105, Tk
=30°C) and hot water (2*=10.3, Re=8.3 X105, 7%.=90°C) at U.=9m/s and =13
degrees in the three-dimensional hydrofoil with the tip clearance of 0.27mm. The cavity
lengths in hot water are smaller than those in cold water. The cavity type depends on
the cavity length. The significant difference between the inception cavitation number in
cold water and hot water is not found.

Figure 3 shows the FFT results at 0=0.898 in cold water and at ¢=0.879 in hot water
The amplitude in hot water is larger than that in cold water and the harmonic
frequencies in hot water are observed. By the picture during five periods of the cavity
oscillation, we confirmed that the cavity closure speed in hot water is higher than that
in cold water. This shows that the sudden cavity closure causes the high pressure
amplitude and the harmonic frequencies.
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Figure 1 : Influence of cavitation number on the temperature depressions inside
the sheet cavitation and the tip leakage vortex cavitation.
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Figure 2: Cavity length in cold water and Figure 3: FFT result for the downstream

hot water in three-dimensional pressure oscillations at ¢=0.898 for
hydrofoil. T-=30C, and at ¢=0.879 for T
=90°C.

3. Achievements
The 70% of the goal that is the design of a three-dimensional inducer for rocket
engines was achieved.

4. Summaries and future plans
The image analysis calculating the brightness value of the cavity pictures will be
operated in order to qualitatively evaluate the thermodynamic effect in the tip
leakage vortex cavity.

5. Research results

1) Journal Not applicable.
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ABFZE T L7z ASPPS 35E M OV LT & o Beliod A FUEL & 72 D RIBHALE, MEFEODASE & [F]
—Ths. (BL, EMITEEEIZGHITO #B T 7 AR EFEH L= 2 LD, AL 2—Iic
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B 1T & o SR R ORR T, X 2 IZRIE D ITO W T 7 AEM OIMBI T H A 7~3. ITO
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Working gas (Flow rate) Ar (0.5 Vmin.)/ N, (2 Vmin.)
Carrier gas Air
Discharge power 25V, 100 A
Deposition distance 20 mm
Feedstock C,H;sOH diluted TTIB* solution
Feedstock quantity 70 ml
Feedstock feed rate 0.1 ml/sec.
Substrate (Size) ITO coated glass (20*40*3 mm) 2 :ITO WBH 7 A S b~ DEALT 5 L BN D
*TTIB: Titanium tetra iso butoxide (Ti(OC,Hs),) KET-
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*[1] T. Morie, H. Liang, T. Tohara, H. Tanaka, M. Igarashi, S. Samukawa, K. Endo, and Y.
Takahashi: Spike-based Time-domain Weighted-sum Calculation Using Nanodevices for
Low Power Operation (Invited), 16th Int. Conf on Nanotechnology (IEEE NANO),
Sendai, (2016), pp. 390-392.
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*[2] H. Ando, K. Tomizaki, T. Tohara, T. Morie, A. T. Fukuchi, M. Arita, Y. Takahashi, and S.
Samukawa: Spike-based Neural Learning Hardware Using a Resistance Change
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[1] H. Takana and A. Tanida: Development and fundamental characteristics of co-axial

MHD energy conversion device, Mechanical Engineering Journal, vol. 4 (2017), 16-00500
(9 pages).
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*[2] Y. Iwamoto, H. Takana, H. Yamaguchi and Y. Ido: Fundamental Numerical Study of
MHD Energy Conversion in Annular Geometry, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 28-29.
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*[1] Y. Nakamura, A. Komiya, J. Okajima, S. Maruyama, A. Sakurai: Coupled Photon and
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Bioheat Transport Simulation for Laser Induced Plasmonic Photothermal Therapy,
Proceedings of the Sixteenth International Symposium on Advanced Fluid Information,
Sendai, (2016), pp. 30-31.
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*[1] H. Tomoeda, Y. Iwamoto, S. Morizawa, H. Kawazoe and S. Obayashi: Experimental Study
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Kinetic Modeling of High-Pressure Surface Ionization Waves
Generated by N s Pulse Discharges

Hidemasa Takana*t, Hideya Hishiyama*
Benjamin Goldberg**, Marien Simeni Simeni**, Cheng Zhang**, Igor Adamovich**t+¥
*Institute of Fluid Science, Tohoku University
**Department of Mechanical and Aerospace Engineering, Ohio State University
TApplicant, tinon-IFS responsible member

Purpose of the project

Provide critical insight into fundamental mechanisms of formation and
propagation of surface ionization waves in high-pressure plasmas, generated by
high voltage, ns pulse duration electric discharges over dielectric surfaces.
Such insight is critical to predictive analysis of high-speed plasma flow control,
biomedical applications, and plasma-assisted ignition applications.

Details of program implement

The results have been presented at 13tt International Conference on Flow Dynamics,
October 10-12, 2016, Sendai, Japan: B.M. Goldberg, M. Simeni Simeni, C. Zhang, H.
Takana, and LV. Adamovich, “Four-Wave Mixing Measurements and Kinetic
Modeling Predictions of Electric Field in a Quasi-Two-Dimensional Ns Pulse
Discharge in Air”.
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Figure 1. Time-resolved electric field (t = - 100 — 450 ns) measured in the negative

polarity discharge pulse at the conditions of Fig. 4, on the discharge center plane, ~ 100
pm below the high-voltage electrode. Approximate laser beam location is shown in the
schematic.
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Achievements

Temporally and spatially resolved electric field has been measured in measurements
in a nanosecond pulse discharge in atmospheric air, sustained between a razor edge
high-voltage electrode and a plane grounded electrode covered by a thin dielectric
plate. The electric field is measured by picosecond four-wave mixing in a collinear
phase-matching geometry, with time resolution of approximately 2 ns, using an
absolute calibration provided by measurements of a known electrostatic electric field.
The results demonstrate electric field offset on the discharge center plane before the
discharge pulse due to surface charge accumulation on the dielectric from the weaker,
opposite polarity pre-pulse. During the discharge pulse, the electric field follows the
applied voltage until “forward” breakdown occurs, after which the field in the plasma
is significantly reduced due to charge separation. When the applied voltage is reduced,
the field in the plasma reverses direction and increases again, until the weak
“reverse” breakdown occurs, producing a secondary transient reduction in the electric
field. After the pulse, the field is gradually reduced on a microsecond time scale, likely
due to residual surface charge neutralization by transport of opposite polarity charges
from the plasma. Spatially resolved electric field measurements show that the
discharge develops as a surface ionization wave. Significant surface charge
accumulation on the dielectric surface is detected near the end of the discharge pulse.
Spatially resolved measurements of electric field vector components demonstrate that
the vertical electric field in the surface ionization wave peaks ahead of the horizontal
electric field. Behind the wave, the vertical field remains low, near the detection limit,
while the horizontal field is gradually reduced to near the detection limit at the
discharge center plane. These results are consistent with time-resolved
measurements of electric field components, which also indicate that vertical electric
field reverses direction after the ionization wave.

Summaries and future plans

Future work will include comparison of the experimental data with kinetic modeling,
and electric field measurements in plasmas sustained in flames and over liquid
surfaces.

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

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

[1] B.M. Goldberg, M. Simeni Simeni, C. Zhang, H. Takana, and I.V. Adamovich:
Four-Wave Mixing Measurements and Kinetic Modeling Predictions of Electric
Field in a Quasi-Two-Dimensional Ns Pulse Discharge in Air, Proceedings of the
Sixteenth International Symposium on Advanced Fluid Information, Sendai,
(2016), pp. 76-77.

[2] M. Simeni Simeni, B.M. Goldberg, C. Zhang, K. Frederickson, W.R. Lempert, and
I.V. Adamovich: Electric Field Measurements in a Quasi-Two-Dimensional Ns
Pulse Discharge in Atmospheric Air, AIAA Paper 2017-1811, 55t AIAA Aerospace
Sciences Meeting (SciTech 2017), Grapevine, TX, January, (2017).

Patent, award, press release etc.
Not applicable.
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Study on High Efficiency Disintegration Method of Thin Resin Plate
Using Underwater Shock Wave Induced by Electrical Discharge and Microbubble
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*[1] T. Koita, M. Sun, Y. Fukushima and S. Kobayashi: Experimental Study on
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Electrical Discharge and Microbubbles, Proceedings of the Sixteenth International
Symposium on Advanced Fluid Information, Sendai, (2016), pp. 126-127.
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Clarification of Bubble Generation and Flow Dynamics in the Vicinity of an Electrode by
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Expansion wave

(a) Ultra pure water  (bl) micro bubbles:  (b2) micro bubbles:

UCA 0.92 pg/ml UCA 9.2 pug/ml

Fig. 2 Visualization of water

after passing the expansion

wave. Bubble growth was

(cl) acrylic particles:  (c2) acrylic (c3) acrylic observed only in the case of
0.88 png/ml particles: 8.8 pg/ml  particles: 88 pg/ml micro bubbles.
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transportation, Proceedings of the Sixteenth International Symposium on Advanced
Fluid Information (AFI 2016), Sendai, (2016), pp. 88-89.
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Plasma Flow in the Discharge Chamber of an Arc Heating Wind Tunnel, 7he 6th Joint
Symposium on Mechanical and Materials Engineering between Northeastern University,
Dailian University of Technology and Tottori University, Tottori, (2016), p. 31.

[2] S. Mizuuchi, T. Mizuguchi, G. Yamada, S. Morizawa and H. Kawazoe: Dissociation
Analysis of Oxygen Plasma for Material Surface Modification, The 6th Joint Symposium
on Mechanical and Materials Engineering between Northeastern University, Dailian
University of Technology and Tbttori University, Tottori, (2016), p. 24.

*[3] M. Nakanishi, G. Yamada, T. Mizuguchi, H. Kawazoe, and S. Obayashi: Flow
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International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 128-129
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Propagation Mechanism of Streamer in Water
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BT, @Ik —Y—2EEte L, BRI 50 ns, 7L —2ALl— T 10 Mega frame

Fig. 2 Propagation velocity obtained from Fig. 1
and the amount of electric charge for 10 ns.

Fig. 1 (a) A series of shadowgraphs of the negative
streamer propagation taken by using a laser as a
backlight with an exposure time of 50 ns at 10
Mips when the voltage of -18 kV was applied and
(b) the synchronized waveforms of the applied
voltage and the discharge current.
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*[1] R. Kumagai, S. Kanazawa, A. Komiya, K. Ohtani, T. Kaneko, T. Nakajima and T. Sato:
Observation of propagation process of negative streamer in water, 6th International
Conference on Plasma Medicine ICPM6) - Book of Abstracts, Bratislava, Slovakia, (2016),
p. 153.
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[2] Excellent Oral Presentation Award, Highly Temporal Visualization of Propagation
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Frequency-Selection Mechanism of Karman Vortices and Vortex Suppression
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[1] Takagi, S., Konishi, Y., Obayashi, S. & Asai, M.: Control of Karman Vortex Street behind
a Thin Airfoil at Low Reynolds Number, Journal of Flow Control, Measurement &
Visualization, Vol. 4, No. 3, (2016), pp. 114-123.
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*[2] S. Takagi, Y. Konishi, H. Okuizumi and S. Obayashi: Wake Instability Behind
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International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 130-131.
[3] S. Takagi, Y. Konishi, N. Itoh, M, Asai and S. Obayashi: Detection of a logarithmic
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Evaluation of Flow Field in Closed Cavity under Temporally Variable Thermal Condition
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or Dispersed Nanoparticles Etching Array Mask
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[1] Y. Tamura, A. Higo, T. Kiba, C. Thomas, J. Takayama, I. Yamashita, A. Murayama, and
S. Samukawa: Temperature-Dependent Operation of GaAs Quantum Nanodisk LEDs
with Asymmetric AlGaAs Barriers, IEEE Transactions on Nanotechnology, Vol. 15, No. 3,
(2016), pp. 557-562.
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Samukawa: Room Temperature Operation of GaAs Quantum Nanodisks LEDs by
different AlGas matrix barriers, Furopean Materials Research Society 2016 Spring
Meeting; Lille, (2016), MLIIL.3.

[4] A. Kikuchi, A. Yao, S. lizuka, I. Mori, I. Yamashita, T. Ono, and S. Samukawa: Thermal
Conductivity of 10nm-Diameter Silicon Nanowires Array Fabricated by Bio-Template
and Neutral Beam Etching, IEEFE 16th International Conféerence on Nanotechnology,
Sendai, (2016), WeAM16.2.
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Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 1st year

Development, Modeling and Characterization of Efficient Magneto—Rheological
Elastomers for Vibrational Energy Harvesting

Gael Sebald*f, Masami Nakano**§+f
Jean-Yves Cavaillé*, Mickaél Lallart***

*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, TFIFS responsible member

Purpose of the project

This project aims at continuing the collaboration between IFS and LGEF INSA on
magneto-rheological (MR) elastomers for magneto-mechanic energy conversion and
vibrational energy harvesting. While the energy conversion possibility has been
previously demonstrated, this project proposes a further step towards the successful
elaboration and application of these materials. This project has three objectives: (1)
material elaboration and optimization; (2) modeling and characterization; (3)
development of an energy harvesting demonstrator.

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

In this fiscal year, the following actions were started:

(1) Elaboration of materials:
Four kind of Magnetorheological elastomers were fabricated and tested. It
consists of silicone rubber matrix where carbonyl iron particles were dispersed
randomly, or aligned with the help of a magnetic induction field during curing.
The addition of silicon oil for softening the material was also tested.

(2) Modeling and characterization:
Extensive experiments were conducted at IFS for determining both
magneto-rheological properties of MR elastomers on the one hand, and their
pseudo Villari effect (change in magnetic properties as a result of applied shear
strain) on the other hand.
Deep analysis of the origin of the magneto-elastic coupling were performed
through the development for example of an analytical model based on magnetic
particles interactions in the applied field. In addition, Finite Element Modeling
simulations were started in the objective of better understanding the physical
mechanisms, and how to improve the magneto-elastic coupling.

(3) Application to energy harvesting:
At this stage, energy conversion capability were estimated. Preliminary design of
energy harvesting devices were discussed and will constitute future work.
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Figure 1: a) Experimental setup for determining magneto-elastic coupling. A constant

3.

2)

current is applied to the excitation coil, and the voltage is monitored on the
search coil when applied a harmonic strain to the MR elastomer samples. b),
Typical voltage signals obtained, showing that magnetic induction field
variations are obtained as a result of the deformation of MR elastomer samples.

Achievements
As stated in the application of this project, the magneto-elastic coupling in the view
of energy harvesting was successfully quantified. Under a bias magnetic induction
field of 0.2 T, dynamic variations up to 10 mT were measured when applying a strain
of 50% on anisotropic MR elastomers. Energy conversion capability was estimated to
be in the mdJ.cm™ range, comparable with other smart materials.

Summaries and future plans

Following a better understanding of the origin of the pseudo-Villari effect, we aim at
developing other materials (different type and processing of the elastomer for
example), further developing models of their behavior, in order to be able to design
future materials (material by design approach). Finally, we aim at developing (design,
fabrication and testing) vibrational energy harvesting devices using the most
promising materials and operating conditions..

Research results (¢ reprint included)

Journal (included international conference with peer review and tutorial paper)
One manuscript is being finalized on a model for MR elastomers, and another
manuscript dealing with pseudo-Villari effect characterization is under review.

International and domestic conferences, meeting, oral presentation etc.

[1] G. Sebald, M. Nakano, J-Y Cavaille and M. Lallart: Development, Modeling and

Characterization of Efficient Magneto-Rheological Elastomers for Vibrational
Energy Harvesting, Abstract Book of TFC-ELyT Workshop 2016, Tohoku
University & Miyagi Zao, Japan, (2016), p.2.

*[2] G. Sebald, M. Nakano, M. Lallart and J-Y. Cavaille: Development, Modeling and

Characterization of Efficient Magneto-Rheological Elastomers for Vibration Energy
Harvesting, Proceedings of the Sixteenth International Symposium on Advanced
Fluid Information(AFI-2016), Sendai, Japan, (2016), pp. 36-37.

[3] G. Sebald, M. Nakano, M. Lallart and J-Y Cavaille: Magneto-Rheological

3)

Elastomers for Magneto-Mechanical Energy Conversion, Abstract Book of 10M?3
(the Institute of Materials, Minerals and Mining) Innovations in Rubber Design,
London, United Kingdom, (2016), p.1.

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

1.

Dielectric Liquid

Masami Nakano*t, Miklos Zrinyi**jf
*Institute of Fluid Science, Tohoku University
**Dep. of Biophysics and Radiation Biology, Semmelweis University
TApplicant, ¥inon-IFS responsible member

Purpose of the project

Controllable rotation of electroactive polymer (EAP) has relevance to a range of
practical applications, for example in micro-motors and in micro-fluidics. In this
research, a novel principle has been proposed for realization of a side drive micromotor,
based on the electrorotation phenomena. The electrorotation or Quincke rotation is the
circular movement of an electrically polarized micron sized particle or material in
dielectric liquids. In this study, miniaturized micro-motors with novel EAP composite
cylindrical rotors in dielectric liquid have been fabricated and demonstrated to rotate
under homogeneous DC electric field.

Details of program implement

The developed miniaturized cubic micro-motor of 3x3x7 mm inner size with a
cylindrical EAP composite rotor in dielectric oil is shown in Fig.1. The EAP composite
cylindrical rotors of diameter d and height L was fabricated as follows; FeO(OH)
particles were dispersed into the gelatin solution at 70 ‘C such a way that the mass
ratio of the filling material to the dried polymer was 4. The mixture was degassed in
a vacuum, and then poured into cylindrical mold and dried carefully at 70 C. The
shaped cylindrical rotor has styrene fiber shafts of 0.5 mm in diameter glued to the
both end surfaces. The diameter was varied between 1.0 and 1.5 mm with height of 1.0,
2.0, 2.5 mm. The motor performances such as rotational speed without load and torque
vs. rotational speed have been investigated as a function of the DC electric field
intensity and the diameter and height of the cylindrical rotors.

d

Rotor shaft Electrodes

Styrene
fiber shaft

Salad oil
~ /
b / \ ap

composite composite
rotor rotor
(d=¢1.0mm, L=2.0 mm)

Figurel: Miniaturized cubic micro-motor of 3mm square and
7mm in height with cylindrical EAP composite rotor.
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Achievements

As shown in Fig.2, the rotation of the micro-motor without load is spontaneous when
the electric field exceeds a threshold value depending on the rotor height, and the
rotational speed increases with increasing electric intensity £ and decreasing the
rotor height, showing the strong dependency on the rotor size. And the induced
torque of the motor decreases with increasing the rotational speed and increases
with increasing the electric intensity as shown in Fig.3. The EAP composite rotor
generates the maximum torque of 0.2 uNm when the electric field intensity of
2.35kV/mm is applied.

Summar ies and future plans

The miniaturized cubic micro-motors cubic of 3x3x7 mm inner size with novel EAP
composite cylindrical rotors in dielectric liquid have been fabricated and demonstrated
to rotate under homogeneous DC electric field. More careful investigation will be
needed in order to study the effect of rotor diameter & length and shape on the speed
and torque of electrorotation.

Research results (¢ reprint included)

1) Journal (included international conference with peer review and tutorial paper)
[1] M. Zrinyi, and M. Nakano: Toward colloidal motors, Periodica Polytechnica:

2)

Chemical Engineering, Vol.61, No.1, (2017-1), pp. 15-18.

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

[2] M. Nakano and M. Zrinyi: Micro-motors Powered by Eelectro-rotation of Smart

Polymer Rotor: Dependence of Rotor Size, Proceedings of Thirteenth International
Conference on Flow Dynamics, Sendai, (2016), pp. 476-477.

*[3] M. Nakano, and M. Zrinyi: Development of Novel Micromotors, Proceedings of the

Sixteenth International Symposium on Advanced Fluid Information, Sendai, Japan,
(2016), pp. 68-69.

[4] M. Nakano, A. Totsuka, C. Sato and M. Zrinyi: Development of Miniaturized

3)

Micro-Motors with Electro-Active Polymer Composite Rotors working in Dielectric
Liquid under DC Electric Field, Proceedings of JSME Fluid Engineering Division
Conference 2016, Ube, Japan, Paper No.1106, (2016), pp. 1-2. (In Japanese)

Patent, award, press release etc.
Not applicable.
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1.

Development of Novel Multi-Layer Magnetorheological Elastomer I[solators

Weihua Li*f, Masami Nakano**f+t
*Faculty of Engineering, University of Wollongong, Australia
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project

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

Details of program implement

We designed and developed a new isolator whose damping and stiffness can be
simultaneously controlled by using MR elastomers and fluids. The structural
schematic of the new MRE-F isolator is shown in Figure 1. It contains an MRF unit
which is composed of MRF piston, piston shaft, floating piston, reservoir filled with
MRF, seals, and electromagnetic coil. Obviously, the damping of the MRF unit is
controllable depending on the magnetic density applied to the MRFs. The most
noteworthy in terms of the structure is the attachment of the MRE unit which
contains annular MR elastomers to the MRF unit. The MRE unit uses the cylinder of
the MRF unit as part of its piston, which makes the design compact and consumes
less space in radial direction. The cylinder of the MRE unit is fixed with the piston
shaft and able to move along the MRF cylinder.

Figure 1: Structural schematic of the new MR elastomer and fluid isolator.
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The field-dependent responses including stiffness variability and damping variability,
together with the amplitude-dependent response and frequency-dependent responses
were separately tested and analyzed successively. The experimental results prove the
successful implementation of the as-designed MRE-F isolator with obvious variable
damping and stiffness. A new phenomenological model incorporating Bingham model
and four-parameter model was developed to describe the dynamic properties of the
isolator. The successful development, experimental testing, and modelling of this
innovative variable stiffness and damping isolator make the concept of variable
stiffness and damping become feasible.

3. Achievements
A new MRE-F isolator was prototyped and its performance was experimentally
evaluated. The research collaboration has resulted in 1 journal article and 3
conference papers, plus two other manuscripts submitted to journals and under
review. One research staff and one PhD students have got excellent joint-supervision
through this collaborative research project.

4. Summaries and future plans
Summaries: This is the second year of the research project on the development of
novel MRE isolators for structural control, which has resulted in excellent results.
Future plans: In the third year of the collaborative research, the following two major
tasks will be conducted: (1) development and implementation of appropriate control
strategies to enhance MRE isolator performance; and (2) joint-supervision of
research students and junior research staff.

5. Research results (x reprint included)
1) Journal (included international conference with peer review and tutorial paper)
*[1] S.S. Sun, J. Yang, W.H. Li, H. Du, G. Alici, T.H. Yan and M. Nakano: Development
of an isolator working with magnetorheological elastomers and fluids, Mechanical
Systems and Signal Processing, Vol.83, January, (2017), pp. 371-384 (14 pages).

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

[2] S.S. Sun, W.H. Li and M. Nakano: Development of a New Nonlinear Adaptive
Absorber Based on Magnetorheological Elastomer, Proc. of the 13th Int. Conf. on
Flow Dynamics (ICFD2016), Sendai, (2016), Paper ID: 0S12-1, pp. 474-475.

[3] S.S. Sun, D. Ning, J. Yang, H. Du and W.H. Li: A Seat Suspension with a Rotary
Magnetorheological Damper for Heavy Duty Vehicles, Proc. of the 13th Int. Conf.
on Flow Dynamics (ICFD2016), Sendai, (2016), Paper ID: OS12-6, pp. 484-485.

*[4] S.S. Sun, W.H. Li and M. Nakano: Development of a Novel Variable Stiffness and
Damping Magnetorheological Fluid Damper, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016), pp.
132-133.

3) Patent, award, press release etc.
Not applicable.
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*[1] R. Sudo, H. Torii, T. Tokumasu, S. Yasuhara, M. Yasui, S. Kaneko: Epitaxial Growth of
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[1] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: RE&PQ.J, 3(2016),
pp. 349-352.

*[2] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: ECS 7rans.,
75(2016), pp. 615-621.

[3] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: AIP Conf. Proc.,
1786(2016), 100004.

2) EF=E - BRESR - RS - QERRE

[4] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: Analysis of the
oxygen scattering behavior on ionomer surface in catalyst layer of PEFC, International
Conference on Renewable Energies and Power Quality, Madrid, Spain, (2016).

[5] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: Scattering
Dynamics of Oxygen Molecules on Nafion Membrane, 3t International Symposium on
Rarefied Gas Dynamics, Victoria, Canada, (2016).

[6] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: Dynamics of
oxygen scattering on ionomer surface in catalyst layer of PEFC, 16 International
Conference on Nanotechnology, Sendai, (2016).

[7] M. Nakauchi, T. Mabuchi, I. Kinefuchi, H. Takeuchi and T. Tokumasu: Reflection
Characteristics of Oxygen Molecule on Ionomer Surface, 2304 ECS meeting, Hawaii, U. S.,
(2016).

*[8] M. Nakauchi, T. Mabuchi, T. Hori, Y. Yoshimoto, I. Kinefuchi, H. Takeuchi and T.
Tokumasu: Scattering Properties of Oxygen Molecule on Nafion Membrane, Proceedings
of the Sixteenth International Symposium on Advanced Fluid Information, Sendai, (2016),
pp. 40-41.
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Project code J16073

Classification General collaborative research
Subject area Fundamentals

Research period | April 2016 ~ March 2017
Project status 1st year

1.

Theoretical and Experimental Study of Flow Stability, Flow Controllability, and

Trapped Acoustic Modes in Cylindrical Expansion Chamber—Pipe Systems

Mikael A. Langthjem*f, Masami Nakano**j+
*Faculty of Engineering, Yamagata University
**Institute of Fluid Science, Tohoku University

TApplicant, T1IFS responsible member

Purpose of the project
(i) To investigate the characteristics of trapped acoustic modes in a cylindrical
expansion chamber-pipe system and the interaction of these modes with
oscillating shear layers.
(ii) To investigate the stability properties of the flow, with a view to flow
control.

Details of program implement

An analytical model representing trapped (localized) acoustic modes in a cavity-pipe
system has been developed. It is based on the method of separation of variables, and
the complete solution is given in terms of a Fourier-Bessel series. Base on this
complete solution, a special solution representing a trapped mode has been
constructed. Figure 1 illustrates the a appearance of such a solution. A standing
wave 1s trapped in the cavity domain and there is radiation of acoustic energy “to
infinity”.

Figure 1 : Sketch of trapped modes in a cavity-pipe system.

Achievements
The existence of trapped modes in a system as that shown in Fig. 1 was
demonstrated numerically by Hein and Koch [J. Fluid Mech. 605, pp. 401-428, 2008],
but no analytical proof has been given. We have given such a proof, by direct
construction of a trapped mode solution, as outlined above. Let the radius of the pipe
be m and that of expansion chamber r1.We have verified analytically that the
frequency of the trapped modes is between the cutoff frequencies of waveguides of
radii m and r1. Complete analytical results are given for the case where r1 is only
slightly larger than m. A journal paper is in preparation.

We have also developed an analytical solution for studying the interaction

— 111 —



between self-sustained flow oscillations in the cavity and standing (resonant)
acoustic waves in a finite-length tailpipe. Acoustic radiation into free space is
included, and comparisons with experimental results are made. Good agreement
between experiments and computations is obtained when acoustic feedback is
included. This work is reported in the paper [3].

4. Summaries and future plans

The described analytical solution for a trapped acoustic mode is being coupled to a
discrete vortex model representation of the (unstable) shear layer which is developed
when there is a mean flow through the cavity-pipe system. The aim is to study the
interaction between self-sustained flow oscillations and trapped acoustic modes. A
second type of interaction may occur with the standing (resonant) acoustic waves in a
pipe of finite length (as mentioned above). It is our aim to study these multiple
interactions.

In addition we will study the stability characteristics of the just mentioned flow,
in order to better understand how interactions are realized.

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

[1] M. A. Langthjem and M. Nakano: Flow-acoustic interaction in an expansion
chamber-pipe system, XXIV ICTAM, Montreal, Canada, (2016), extended abstract,
(2 pages), in Book of Papers.

[2] M. A. Langthjem and M. Nakano: Asymptotic and numerical analysis of resonance
and lock-in by flow-acoustic interaction in an expansion chamber-pipe system,
JSME Journal of Fluid Science and Technology, Vol. 11, No. 4, (2016), Paper No.
16-00124 (19 pages).

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

[3] M. A. Langthjem and M. Nakano: Asymptotic and Numerical Analysis of
Flow-Acoustic Interaction in an Expansion Chamber-Pipe System, taking the
Radiation into Free Space into Account, Proceedings of the Thirteenth
International Conference on Flow Dynamics, Sendai, (2016), pp. 496-497.

*[4] M. A. Langthjem and M. Nakano: Theoretical and experimental study of flow
stability, flow controllability, and trapped acoustic modes in cylindrical expansion
chamber-pipe systems, Proceedings of the Sixteenth International Symposium on
Advanced Fluid Information, Sendai, (2016), pp. 134-135.

[5] M. A. Langthjem and M. Nakano: On trapped acoustic modes in cavity-pipe systems,
The 36 Ryuriki-souon (flow-induced noise) symposium, Tokyo, (2016).

3) Patent, award, press release etc.
Not applicable.
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Project code J16075

Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 1st year

Electronic and Spin Transport of Carriers Localized in 3D Array of Nano-Disks
Fabricated by Bio-Template Top—Down Etching

Natalia Stepina*7, Aigul Zinovieva, Alexaei Nenashev
Shuichi Noda, Md. Zaman Molla, Seiji Samukawa**§+, Tomohiro Kubota
*Institute of Semiconductor Physics
**Institute of Fluid Science, Tohoku University, Japan
TApplicant, +1IFS responsible member

1. Purpose of the project
The aim of this work is to study the electronic, optical and spin-related properties of
an ordered array of high-density QDs based on Si and Ge, obtained by the method of
neutral beam etching through a bio-nanotemplate developed in Tohoku University.

2. Details of program implement
Separated nanocolumns (NCs) with embedded Si nanoclusters were prepared using
the top-down technique (developed in IFS) that combines a bio-template and the
defect-free neutral beam etching of Sio.75Geo.25/S1/Si0.75Geo.25 double-quantum-well
layers (grown in ISP Russia by molecular beam epitaxy (MBE)). "Bio nano process"
(BNP) is one of top-down processes that consists of bio-template technique utilizing
highly orderly 2D nanoparticle arrays of a ferritin protein and the ultra-low-damage
nanoscale patterning method, neutral beam etching. Two type of structures with
different density of NCs were created (Fig.1).
The electron spin resonance (ESR) was studied in the dark and under illumination
for the structures with different lateral sizes of NCs.

Figure 1 : BNP process (left) and SEM images (right) of the first (top panel) and second
(bottom panel) structures.
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3. Achievements

We have studied the spin properties of electron localized in Si quantum dots (QDs)
embedded into NCs created by BNP method for the structures grown with MBE. The
ESR signal, with the isotropic g-factor g=1.9992 corresponding to the electrons
localized in Si nanoclusters, was detected. Separation of Si QDs results in the
suppression of Dyakonov-Perel (DP) mechanism of spin relaxation typical for tunnel
coupled self-assembled QDs. The fourfold increase of spin lifetimes under illumination
was explained by a stronger localization of electrons due to the Coulomb attraction
with photoholes. The spin-spin interaction with surface centers was proposed as the

main mechanism of spin relaxation in the structures under study.
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Figure 2 : The ESR signals obtained for the structures with NCs in the dark and
under the illumination. Inset shows the angular dependence of ESR signal obtained
for the structure with narrow NCs in the dark.

4. Summaries and future plans

We showed that the localization of the electron in separate NCs allowed to exclude DP
mechanizm of spin relaxation. One of the possible ways to further increase the spin
relaxation times is to avoid the interaction of electron spin with surface states. We
plan to use the hydrogen passivation of the surface states before taking out the
samples to the air.

Second problem that plans to be solve in the future work is to creation quantum dots
based on Ge/Si/Sn structures that can be shown type I heterostructure. As a results,
we should increase photoluminescence response as compared with type II Ge/Si
heterostructure.

. 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)
Not applicable.

3) Patent, award, press release etc.
Not applicable.
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Project code J16077

Classification General collaborative research

Subject area Health, welfare and medical
care

Research period | April 2016 ~ March 2017

Project status 1st year

Charge-up on Water Surface by Cold Atmospheric Plasma for Sanitization Device

Tetsuji Shimizu*t, Gregor E. Morfill*
Chaoyi Zhou**, Takehiko Sato***}+
*terraplasma GmbH, Garching, Germany
**School of Engineering, Tohoku University
***Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project
A new technology for disinfection and sterilization has been desired because
nosocomial infections are a growing problem. Additionally, there are many
antibiotic-resistant bacteria developed in recent years. It has been already known that
cold atmospheric plasmas (CAP) can inactivate many kinds of bacteria irrelevant to
resistance against antibiotics. For an optimization process in the applications using
CAP, it is necessary to control the plasma production, plasma chemistry, and transport
of plasma-produced species. A detailed understanding in plasma-liquid interface is of
1mportance because the surface of biological samples is often covered by a liquid layer.
When CAP is applied to such an interface, the surface of liquid is charged up by
charged particles from CAP. This charge-up process can change the plasma production,
and the plasma chemistry is influenced accordingly. Furthermore, the transport is also
influenced because the profile of electric field is modified by the charge-up. The
modified electric field generates a different gas flow from that without the charge-up.
In this project, evolutions of charge on the water surface are measured and the
mechanism of charge accumulation and propagation are discussed.

2. Details of program implement

The used setup in this

project is shown in fig. 1. A

dielectric barrier discharge

plasma was produced at z=0

cm between a pin electrode

and water surface. The

applied voltage for the

plasma production was 6.2

kV with pulse shape.

The charge up on water
surface was detected at 10, 20,
and 40 cm away from the discharge point by electrical probes. The tip of the probes had
a contact with the water surface. The waveforms of the voltages from the probes and
the applied voltage were recorded by an oscilloscope together.

Figure 2 shows a typical measurement for voltage evolution. The waveforms of the
measured voltage by the probes have two components; one is a spike-shape voltage
observed almost simultaneously with the applied voltage, and the second is a voltage

Figure 1: Setup for the measurement of charge profile.
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Figure 2: Applied voltage for plasma production and measured voltage by the probes.

which has a peak a few 100 us after the voltage was applied. The spike voltage is due
to a plasma discharge itself. The other is considered to be due to charge up on the
water surface. From the observed waveforms, the peak intensity decreases with the
increase of distance from the discharge point. This is due to a loss of charged particles
on/in water, e.g. by recombination. The time duration when the voltage evolution has
a peak after the plasma discharge depends on where the voltage is measured. The
time duration increases with the increase of the distance. From the time durations at
several positions, the velocity of this peak movement is estimated around 1000 m/s.
This velocity is much faster than the velocity of water flow.

3. Achievements
We have developed the measurement setup of charge triggered by cold atmospheric
plasma on water surface with a high time resolution. Using this setup, the velocity of
charge movement on water surface was estimated around 1000 m/s. It is obvious that
this velocity is much faster than the velocity of water flow. This is a very important
information for the discussion of the charge accumulation mechanism on water surface
by plasma discharge.

4. Summaries and future plans
The charge evolution on water surface triggered by cold atmospheric plasma was
measured. The propagation velocity of charge on water surface is estimated around
1000 m/s. A further discussion is necessary to understand the detailed mechanism of
charge accumulation and propagation on water surface. This developing knowledge
will be applied to an optimization of cold atmospheric plasma device for sanitization
instrument.

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] T. Shimizu, G. E. Morfill, C. Zhou, and T. Sato: Charge-up on water surface by cold
atmospheric plasma for sanitization device, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 6-7.

3) Patent, award, press release etc.

Not applicable.
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Project code J16078

Classification General collaborative research
Subject area Aerospace

Research period | April 2016 ~ March 2017
Project status 1st year

Immersed Boundary Techniques for Building Cube Method

Arpiruk Hokpunna*{+, Takashi Misaka**, Shigeru Obayashi**¥
*Mechanical Engineering Department, Faculty of Engineering
Chiang Mai University,

**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

Purpose of the project

Develop a new immersed boundary method for building cube method.

Details of program implement

During the research collaboration we check the flaw of the immersed boundary
method and determined that the forcing from the interpolation function for one
momentum may not agree with the forcing in of the other directions and lead to
strong pressure fluctuations which degrade the accuracy. This disagreement must
be resolved through the momentum-pressure iteration which would require several
inner-outer iteration before they are in agreement. In order to have a tightly coupled
between the forcing and the mass-conservation, we plan to develop a second-order
local refinement shown in Fig.1. This refinement can be thought as the locally
non-orthogonal grid refinement which is a completely different approach from
cut-cell method. Each line between the intersections 1is a control surface where we
will store the momentums. This approach is devised to avoid a difficult generation of
co-volumes. However, in order to have this method, we must have a fundamental
algorithm for surface-averaged flow variables. Thus we have developed a novel
Finite-Surface Method (FSM) for incompressible fluid flows.

Figure 1: Geometrical refinement for the new Immersed Finite-Surface Method. The
solid line is the extra y-coordinate and the dashed line is the extra x-coordinate
forming locally enclosing the surface within the cell.

— 117 —



3. Achievements
The method develop during this collaboration is an excellent alternative to existing
mathematical discretization because it has the following properties:

Finite surface method offers an exact mass conservation on the pressure cell.
Transporting convective velocities are automatically divergence-free.

The pressure Laplacian is the most compact under the projection method.

FSM can be used with a less accurate pressure approximation up to four order
lower.

It can deliver solutions comparable to the compact fourth-order FVM 6X faster.

In 3D, the sixth-order FSM require 3X less grid points and thus larger simulation
can be investigated using the same computational resources.

This method could eliminate the need of staggered-grid and co-volumes.

Fig 2: Convergence of the sixth-order FSM on a double shear layers problem. The embedded

contours show the numerical wiggles at N=642 and a smooth solution at N=1922,

4. Summaries and future plans
We planned to submit a joint JSPS-NRCT research scheme to further develop this
finite-surface method and apply it to the building cube.

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] A. Hokpunna, T. Misaka, S. Obayashi: Immersed boundary techniques for Building
Cube Method, Proceedings of the Thirteenth International Conference on Flow
Dynamics 2016, Sendai, (2016).

3) Patent, award, press release etc.
Not applicable.
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Project code J16080

Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 2nd year

The Theoretical Modes of the Wake Flow of Road Vehicles

Chenguang Lai*f, Shigeru Obayashi**ft, Yuting Zhou***
Zhongzheng Fu*, Yongyan Chen*, Kaiping Wen**
* Chongqing Institute of Automobile, Chongqing University of Technology
**Institute of Fluid Science, Tohoku University
*** Institute of Chemical Engineering, Chongqing University of Technology
TApplicant, T+IFS responsible member

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

2. Details of program implement

To better understand the mechanism of the unsteady three-dimensional wake
structure of the high speed road vehicle, the aerodynamic performance and the flow
characteristics for a race car with multi-attack-angle rear wing were investigated, and
the multi-objective optimization of vehicle aerodynamic shape based on intelligent
algorithm 1is also carried out. The experimental test for the race car with a
multi-attack-angle rear wing was carried out in Low Turbulence Wind Tunnel of
Tohoku University (Figure 1). Combining CFD software and intelligent algorithm
method, this study optimized the aerodynamic shape of SUV based on multi-objective
optimization and design technique, shown as Figure 2.

Figure 1: Experimental test in Low Figure 2: Aerodynamic shape optimization
Turbulence Wind Tunnel of a SUV

3. Achievements

The following conclusions were made based on the results of the CFD and e
xperimental investigations: under the effect of the downwash stream, the
multi-attack-angle rear wings can prevent the flow separation in the middle part of the
wing, which brings to a better drag and lift performance than the fixed attach angle
rear wing. And gradually changing the attach angle in the rear wing is a little better
than sudden change of the angle, for it avoids the flow separation in the junction point.
Through the Non-Dominated Sorting Genetic Algorithm Ihethod, under the premise
of that the other design objectives meet the design requirements, the aerodynamic
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drag of the optimized vehicle successfully decreases by 9.5%. The research indicates
that the aerodynamic design of automobile aerodynamic shape based on intelligent
algorithm has excellent applicability and practical significance.

Figure 3: Some examples of the results of the multi-objective optimization of the SUV
aerodynamic shape Based on intelligent algorithm.

4. Summaries and future plans

Summaries: The aerodynamic performances of notchback vehicle with fixed attach
angle rear wing and multi-attach-angle rear wing are numerical investigated and
compared, and this reaearch provides a new reference for the design of vehicle rear
wing. The research of the multi-objective optimization of a SUV aerodynamic shape
indicates that the aerodynamic design of automobile aerodynamic shape based on
intelligent algorithm has excellent applicability and practical significance.

Future plans: Analyze and define the inherent mechanism and the laws of the flow on
the wake of road vehicle; combining the theoretical Modes of the wake flow, based on
intelligent algorithm, form an efficient, accurate and reliable optimization method on
the aerodynamic design on the rear shape of vehicles.

5. Research results (x reprint included)

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

*[1] LAI Chen-guang, ZENG Hong-qiang, ZHUANG Yan, et al.: Numerical Investigation
on the Influence of Different Vane Type Diffusers on the Performance of Centrifugal

Compressor, Journal of Chongqing University of Technology (Natural Science), Vol.
30, No. 12, (2016), pp. 42-47.

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

*[2] C. Lai, Z. Fu, et.al.: Aerodynamic Performance of Car Rear Wing with
Multi-attach-angle, Proceedings of the Sixteenth International Symposium on
Advanced Fluid Information, Sendai, (2016), pp. 42-43.

[3] B. Ren, C. Lai, et al: Multi-objective Optimizzation on Aerodynamic Performance of
Aerotrain Tanden Wing Layout, Proceedings of Thirteenth International
Conference on Flow Dynamics, Sendai, (2016), pp. 686-687.

[4] Y. Chen, C. Lai, et al: Numerical Simulation and Optimization Analysis of
Combustion in a Diesel Engine Cylinder, Proceedings of Thirteenth International
Conference on Flow Dynamics, Sendai, (2016), pp. 756-757.

3) Patent, award, press release etc.

Not applicable.
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Project code J16081

Classification General collaborative research
Subject area Fundamental

Research period | April 2016 ~ March 2017
Project status 1st year

Measurement—Integrated Analysis Methodology for Complex Flow Systems

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

1. Purpose of the project

The collaborative research project aims to establish a measurement-integrated
analysis methodology applicable to complex flow systems. It is important to exactly
reproduce complex real flows in many situations, such as clarification of blood flow
phenomena in a living body and estimation of flow states in turbulent flow control,
but existing method of measurement or numerical simulation cannot solely solve the
problem. International collaboration 1s performed to investigate the
measurement-integrated analysis methodology and apply the method to several
flow-related problems to confirm its validity.

2. Details of program implement
International collaboration is performed to apply the novel fluid-structure analysis
and data assimilation schemes of KTH to the measurement-integrated (MI)
simulation of IFS.
Target problems of the proposed project are 1) interaction between a red blood cell
and endothelial cells on a blood vessel wall and 2) analysis method for a turbulent
flow in a hybrid wind tunnel.
IFS side has the numerical analysis code for MI simulation, and experimental
apparatus of the inclined centrifuge microscope (ICM) and the hybrid wind tunnel
(HWT). The frictional characteristics of erythrocytes moving on a cultured
endothelial monolayer on a glass plates can be measured by ICM. A turbulent flow
behind a square cylinder can be analyzed by MI simulation with HWT.
KTH side has been developed a simulation code for fluid-structure simulation based
on an accelerated Edwald method for Stokes flow coupled to a spectral solver for the
deformation of an elastic membrane. KTH side has strong research activities in flow
control problems including data assimilation methods.
As preparation of this proposal, members of both sides visited counterpart
institutions and discussed about the collaboration.

3. Achievements
For the interaction between a red blood cell and endothelial cells on a blood vessel
wall, the three dimensional simulation using the red blood cell model was performed.
Although the applicability of our numerical method was confirmed to the red blood
cell behavior in the inclined centrifugal force field, the equivalent state of the
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erythrocyte model was not obtained due to the unreal large stiffness of the
erythrocyte model. For the turbulent flow in a hybrid wind tunnel, the
reproducibility of MI simulation to the turbulent flow far downstream from the
square cylinder was investigated. The velocity variations were captured by the MI
simulation far downstream from the square cylinder, but the variations were large
compared to the PIV measurement. The result comes from the application of the
same feedback force along the square cylinder.

4. Summaries and future plans
The purpose of the project in the period was fully achieved. The numerical
simulations were performed for the interaction between a red blood cell and
endothelial cells on a blood vessel wall and for a turbulent flow in a hybrid wind
tunnel. Future plans are the simulations using the realistic mechanical property of
the erythrocyte and the modification of the application of the feedback force along the
square cylinder for the analysis of the hybrid tunnel.

5. Research results (x reprint included)

1) Journal (included international conference with peer review and tutorial paper)
[1] A. Yatsuyanagi, T. Hayase, S. Miyauchi, K. Funamoto, K. Inoue, A. Shirai, L.
Brandt: Numerical analysis for elucidation of mechanical interaction between an
erythrocyte moving in medium subject to inclined centrifugal force and endothelial
cells on a plate, Journal of Fluid Science and Technology, Vol. 11, No. 4, (2016),

p. JFST0029.

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

[1] A. A. Banaei, J. Loiseau, L. Brandt, S. Miyauchi, T. Hayase: Analyzing a single
deformable cell in an inclined centrifuge microscope: a numerical study, 5th Micro
and Nano Flows Conference 2016, Italy, (2016).

[2] K. Kawamoto, T. Hayase, S. Miyauchi, K. Inoue, S. Bagheri, F. Lundell:
Reproduction of turbulent flow field behind a square cylinder by hybrid wind tunnel,
Proceedings of the 13th International Conference on Flow Dynamics (ICFD2016),
Sendai, (2016), pp. 462-463.

*[3] S. Miyauchi, T. Hayase, A. A. Banaei, J. Loiseau, L. Brandt: Three-Dimensional
Numerical analysis for an erythrocyte behavior near a wall in a fluid under an
inclined centrifugal force, Proceedings of the 16th International Symposium on
Advanced Fluid Information, Sendai, (2016), pp. 138-139.

[4] S. Miyauchi, T. Hayase, L. Brandt, F. Lundell, S. Bagheri: Two-Dimensional
Numerical simulation for the effect of capsule elasticity on its behavior near a plate
in a fluid under an inclined centrifugal force field, 16th International Conference on
Biomedical Engineering, The 16th International Conference on Biomedical
Engineering, Singapore, (2016).

3) Patent, award, press release etc.
Not applicable.
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Nanostructured Heusler Alloys and Related Compounds Prepared by Mechanical
Alloying and Plasma Electrolytic Methods for Energy Saving Thermoelectric
Power Generation and Protective Coatings

Vladimir Khovaylo*f, Toshiyuki Takagi**+t
Hiroyuki Miki*** Hiroyuki Kosukegawa**, Alexander Rakoch*
Alexandra Gladkova*, Evgeniya Monakhova®, Valeria Zueva*
*National University of Science and Technology “MISiS”
**Institute of Fluid Science, Tohoku University
***Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project
Purpose of the project is experimental study of tribological properties (microhardness,
wear resistance, erosion resistance, surface roughness) of coatings obtained under
optimal technological regime of plasma electrolytic oxidation on laboratory samples
of functional materials; ii) investigation structure and morphology; iii) corrosion
resistance; iv) porosity; v) adhesion of coatings to the substrate.

2. Details of program implement

During the last year, the research was focused on the theoretical study of the
influence of nature of the alloying elements on i) growth kinetic, ii) structure iii) phase
composition of the coatings obtained on laboratory samples of functional materials by
PEO, iv) changes in the thickness of the outer porous coating layer due to the entering
of the oxide of the bivalent metal of the coatings. Optimal silicate and silicate-alkaline
electrolyte solutions with the entering of the oxide of the bivalent metal were
developed.

From the experimental data it follows that alloying of functional materials in
particular aluminum with bivalent metals may either decrease or increase the
concentration of a-Al:Os and total amount of the high-temperature modifications
(a-Al203+0-Al203+5-Al203) in the coatings Change in the amount of high-temperature
modifications of alumina in the coatings formed on aluminum due to alloying is
probably related to the formation of the metastable solid solutions. The stable diagram
of CoO-Al203 confirms the hypothesis of the formation of metastable solid solutions.
The eutectic compound of a solid solution of cobalt oxide in the aluminum oxide or a
compound of variable composition CoO-nAl2O3+Al203 is formed at 2229 K. The lattice
parameter 7.964 + 0.003A in a solid solution containing 77.5 vol.%. of Al20Os is almost
the same as that one of the y-Al2Os without cobalt oxide. The presence of Co, whose
oxides stabilize the low-temperature modification of alumina mainly in the outer layer
of the coating (Fig. 1), is one of the main reasons of the lower thickness of the outer
porous layer of the coating. The concentration of a-Al20s, or the total number of
high-temperature modifications of aluminum oxide coatings determines their wear
resistance, microhardness and erosion resistance.
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Figure 1: SEM micrographs of cross-section of coatings formed by PEO on the functional
material in the solution with the small addition of with addition of Co(NOs)2 (a) and
EDX elemental map of Co in these coating (b).

3. Achievements
The main achievements can be summarized as follow. First, experiments revealed
that microhardness (up to 1500 HV) and wear resistance (pin-on-disk test) of the
coatings after PEO in the base electrolyte with addition of Co(NOs)2 as well as their
adhesion to the substrate (according to results of scratch test) remain very high.
Second, according to ISO 9227, the anticorrosive characteristic of the formed coatings
is high and corrosion damages are absent after 336 h in salt spray chamber.
4. Summaries and future plans
In summary, we studied structural and tribological properties (microhardness, wear
resistance, erosion resistance, surface roughness) of coatings obtained on the
functional materials by PEO in optimal solution containing 2 g1t NaOH, 7 gl?!
technical water glass (TNaz0-2.9Si02-9H20 (TWG)) with addition of 1-4 g-11 Co(NOs)2.
Future plan is to develop a methodology for wear-resistant coating formation and
apply it to industrial details made of the functional materials.
Results of the collaborative research have been described in the following three
papers which were accepted to per-reviewed journals:
1) A.L. Voronin, V. Yu. Zueva, D. Yu. Karpenkov, D.O. Moskovskikh, A.P. Novitskiy, H.
Miki, V.V. Khovaylo, Semiconductors (in press).
2) A. Shubin, D. Karpenkov, A. Stepashkin, D. Arkhipov, S. Taskaev, T. Takagi,
V. Khovaylo, Key Eng. Mater. (accepted).
3) A.G. Rakoch, A.A. Gladkova, H. Miki, V.V. Khovaylo, E.P. Monakhova. T.
Takagi, Wear (accepted).

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] A.A. Gladkova, V.V. Khovaylo, A.G. Rakoch, N.A. Predein, Phan Van Truong, H.
Kosukegawa, H. Miki, T. Takagi: Development of Plasma Electrolytic Oxidation
Method for Formation of Protective Coatings on Functional Materials, Proceedings

of the Sixteenth International Symposium on Advanced Fluid Information, Sendai,
(2016), pp. 140-141.

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

— 124 —



Project code J16083

Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 2nd year

Numerical study on gas lubrication of a textured surface in micro/nanoscale

Shigeru Yonemura*¥, Yevgeniy Bondar**1}, Pavel Vashchenkov**
Alexander Shevyrin**, Anton Shershnev**
*Institute of Fluid Science, Tohoku University
**Khristianovich Institute of Theoretical and Applied Mechanics
TApplicant, Ttnon-IFS responsible member

Purpose of the project

Surface texturing has been studied for improvement in tribological performance
of sliding surfaces. In the case where liquid 1s used as a lubricant for
microhydrodynamic bearings, the pressure cannot be lower than the pressure at
which cavities are formed in the liquid. Therefore, the pressure rise will be greater
than the pressure drop, and it has been explained that this asymmetric pressure
distribution may make the pressure averaged over the whole surface higher than
the ambient pressure. Since the cavitation does not appear in gas, the mechanism of
gas lubrication is different from that of liquid lubrication and it had not been
explained. Recently, Yonemura et al. clarified the mechanism of high gas pressure
generation induced by a textured surface in micro/nanoscale. However, in order to
design the optimal configuration of the surface texture for good tribological
performance, further accumulation of knowledge of gas lubrication of a textured
surface is required. In the present study, numerical simulations and theoretical
analyses are performed in order to understand this phenomenon in more detail.

Details of program implement

One example of the considered lubricated surfaces is shown in Fig. 1 and the
corresponding simulation result of pressure distribution for that lubricated surface
1s shown in Fig. 2. Here, the upper surface is textured, and the lower counter
surface with flat surface is sliding in the x direction. The surface pattern on the
upper surface is repeated infinitely both in the sliding direction and in the side
direction. The pressure at the inlet of the dimple region becomes smaller than the
ambient pressure (1 atm). In the dimple region, the pressure monotonically
increases in the x direction, i.e., in the direction of the motion of the lower counter
surface, and then, reaches its maximum at the outlet of the dimple region. On the
other hand, in the subsequent flat region, the pressure decreases in the x direction,
and then, reaches its minimum at the inlet of the next dimple region. The pressure
distribution in the flat region along the centerline of the dimple region parallel to
the x axis is convex upward. This shape of the pressure distribution makes the
pressure averaged over the whole surface higher than the ambient pressure (1 atm).

Although the dimple pattern is repeated infinitely in the side direction in the
above simulation, it must be connected to the atmospheric air eventually in the case
of practical use of the lubrication system. In such a case, the side leakage of gas is
problematic because it decreases the load capacity of the lubrication system. The
results obtained in the present numerical analyses, which is not shown here,
suggests to us the way to prevent the side leakage of gas.
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2)

*[1]

Fig. 1 Considered dimple pattern.

Fig. 2 Pressure distribution.

Achievements

We obtained the important knowledge to prevent the side leakage of gas during
gas lubrication of a textured surface.

Summaries and future plans

In the third year, we will verify our idea to prevent the side leakage of gas by
performing numerical simulations for the lubrication of a textured surface. And
further more, the optimal shape of the textured pattern will be investigated.

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)

Vashchenkov P.V., Belyaeva A.A., Yonemura S., Kawagoe Yo: Numerical
investigation of the effect of the rotating disk surface microscructure on the lift
force, XVIII International Conference on the Methods of Aerophysical Research
(ICMAR-16), Perm, (2016), Abstracts part II, pp. 219-220.

*[2] Pavel Vashchenkov, Anastasya Belyaeva, Yevgeniy Bondar, Shigeru Yonemura, and

3)

Yoshiaki Kawagoe: Numerical Investigation of 3D Flow in Micro-/Nanoscale
Channel with Sliding Surface, Proceedings of the Sixteenth International
Symposium on Advanced Fluid Information, Sendai, (2016), pp. 44-45.

Patent, award, press release etc.
Not applicable.
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Aeroacoustics of Low Reynolds Number Flows Via Dynamic Hybrid RANS/LES and Stochastic
Noise Generation and Radiation

Adrian Sescu*t, Shanti Bhushan**, David Thompson*
Bukhari Manshoor***, Yuji Hatoori***{+
*Department of Aerospace Engineering, Mississippi State University
**Department of Mechanical Engineering, Mississippi State University
***[nstitute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

The objective of the project is to derive and test a hybrid computational aeroacoustics
technique based on a dynamic hybrid RANS-LES approach (DHRL) and the stochastic
noise generation and radiation method aimed at predicting noise generation and
propagation from low Reynolds number flows. The low frequency content of the
acoustic source will be predicted via DHRL approach, while the SNGR method will
provide the high frequency content of the acoustic source representing contributions
from unresolved flow scales. The numerical results obtained via DHRL-SNGR
approach will be compared to direct numerical simulations (DNS), as well as with
existing experimental results.

2. Details of program implement

A flow around a cylinder at small to moderate Reynolds number was chosen by the
IFS team because of the computational limitations posed by the direct numerical
simulations. MSU team conducted numerical simulations using different hybrid
RANS/LES methods in an attempt to show that the DHRL’s performance is superior.

Figure 1: Comparison among three different approaches
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Figure 1 show a comparison in terms of acoustic pressure contours, instantaneous flow
streamlines, iso-surfaces of Q criterion and mean streamwise velocity. The IFS tram is
performing direct numerical simulations of flows in the same conditions.

Underway are efforts to generate stochastic velocity and scalar fields based on statistics
from RANS, to be able to model the small scales of turbulence that are not predicted by
the LES. Within the project, the Ffowcs-Williams Hawkins acoustic analogy has been
implemented in an in-house MSU code. This will be used to estimate the sound pressure
level (SPL) from acoustic waves propagating from the source. The methodology will be
applied in the context of jet noise; figure 2a show density fluctuations on a cylinder
around a jet, which is used in the Ffowcs-Williams algorithm to calculate the acoustic
pressure history (figure 2b); the corresponding SPL is shown in figure 2c.

o 02 0.4 06 08 1 12 10 10°
b) time x10” C) s,
Figure 1 : a) Density fluctuation on the Ffowcs-Williams Hawkins surface; b) Acoustic
pressure history in a probe location; ¢) sound pressure level (SPL).

3. Achievements
The project started much later than we expected, and as a result everything was
delayed. While a postdoc from IFS was available right away to work on this project, the
MSU team identified a PhD student who agreed on working on this project much later.
The IFS team performed direct numerical simulations of several low Reynolds
numbers for a cylinder in a Mach 0.2 flow. The MSU team performed DHRL
simulations of the same test case, and started the research about jet noise prediction.

4. Summaries and future plans
Research is underway to apply the methodology in the framework of jet noise. To this
end, DHRL in utilized to predict the large scales of the flow in the jet, while a
stochastic model is employed to model the small scales. Sweeping of small scales by the
large scale is taken into account to increase the accuracy of the approach. In the next
year, the technique will be tested on an axisymmetric jet (conference papers and
journal articles will be published).

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)
Not applicable.

3) Patent, award, press release etc.
Not applicable.
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Quantitative Temperature Measurement of High Pressure Flame Applying

Laser Induced Thermal Grating Spectroscopy (LITGS)

Akihiro Hayakawa*f, Simone Hochgreb**{+¥
Steven Lowe**, Yi Gao**, Hideaki Kobayashi*
*Institute of Fluid Science, Tohoku University

**Department of Engineering, University of Cambridge

TApplicant, fnon-IFS responsible member

1. Purpose of the project

Laser Induced Thermal Grating Spectroscopy (LITGS) is a laser based diagnostics
technique that has become the subject of increasing interest. The purpose of this study
is to apply LITGS for high pressure flame and to acquire the flame temperature

quantitatively.

2. Details of program implement

High pressure combustion experiments were carried out using the high pressure test
facility at the IFS and the LITGS set up was established. OH was selected for the
species of excitation. In order to increase OH concentration, oxygen enriched flame was
employed. As shown in Fig. 1, LITGS signal was successfully acquired at the pressure,
P, of 0.5 MPa. Here, ¢ is equivalence ratio and &wv is the dilution rate which is defined
as the N2 concentration in (O2+N2) mixture. Figure 2 shows the derived temperature
for oxygen enriched cases in terms of equivalence ratio. The derived temperature was
close to the adiabatic flame temperatures which were calculated from numerical
simulations. And the flame temperature was higher than 2800 K. The difference
between the temperature obtained from one-dimensional flame simulations and the
derived temperature from LITGS signal was around 6.4 % within the present study.
This result demonstrates that LITGS has the potential for highly accurate quantitative
temperature measurements in flames that operate in high pressure environments, such

as a rocket motors.
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Fig. 1 Example of the LITGS signal. Fig. 2 Derived temperature from

the LITGS signal.
3. Achievements
We have demonstrated that LITGS is available not only for CH4/air flames but also
oxygen enriched CH4/O2/N2 flames whose flame temperature is close to 3000 K.
Therefore, the potential for LITGS measurement in high temperature flame is also

demonstrated.

4. Summaries and future plans
LITGS signals successfully acquired at 0.5 MPa and the derived temperature was close
to the adiabatic flame temperature. As for the next plan, NO will be used for the species
for excitation and the temperature profile from unburnt to burnt region of the flame

will be acquired.

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] A. Hayakawa, T. Yamagami, S. Lowe, T. Kudo, Y. Gao, S. Hochgreb, H. Kobayashi:
Quantitative Temperature Measurement of High Pressure Flame by Using Laser
Induced Thermal Grating Spectroscopy (LITGS), The Sixteenth International
Symposium on Advanced Fluid Information, Sendai, (2016), pp. 142-143.

[2] A. Hayakawa, S. Lowe, K. Takeuchi, T. Yamagami, T. Kudo, Y. Gao, S. Hochgreb and
H. Kobayashi: Quantitative Temperature Measurement of High Pressure CH4/O2/N2
Laminar Flams Using Laser Induced Thermal Grating Spectroscopy (LITGS), 54th
Symp. (Japanese) Combust, Sendai, (2016), p. 102.

3) Patent, award, press release etc.

(Award) Best Presentation Award, “Quantitative Temperature Measurement of High
Pressure CH4/O2/N2 Laminar Flams Using Laser Induced Thermal Grating
Spectroscopy (LITGS)”, A. Hayakawa, S. Lowe, K. Takeuchi, T. Yamagami, T.
Kudo, Y. Gao, S. Hochgreb and H. Kobayashi, November 24, 2016, Combustion
Society of Japan.
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Physical Insight into Mach Reflection Transition and Its Hysteresis
in Axisymmetric Intakes in Continuum and Rarefied Flow Conditions
for High-Speed Airbreathing Propulsion

Hideaki Ogawa*{, Sannu Molder**
Evgeny Timofeev*** Ben Shoesmith***
Georgy Shoev**** Yevgeniy Bondar****
Kiyonobu Ohtani*****§+, Shigeru Obayashi*****
*School of Engineering, RMIT University
**Department of Aerospace Engineering, Ryerson University
***Department of Mechanical Engineering, McGill University
*#¥**Khristianovich Inst. of Theo. and Applied Mechanics, Russian Academy of Science
wk*E*[nstitute 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 including ramjets and scramjets. Thorough understanding of
intake physics and capabilities for accurate design are of crucial importance for efficient
engine operation and reliable intake start. Shock wave interactions play a primary role
in intake flow compression. The primary aim of this proposed project is to develop
essential understanding of the flow characteristics and physical insight into the
underlying mechanism, with particular focus on the shock structure and reflection with
various intake geometries in numerical, experimental and theoretical approaches. It
also aims to investigate the intake flow behavior in the rarefied regime to elucidate the
underlying physics that is responsible for the difference from the continuum regime.

2. Details of program implement

The implementation of the overall program consists of the following two stages:

(1) The first stage investigates intake flowfields using numerical and theoretical
approaches, focusing on Mach reflection (MR) in the stunted (axially contracted)
Busemann intakes. The shock structures and behavior in continuum ambient
conditions are studied numerically by probing into inviscid and viscous transitional
flowfields with Euler and Navier-Stokes solvers, whereas the flow characteristics in
rarefied conditions are investigated by applying DSMC at Mach 8.

(2) In the second phase, experiments are conducted in the supersonic wind tunnel of the
IFS shock-wave facilities at Mach 2. Intake geometries to be examined include: (a)
stunted Busemann intakes on the verge of Mach reflection transition (b) M-flow intakes
with various shock angles. Viscous correction is applied to both configurations. Further
numerical investigation via kinetic simulations with Direct Simulation Monte Carlo
(DSMCQ) is conducted to identify the key flow physics in rarefied conditions.

In particular, the present project was undertaken to advance the research, focusing on
the second phase towards the experimental testing for the verification of the results
obtained in computational and theoretical approaches.
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3. Achievements

Desired inviscid flow characteristics have been achieved successfully in the presence of
viscosity for full and stunted Busemann intakes and M-flow intake rings (Fig. 1) in
hypersonic and supersonic freestream of Mach 8 and 2, respectively, by applying a
boundary-layer correction method that has been developed by employing an iterative
process with a boundary-layer edge detection method based on the total enthalpy. The
flow behaviour in a rarefied gas at a high altitude has been examined for the Busemann
intake with DSMC, exhibiting distinctly different features compared to continuum flow
(Fig. 2). Physical insights have consequently been gained into the flow physics and
behavior particularly for centerline shock reflection in axisymmetric compressible flow.

" (a) overview (b) close-up

Figure 1 : Comparison of inviscid and viscous-corrected flowfields in M-flow intake ring
for Mach 2 freestream

viscous (BL corrected)

rarefied gas

e i

Figure 2 : Comparison of viscous-corrected continuum and rarefied gas flowfield for full
Busemann intakes for Mach 8 freestream

4. Summaries and future plans

The research project has been advanced to investigate the physical characteristics and

behavior of high-speed airflow subjected to axisymmetric compression. An accurate

viscous correction method using an iterative process has been developed and validated

in application to Busemann intakes at Mach 8 and M-flow intake rings at Mach 2.

Design of experimental models is underway by using this capability toward experiment

scheduled in 2017, for which preliminary testing has been conducted in the supersonic

wind tunnel at IFS. Numerical studies are being advanced for both continuum and
rarefied regimes to verify and compare with the results to be obtained from experiment.

5. Research results (x reprint included)

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

[1] S. Mélder: Curved shock theory, Shock Waves, Vol. 26, No. 4, (2016), pp. 337-353.

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

international conference without peer review)

*[2] H. Ogawa, B. Shoesmith, S. Mélder, G. Shoev, Y. Bondar, E. V. Timofeev, K. Ohtani,
and S. Obayashi: Shock Behaviour and Centreline Reflection in High-Speed Air
Intakes, Proceedings of the Sixteenth International Symposium on Advanced Fluid
Information, Sendai, (2016), pp. 46-47.

3) Patent, award, press release etc. Not applicable.
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Characteristic Simulation of Neutral Beam Etching Fabricated Nanodisks

for New Material Applications

Yiming Li*t, Seiji Samukawa**{f
* National Chiao Tung University

**Institute of Fluid Science, Tohoku University

TApplicant, T1IFS responsible member

1. Purpose of the project
In this project, based on the 1st year investigation, we continuously examine the
electrical and physical properties of neutral-beam-etching (NBE) fabricated
nanodisks (NDs) by solving a set of electronic and quantum mechanical equations.
The main results of this project indicate new characteristics of the explored
nanometer-scaled material for advanced application in the field of energy harvesting

devices.

Figure 1 : (a) A cross-sectional BF-STEM image of the fabricated QDSL sample. (b)
Schematic plot of the studied QD solar cell. (c) Illustration of a unit cell of four QDs for a
four-layered QDSL, where the number of QDs depends on the layer number.

Figure 2 : Plot of the heavy hole DoS for Si/SiC QD superlattice (QDSL) with A= 4.0 nm,
r=3.2 nm, sDot = 0.3 nm, and zDot = 0.5 nm. Four different number of layers: 1, 2, 4,
and 8 are simulated. The right inset shows a zoom-in plot of GBW for L. = 8.
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2. Details of program implement

As shown in Fig. 1, we explore the electrical and physical properties of the NBE
fabricated multi-layer NDs by intensively performing numerical simulation of
electronic structure for the nanostructure system firstly. As shown in Fig. 2, we
consider density of state (DoS) with process parameters from experimental
parameters of NBE. The ground state bandwidth (GBW) and optimal operation
condition are examined for the fabrication of s Si/SiC NDs. The main results of this
project may benefit advanced application in the field of QDSL devices.

3. Achievements
We successfully developed physical models for NBE fabricated multi-layer NDs
which exactly meet the target stated in the application form. Both the electrical and
physical characteristics have been explored in this project. We have reported
interesting studies and have joint publication in many journals and conferences from
both universities.

4. Summaries and future plans

We have reported timely the dependency of miniband energy and bandwidth on the
vertical space, the horizontal space, and the number of layers for Si/SiC QDSL. For
the thinner vertical space, the conversion efficiency can be enhanced by introducing
more number of layers. On the contrary, a four-layered QD solar cell is able to
approach the maximum efficiency for those cases with vertical space thicker than 2.0
nm. For further exploration, and for the expected utility value, the vertical space
should not be broader than 4.0 nm. In the next project, we will focus on the
optimization of multi-layer NDs for energy harvesting devices.

5. Research results (x reprint included)

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

[1] Wataru Mizubayashi, Shuichi Noda, Yuki Ishikawa, Takashi Nishi, Akio Kikuchi,
Hiroyuki Ota, Ping-Hsun Su, Yiming Li, Seiji Samukawa, and Kazuhiko Endo:
Impacts of plasma-induced damage due to UV light irradiation during etching on Ge
fin fabrication and device performance of Ge fin field-effect transistors, Applied
Physics Express, January, (2017), Vol. 10, No. 2, pp. 026501 (4pp).

[2] Fu-Ju Hou, Po-Jung Sung, Fu-Kuo Hsueh, Chien-Ting Wu, Yao-Jen Lee, Yiming Li,
Seiji Samukawa and Tuo-Hung Hou, “Suspended Diamond-Shaped Nanowire with
Four {111} Facets for High-Performance Ge Gate-All-Around FETs,” IEEE
Transactions on Electron Devices, (2016), Vol. 63, No. 10, pp. 3837-3843.

(Other) 8 Journals

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

*[3] Yi-Chia Tsai, Ming-Yi Lee, Yiming Li, Mohammad Maksudur Rahman, and Seiji
Samukawa, “Miniband Formulation of Neutral Beam Etching Fabricated Si/SiC
Nanodisks Array,” Proceedings of the Sixteenth International Symposium on
Advanced Fluid Information (AFI 2016), Sendai, (2016), pp. 70-71.

(another) 1 Domestic Conference

3) Patent, award, press release etc.

(Award) Best Paper Award, Ming-Yi Lee, Yi-Chia Tsai, Yiming Li, and Seiji Samukawa,
“Numerical Simulation of Physical and Electrical Characteristics of Ge/Si
Quantum Dots Based Intermediate Band Solar Cell,” IEEFE International
Conference on Nanotechnology IEEE Nano 2016), Sendai, Japan, Aug. 22-25,
2016, pp. 357-360.
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Project code J16095

Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 3rd year

Characterization of Plastic Deformation Using Electromagnetic NDT Methods

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

1. Purpose of the project

Concerning the plastic deformation occurred in the structures of Reduced Activation
Ferritic/ Martensitic (RAFM) steels, which is a candidate material for new generation
nuclear structure, to propose and validate electromagnetic NDT methods for their
quantitative evaluation are the major objectives of the third year project. With
experiments and numerical simulations, the correlation and influence of the plastic
strain and residual stress on the NDT signals are investigated for a typical RAFM
steel.

2. Details of program implement

To evaluate the plastic deformation and the residual stress in a structure of RAFM
steel at the same time by using magnetic methods, a hybrid NDE approach was
proposed and validated. The feature parameters of the magnetic Barkhausen noise,
magnetic incremental permeability and the magnetic flux leakage were on-line
measured for test-pieces of different plastic deformation during elastic tensile loading
process. The feature parameters of the NDT signals show different tendencies for the
residual stress and plastic strain. An R index factor approach was proposed then to
simultaneously evaluate the residual stress and plastic deformation in the RAFM steel.
The experimental results show that the proposed method and testing system are
efficient to evaluate the residual stress and plastic deformation in RAFM steel.

In practice, a fixture was designed and fabricated to attach the hybrid NDT probe
onto the surface of test-pieces (TPs) to make online NDE measurement. Five TPs with
different levels of residual plastic strains (0%, 1%, 2%, 3%, 5%) were prepared. Online
MBN, MIP and MFL measurements were conducted when the TPs were being stretched
to a selected stress level (0, 50, 100, 150, 250 MPa) in elastic range. The dependences of
the features parameters of the measured signals on the plastic strain and stress were
investigated. To obtain the residual stress and plastic deformation from the measured
ENDE signals at the same time, an index parameter £ is proposed as

A—a B-b C-c
R=\/| y |+\/I |+\/I |
(L1) B(L1) C(L1) (1)

where A, B, C are the feature parameter values at each stress and strain values applied
in the calibration tests and at the interpolation points between them, a, b, ¢ are the
measured feature parameter values at the point to be evaluated. The residual stress
and plastic deformation at the testing point can be obtained by taking the values where
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the index R shows minimum value. A group of typical evaluation results are shown in
Table.1. The true residual stress and plastic strain (200 MPa and 3%) were predicted as
exact values and the true value (90 MPa and 1.6%) were predicted as 85 MPa and 1.4%.
The result shows that the R value approach can help to get the information of residual
stress and plastic strain at the same time.

Table.1 Two examples of stress and strain evaluation

True Predict True Predict
Stress (MPa) 200 200 85 90
Strain (%) | Testl 3 31 | Test2 T3 15
R value 0.01 0.08 0.1 0.13

3. Achievements
A method to evaluate the plastic deformation and the residual stress in a structure of
RAFM steel at the same time by using magnetic nondestructive evaluation methods
was proposed and validated. R index method is proved effective to get the residual
stress and plastic deformation in RAFM structure at the same time.

4. Summaries of the three years project
The correlations of plastic deformation in a carbon steel on signals of different
methods were investigated via experiments in the first year. In the second year project,
the feasibility of ENDE for evaluation of plastic deformation in a structure of biaxial
strain state was investigated. In this year project, the ENDE method for simultaneous
evaluation of residual stress and residual strain in a structure of RAFM steel was
developed. Over 10 journal papers were published during the 3 year projects.

5. Research results (x reprint included)

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

*[1] Shejuan Xie, Mingming Tian, Pan Xiao, Cuixiang Pei, Zhenmao Chen, Toshiyuki
Takagi: A hybrid NDT method of PECT and EMAT Techniques for Simultaneous
Surface and Volumetric Defects Inspection, NDT&E Int., 86(2016), pp. 153-163.

[2] Hongmei Li, Dongli Zhang, Wenlu Cai, Yong Li, Zhenmao Chen, Tetsuya Uchimoto,
Toshiyuki Takagi: Effect of phase transformation on the damage induced
magnetization of 304 austenitic stainless steel, Stud. Appl. Electromagn. Mech.,
(2016), Vol. 41, pp. 187-194.

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

*[3] Zhenmao Chen, Shejuan Xie, Manru He, Tetsuya Uchimoto, Toshiyui Takagi:
Characterization of plastic deformation and residual stress using ENDE method,
Proceedings of the Sixteenth International Symposium on Advanced Fluid
Information, Sendai, (2016), pp. 48-49.

3) Patent, award, press release etc.
Not applicable.
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Project code J16101

Classification General collaborative research
Subject area Environment and energy
Research period | April 2016 ~ March 2017
Project status 1st year

Analysis of Transport Phenomena of Oxygen Ion in Electrolyte of Solid Oxide Fuel Cel |

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

1. Purpose of the project

For membrane materials of solid oxide fuel cell, the key properties are mixed ionic and
electronic conductivity (MIEC) that allows oxygen ion to permeate through the material
at various conditions. A conducting perovskite-type oxygen transport membrane (OTM)
reactor has shown promising results, but requires more extensive evaluation concerning
MIEC properties. To evaluate the oxygen ionic conductivity, the membrane was
investigated by both experiment and simulation. From these results, we suggest a new
concept of membrane which has high ionic conductivity.

2. Details of program implement

To improve the stability of the MIEC an additional exclusively ionic conductive material
was added at varying ratios to the overall material composition. Cey,Smgg0,.5(SDC) was
selected as the additive material to be combined with the high performing SrScy;C0g903.5(SSC)
MIEC material. Based on a weight ratio, the materials were mixed together using a ball milling
technique, then formed into bar shaped samples using a dry pressing machine where they were
subsequently sintered at high temperatures (1200 °C). After sintering the material morphology and
structure was investigated using a scanning electron microscope (SEM).

Figure 1: SEM images of the dual-phase OTM surfaces arranged in incremental order
a) 0 wt.% of SDC additive b) 20 wt.% of SDC additive and ¢) 50 wt.% of SDC additive
after sintering for 5 hours at 1200 °C

After examining the morphology and structure of the fabricated samples, it was found
that the inclusion of additive materials increased the number of grain boundaries,
prompting the development of an accurate simulation model. After fabrication, overall
samples conductive properties were investigated. It was shown that although the
additional SDC improved samples mechanical and chemical stability, the total
conductivity of the material declined.

Regarding the simulation analysis, a Molecular Dynamics (MD) simulation models in
which grain boundaries exist were constructed for SSC which has perovskite structure
and SDC which has the fluorite structure membranes. It has been found that the
mixture of these two oxides shows high MIEC. The constructed models in this study are
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shown in Figure 2. The first model is membrane of SSC having grain boundaries (left
figure). The second model is membrane of SDC having grain boundaries (middle figure).
The third model is membrane in which grain boundaries exist between SSC and SDC
(right figure). All models can be changed the distance between the grain boundaries and
we have confirmed the diffusion coefficient of oxygen ion decreases due to the grain
boundaries.

Figure 2: The constructed models which has grain boundaries

3. Achievements

The inclusion of an addition material (SDC) showed no modification to the original
perovskite-type material (SSC). As more SDC was added, the fabricated samples
showed an increase in grain boundaries throughout the entire structure. Upon further
investigation, the total conductivity was shown to decrease with the addition of SDC.
As for the simulation analysis, we have consulted the MD simulation models in which
grain boundaries exist and confirmed that the effect of the grain boundaries on the
diffusion coefficient of oxygen ion.

4. Summaries and future plans

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

In regard to the simulation analysis, we constructed MD simulation models in which
grain boundaries exist and their effect were analyzed. As the future plans, the effect of
nanoscale structure in MIEC on its properties will be analyzed by using the constructed
models and we propose a membrane which has high ionic conductivity.

5. Research results (x reprint included)

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

[1] R. Falkenstein-Smith, P. Zeng, and J. Ahn: Investigation of Oxygen Transport
Membrane Reactors for Oxy-Fuel Combustion and Carbon Capture Purposes,
Proceedings of the Combustion Institute, Vol. 36, No. 3, (2017), pp. 3969-3976.

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

*[2] R. Falkenstein-Smith, M. Rushby, J. Ahn, H. Nagashima and T. Tokumasu:
Exploring the Performance of Dual Phase Oxygen Transport Membranes for
Carbon Capture Purposes, Thirteenth International Conference on Flow Dynamics,
(2016).

*[3] H. Nagashima, R. Falkenstein-Smith, T. Tokumasu, and J. Ahn: Analysis of
Transport Phenomena of Oxygen Ion in Membrane of Solid Oxide Fuel Cell,
Proceedings of the Sixteenth International Symposium on Advanced Fluid
Information, Sendai, (2016), pp. 122-123.

3) Patent, award, press release etc.

Not applicable.
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Project code J16104

Classification General collaborative research

Subject area Health, welfare and medical
care

Research period | April 2016 ~ March 2017

Project status 1st year

Research of High-Speed Contact with Medical Devices

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

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

2. Details of program implement

In the surgical field, bone biomodels are used for the purpose of improvement of
doctor’s skill or evaluation of medical devices. Especially for a training of dental
implant surgery, jawbone models are used. However, there is no standard evaluation
method of bone biomodel and therefore the best model for the performance of drilling is
not clear. In this study, in order to understand drilling behavior and propose adequate
evaluation method of bone biomodels, measurement of friction torque under drilling
was carried out with existing bone biomodels, pig femur and PMMA (poly(methyl
methacrylate)).

Fig. Drilling system for evaluating bone models.

3. Achievements
Expected results
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4. Summaries and future plans
We will evaluate several bone models.

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

[1] Y. Muramoto, V. Fridrici, Ph. Kapsa, G. Bouvard, M. Ohta: Tribological aspects of
drilling bone biomodel, Procédés et Génie civil, JIFT2015 (Journées Internationales
Francophones de Tribologie 2015, 27-29 mai 2015, Nantes, France, Edited by M. -T.
Do, V. Cerezo, Ph. Kapsa, (2016), pp. 81-89.

[2] Kaihong Yu, Ren Takahashi, Makoto Ohta: DEVELOPMENT OF THE WORKING
FLUID WITH BLOOD VISCOSITY FOR EVALUATING ABLATION CATHETER
IN IN VITRO SYSTEM, International Mechanical Engineering Congress &
Exposition 2016, (2016), Phoenix Convention Center, Phoenix, AZ, USA.

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

[3] Yuta Muramoto, Joanna Seiller, Vincent Fridrici, Gaétan Bouvard, Philippe Kapsa,
Makoto Ohta: Material Investigation for the study of drilling bone biomodel, 3rd
International Conference on BioTribology (ICoBT 2016) ,(2016), London, UK.

[4] Kaihong Yu, Vincent Fridrici, Philippe Kapsa, Makoto Ohta: Evaluation of Tissue
Heating for Radiofrequency Ablation Using a Vibrating Catheter, TFC ELyT
Workshop 2016, (2016), Tohoku University & Miyagi Zao Royal Hotel, Japan.

*[5] Yuta Muramoto, Joanna Seiller, Vincent Fridrici, Philippe Kapsa, Gaétan Bouvard,
Makoto Ohta: Drilling under constant feed rate for bone biomodel made of acrylic
composites, TFC ELyT Workshop 2016, (2016), Tohoku University & Miyagi Zao
Royal Hotel, Japan.

*[6] Gina Fauziah AKASUM, SUPRIJANTO, Kaihong YU, Makoto Ohta,
Radiofrequency Ablation: Lesion Size Measurement on Agar Phantom, 7FC ELyT
Workshop 2016, (2016), Tohoku University & Miyagi Zao Royal Hotel, Japan.

[7] KHE 1E, T 9L, Simon Tupin, JE/KEEE, 2206 W : J)FH . B FHIRERENE 2
(5 U= AEREE T L (S FEFL) O3 LG, # 1 2 E#IEK¥ REDEEM
VR Y T A, (2016), BRE R —L, BUR.

[8] Kaihong Yu, Ren Takahashi, Makoto Ohta: In Vitro Experimental Evaluation for
Radiofrequency Ablation: Electrode Temperature and Lesion Size of Ablation with
Open Irrigation Cooling, 3rd Biomedical Science and Technology Symposium
(Macquarie-Tohoku Symposium), (2016), Sendai, Miyagi, Japan.

3) Patent, award, press release etc.
Not applicable.
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Research period | April 2016 ~ March 2017
Project status 1st year

Development of Program for Surveying Stent Strut Position

Makoto Ohta*t, Bastien Chopard**f+

Kazuhiro Watanabe*** Mingzi Zhang **** Hitomi Anzai*****

*Institute of Fluid Science, Tohoku University
**Geneva University, Swizterland

***Graduate School of Biomedical Engineering, Tohoku University
****Graduate School of Engineering, Tohoku University

*#EFFRIFS, Tohoku University
TApplicant, ffnon-IFS responsible member

1. Purpose of the project

Purpose of this study is to calculate all possibilities of place of stent strut. This study
1s a bottom up study and is the first time in the world. We will find a proper stent strut
distance through this study.

2. Details of program implement

Flow diverter (FD) stent implantation is becoming attractive for the treatment of
cerebral aneurysm because of its low level of invasiveness. However, the implantation
of FD stent poses a risk of parent artery occlusion [1]. This is thought to be caused by
bio-reaction to metal. Therefore, one strategy for avoiding the risk of arterial occlusion
1s the use of a device with a higher porosity to reduce the amount of metal used.

Figure 1° Strut placement on the neck plane

Figure 2: Flow reduction ratio with idealized
aneurysm model and two struts
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However, the flow diversion efficiency of a high-porosity stent is sensitive to deploying
position [2].

In this study, we performed flow simulation to propose well-balanced stent design in
the view points of positioning robustness, and porosity.

From the comprehensive studies, we confirmed a critical area that maintained a high
flow reduction regardless of the position of another strut. This result is expected to
provide important guidance on stent porosity with regard to robustness of deployment.
(courtesy from Japan-Swiss Biomechanics 2017)

3. Achievements
Expected results

4. Summaries and future plans
We will expand this strategy using deep learning system.

5. Research results (x reprint included)

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

*[1] Kazuhiro Watanabe, Hitomi Anzai, Makoto Ohta: FLOW SIMULATIONS TO
ESTABLISH THE RELATIONSHIP BETWEEN THE INFLOW ZONE IN THE
NECK OF A CEREBRAL ANEURYSM AND THE POSITIONS OF STRUTS,
International Mechanical Engineering Congress & Exposition 2016, (2016), Phoenix
Convention Center, Phoenix, AZ, USA.

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

*[2] ZVule, JEEFTE, 7R+, Narendra Kurnia Putra, EHE, KHAE: ET%
SEIZIIT 5 CAVE IEH, AIdifblsd, (2016), Vol. 36, No. 143.

[3] Narendra Kurnia Putra, Hitomi Anzai, Makoto Ohta: Comparison Study of Blood
Flow Pattern Changes due to the Blood Vessel Deformation during Intravascular
Stent Deployment, 7FC ELyT Workshop 2016, (2016), Tohoku University & Miyagi
Zao Royal Hotel, Japan.

[4] Narendra Kurnia Putra, Hitomi Anzai, Makoto Ohta: Hemodynamic Behaviors
under Blood Vessel Deformation by Stent Struts, Two Dimensional Study,
Thirteenth International Conference on Flow Dynamics, (2016), Sendai.

[5] Hitomi Anzai, Norman Juchler, Makoto Ohta, Sven Hirsch, Daniel A. Riifenacht,
Isabel Wanke: Correlating MR Wall Enhancement and Wall Shear Stress: Does
CFD work to predict aneurysm instability? (P29) , 13th International IntraCranial
Stent Meeting, (2016), Kobe, Japan.

3) Patent, award, press release etc.
(Award)
[1] Hitomi Anzai, Poster Award (13th International IntraCranial Stent Meeting, Nov.
26-27, 2016, Kobe)
[2] Kazuhiro Watanabe, Poster Award (13th International IntraCranial Stent Meeting,
Nov. 26-27, 2016, Kobe)
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*[1] K. Funamoto, R. Sugibayashi, K. Funamoto, K. Nakanishi, T. Ito, M. Kawataki, T.
Hayase and Y. Kimura: Analysis of an Autonomic Nervous System of Mouse Fetus with
Congenital Heart Defect, Proceedings of the Sixteenth International Symposium on
Advanced Fluid Information, Sendai, (2016), pp. 92-93.

[2] K. Funamoto, M. Kawataki, K. Nakanishi, C. Yoshida, K. Funamoto, Y. Dong, T. Ito, N.
Sato, and Y. Kimura: Excess Retinoic Acid to Pregnant Mouse Increases The Risk of
Long QT Syndrome for The Fetal Heart, Abstracts of the Joint Meeting of the German
and Japanese Societies of Developmental Biologists, Kiel, Germany, March, (2017), pp.
77-78.
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1. Purpose of the project

The collapse of a near-wall bubble has been extensively investigated mainly because of
its capability to generate a high-speed jet and high-pressure shock waves, which are
closely related to the cavitation erosion, a main concern of rotating machinery in the
marine, pump and other industries. The recent experiment indicates that a 2mm
Tantalum block can be sucked up toward the bubble of the maximum radius about 8mm
generated by electric discharge. The fact strongly suggests that the motion of
underwater particle is affected by a suction force towards the bubble. When a bubble is
located near a thin specimen plate, the specimen can be slightly sucked up towards the
bubble even during its growth. In some numerical results, the negative pressure is also
recorded in the collapse phase using the fully compressible modeling. However, little
attention has been paid to this issue probably because the magnitude of the negative
pressure can be one or a few orders of magnitude smaller than the pressure peak at the
final bubble collapse phase.

It i1s shown by the Rayleigh-Plesset equation that if bubble growth or collapsing
velocity is low, the pressure in water monotonely increases from the bubble pressure to
the ambient atmospheric pressure in radial direction. For a vapor bubble, the bubble
pressure is often lower than the atmospheric pressure except at the final collapse phase,
so that a negative gauge pressure field appears. The negative pressure lasts much
longer than the final collapse phase that produces a high pressure. It numerically
showed that the magnitude of the negative impulse (suction) can be larger than the
positive one at a distance greater than one radius of the maximum bubble from the
center, for the bubble initially located at 1.3 times of its radius from the wall. It is
estimated that an underwater object may experience acceleration, a few orders of
magnitude larger than the standard gravity near an over-expanded bubble in the
negative pressure field. The existence of negative pressure may be a new factor that is
responsible for the cavitation sterilization and the dust removal from surface using
bubbles.

This work tries to quantitatively investigate the dynamics characteristics of objects
after shock wave loading and its interaction with the primary bubble. the negative
pressure field near an underwater gas bubble. A preliminary study on cavitation
sterilization is also performed.
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2. Details of program implement
2.1 Dynamic Characteristics of Underwater Objects after Shock Wave loading

In this study, the underwater explosion is created by the electric discharge. Figure 1
shows schematic diagram of the experimental setup. The discharge device consists of
the trigger and discharge circuit. The trigger circuit comprises mainly a DC power, a
manual trigger and a fly back transformer. Two electrodes are connected with a thin
copper wire of 0.05 mm in diameter. The voltage of the high voltage power can be varied
from 3 kV to 10 kV with the current of 1 mA. The capacitor is connected in parallel with
voltage power and its capacity C is 0.2 pF. Then, the high voltage supplied in the
capacitor is discharged instantly in the thin copper wire connected with two electrodes.
The generated at the wire raises. When the temperature of the wire reaches the boiling
point, the wire vaporizes with high temperature and pressure. The underwater
explosion is then generated. Extensive studies have been conducted on the mechanism
of the generation of explosion with electric discharge. The underwater shock wave is
formed after the discharge, and then, a primary explosion bubble appears at the wire
location. The size of tank is 270x270x275mm The size of cube is 2x2xX2mm, and the
sphere is 2mm in diameter.

(a) (b)
Figure 1 The experimental setup (a) Top view, (b) Side view

Iris diaphragm’
. Light source

Water tank

Band pass filter
P Camera lens

Plane-convex lens High-speed
video camera

Parabolic mirror

Discharge
device

Figure 2 Optical arrangement for the experiment

Figure 2 presents schematically the optical arrangement for visualization. The shock
wave and bubble evolution were recorded directly with a high speed video camera,
PHANTOM V2010 (Nobby Tech. Co., Ltd.), at the frame rate of 1.2x105 frames/s. The
visualized field is 384 pixel X 144 pixel. The laser, CAVILUX HF (Cavitar., Ltd.) with
power of 500 W, is used as the light source because it provides laser pulse of short
duration of 50 ns, and high luminance light source is required in the direct visualization
of small region. The shock wave and the objects will be discussed qualitatively from the
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recorded photos. The location of the objects and a few flow features can be measured
from recorded photos, and their velocities are then calculated from the displacement.

Figures 3 and 4 show two shadowgraph images of the experimental setup before
experiment and an underwater shock wave interacting with the Aluminum block on a
PMMA stand about 6.7 ps after discharge. The discharge flash around the electrode is
more bright in reality. In this study, the flash is filtered by using a bandpath filter
that allows the laser beam to pass through, so that the object can be resolved more
clearly.

Figure 3 Experiment setup

Figure 4 Shock wave interacting with the Aluminum block on a PMMA stand

From the recorded sequential images, we then analyze them to obtain dynamic
characteristics of objects. We use image analysis software DIPP-MotionV 2D (DITECT
corporation). This software has a subpixel resolution that approximates the target
location by interpolating the grayscale of a few pixels in the neighborhood, so that
almost continuous location of objects can be recorded, which is important for obtaining a
proper velocity. For object identification, we set three reprehensive tracking points as
shown in Figure 5. The locations of an object are given by the average one of the three
tracking points.

(@)
Figure 5 Tracking points for automatic object identification (a) Cubic, (b) Spherical
block
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Table 2 Initial velocity of blocks
after shock loadina

(b)

Figure 6 Displacement of PMMA cube

Figure 6 shows an example of displacement of PMMA block. In this study, the
instant when the shock wave reaches the block is set to be t = 0. We do not chase the
block immediately after discharge up to t=10 ps. The underwater shock wave affects the
refractive index, so that the location of block is significantly distorted. According to
Figure 6, the object moves beautifully in a linear manner up to 100 ps, or the object has
a constant initial velocity. We approximate the displacement by linear and second order
polynomials, and then the differential of the polynomials provides velocity. Initial
velocity is t=0. Table 1 shows the average of initial velocity. The measurement error is
estimated by image resolution. The image resolution is 0.056mm/pixel, and
measurement time is 0.1ms. In these experiments, the velocity error is thus about
0.28m/s if the maximum measurement error is to be 0.5 pixel. Figure 7 records initial
velocity against the maximum radius of primary bubble for three materials with two
shapes.

Table 1 The property and the dynamic characteristics of three objects of Cu, Al and PMMA

The pressure of shock wave and the force loading on the cubic objects can be further
estimated from the measured velocity. We consider the motion equation from Newton’s
second law, as shown in Eq. (1), where m is the mass of the cubic block. Assuming the
pressure behind the shock wave remains a constant during the shock interaction with
the block, Eq. (1) can be further simplified to Eq. (2), which provides the pressure of
shock wave. The force loading on the cubic is obtained by Eq. (3). Table2 shows the
property and the dynamic characteristics of three objects. The force is different from
materials.

(1
(2)
3
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Figure 7 Relationship between initial velocity and maximum radius of primary bubble

2.2 Enhanced Shock Wave Sterilization in a Narrow Water Chamber with Cavitation
bubbles

Figure 8 shows a schematic of the bio-experimental setup in a narrow water chamber.
The dimensions of the narrow water chamber were 300 mm (H) x 240 mm (W) X 5 mm
(D). As shown in Fig. 2, a bag made of a 0.1-mm silicone film was designed in the water
chamber and filled with cell suspension of marine Vibrio sp.. The dimensions of the
silicone bag were 120 mm (H) x 100 mm (W) x 5 mm (D). Its acoustic impedance was
almost the same as that of water. The discharge point was set up at a distance of about
20 mm from the bottom of the silicone bag in the water chamber. Underwater shock
waves were continuously generated by a high-voltage pulse power supply and a pulse
generator.

Figigure. 8 Schematic of bio-experimental setup in narrow water chamber
Figure 9 illustrates a considerable sterilization mechanism in the narrow water

chamber. The cavitation bubbles generated behind the underwater shock waves interact
with the reflected shock waves or the next coming shock wave. Finally, rebound shock
waves and free radicals are generated by the collapse of the cavitation bubbles, and the
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marine bacteria around the bubbles are killed. A photo of the marine Vibrio sp. used in
the bio-experiments is shown in Fig. 3 (c).

Figure 9 Concept of sterilization mechanism using cavitation bubbles behind generated
underwater shock waves

To further investigate the mechanism whereby the cavitation bubbles were generated in
the narrow water chamber, the optical observation was carried out in the box area by
the dashed lines as shown in Fig. 10. In Fig. 10 (a), the water chamber was filled with
distilled water while the silicone bag contained artificial seawater. Figure 4 (b) shows
the other setup of the water chamber arranged with an air layer of /1 between the
water surface and the bottom of the silicone bag, to prevent underwater shock waves
generated by electric discharge directly propagating into the silicone bag.

Figure 10 Schematic of narrow water chamber used for optical observation: (a) chamber
full of distilled water, (b) air layer of L1 between water surface and silicone bag

Figure 11 shows the multiple waves generated by an underwater electric discharge in
the narrow water chamber, observed using the schlieren method. The output power of
the electric discharge was 28.6 kV. The high-speed camera (i-SPEED 7, Nac Image
Technology) captured images at a frame rate of 100 kfps and an exposure time of 300 ns.
The resolution of the images was 840 X 216 pixels. In the figure, an ELW propagating in
the acrylic wall and the SW generated by the electric discharge are observed in Fig. 11
(1). The SW is thought to be cylindrical due to the thickness of the water chamber. The
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images indicate that its propagating speed is about 1500 m/s. At 20us, the SW is
reflected partly at the bottom of the silicone bag, as indicated by RSW 1 and then
transmitted through the bag. At 30 ps, the secondary wave (2nd wave) has passed
through the bag, and then its reflected wave (RSW 2) is observed behind the RSW 1.
Moreover, the area of cavitation bubbles is found and grows with the passage of the 2nd
wave following the SW in the silicone bag. Therefore, we consider that the 2nd wave is
an expansion wave. The expansion wave can be caused by the reflection of the ELW at
the interface between the air and the wall of the water chamber [4], the propagation of
the shear stress propagating in the wall material, or the concentration of underwater
shock waves [3]. At 180us, the rebound shock waves generated by collapses of the
cavitation bubbles are captured in the silicone bag. These results suggest that the
cavitation bubble behind the expansion wave following SW is potentially capable of
killing marine bacteria.

Figure 11 Observation of multiple waves generated by underwater electric discharge in
narrow water chamber using schlieren method

Figure 12 shows estimates of the number of viable cells for an electric discharges of
28.6 kV. The plots shown in this figure are of the averages for six sets of
bio-experimental data. The solid squares are the reference data obtained from the
solution of the marine bacteria without the action of any shock waves. The number of
viable cells hardly changes throughout the course of the experiment. The solid triangles
and diamonds represent the results of the bio-experiments obtained using an electric
discharge of 28.6 kV with and without air layer between the water surface and the
bottom of the silicone bag, respectively. The figure shows that after 4 min, all the marine
bacteria are completely killed without air layer, while only one order of the number of
marine bacteria are killed with a 2-mm air layer because of weak underwater shock
waves in the silicone bag. Consequently, we can confirm that the cavitation bubbles
generated in the water chamber contribute to inactivating marine bacteria.
Furthermore, a shock wave inducing collapse of bubble plays an important role in the
shock wave sterilization.
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Fig. 12 Estimation of sterilization effect obtained with 28.6-kV electric discharges:
m reference data, A with 2-mm air layer, and € without air layer

3.

)

2)

3)

Achievements

It is found that the object gains an initial velocity immediately after the shock wave
loading, and the underwater object may experience an acceleration rate two orders
of magnitude higher than the gravity.

Summaries and future plans

In this study, the motions of cubic and spherical blocks made of different materials,
copper, Aluminum and PMMA, after electric discharge is investigated
experimentally. We measured the displacement of objects and analyzed
shadowgraph images to obtain displacement of objects. It is found that the object
gains an initial velocity immediately after the shock wave loading. The initial
velocity has a closer correlation with the density and the sound impendence than
their shape. The force loading on the objects are different from materials. This work
implies that the PIV technique can be quantitatively applied for underwater shock
wave phenomena, if the properties of objects are known, although their interaction
time can be very short.

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)
Not applicable.

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

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

2. Details of program implement
1) Further elaboration of the existing numerical code and necessary testing, involving,
for example, modification of calculation of the arc current and testing the velocity
asymmetry for 400 A.
2) Time-demanding calculations have been carried out for a fine grid-independent
mesh, for 150-400 A with 15 and 22.5 slm (standard liters per minute) of argon for
both the inhomogeneous and homogeneous models.

3. Achievements

The results of the present calculation can be summarized as follows:

(a) Mixing of water and argon plasma species is inhomogeneous under all the studied
conditions (150-400A, 15-22.5 slm of argon). Argon species are dominant in the
central regions of the arc, water ones in arc fringes.

(b) All the combined diffusion coefficients exhibit highly nonlinear asymmetric profiles
within the discharge, depending on temperature, pressure and argon mass fraction
in the plasma. The local maxima of the coefficients in the discharge are related
mostly to ionization of atoms or dissociation of steam.

(c) Temperature and ordinary diffusions are the most dominant contributions in the
equation for the argon mass diffusion flux. Diffusions due to pressure gradients and
due to the electric field are about of one order lower.

(d) Comparison with our former calculations based on the homogeneous mixing
assumption confirmed the following facts:

e There is a difference in temperature distribution — the arc is slightly squeezed with
higher temperatures at the axis. Arc fringes are thicker, i.e. the regions with low
temperature are wider.

e The mixing model provides higher reabsorption of radiation, i.e. higher arc
efficiency, and lower radiation flux and radiation losses in the discharge.

e Enthalpy has a different distribution with a maximum in the nozzle region.
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e Small impact was found on flow characteristics (velocity, Mach number, pressure).

(e) Comparison with our former experiments shows very good qualitative and
quantitative agreements for the radial temperature and velocity profiles 2 mm
downstream of the exit nozzle.

4. Summaries and future plans
The results of the project confirm inhomogeneous mixing of argon and water plasma
species in the discharge calculated by the combined diffusion coefficients method.

Diffusion of species is a very complex phenomenon, influenced by highly nonlinear

dependence of the combined diffusion coefficients on temperature, pressure and argon

mass fraction. Our future plans include:

1) Solving the inhomogeneous model for currents higher than 400 A and argon mass
flow rates higher than 22 slm.

2) Clarification of the problem of velocity asymmetry at the arc axis for currents higher
or equal to 400 A through different numerical tests.

3) Comparison of the results with new experiments, based on the optical emission
spectroscopy measurements of Arl, OI and HI lines, is intended to be carried out at
IPP (Institute of Plasma Physics AS CR, v.vi) in Prague in 2017. Updated radial
profiles of argon molar fraction at the outlet are desired. The validity of former
experiments carried out at IPP has to be checked.

4) Possible further extension of the inhomogeneous model, including the entrained
surrounding air into the discharge.

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] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, A. B. Murphy, M. Bartlov4, V.
Aubrecht, Investigation of mixing of plasma species in argon-water arc discharge
(abstract), 2016 IEEFE International Conference on Plasma Science (ICOPS), 19-23
June 2016, Banff, Alberta, Canada. Electronic ISBN: 978-1-4673-9601-1, ISBN:
978-1-4673-9602-8, Publisher: IEEE.

*[2] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, A. B. Murphy, M. Bartlova, V.
Aubrecht, Investigation of diffusion of plasma species in argon-steam arc discharge,
Proc. of 16th Int. Symp. on Advanced Fluid Information (AFI 2016), pp. 174-175,
ISSN 1344-2236, IFS-TM028, October 10-12, 2016, Sendai, Japan.

[3] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, A. B. Murphy, M. Bartlova,
V. Aubrecht, Numerical Modeling of Mixing of Plasma Species in Argon—Water Arc
Discharge for Low to Moderate Currents, 13th Int. Conf on Fluid Dynamics ICFD
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Japan.

3) Patent, award, press release etc.

(Lectures)

[1] 2016 IEEE Int. Conf on Plasma Science (ICOPS 2016), 19-23 June 2016, Banff,
Alberta, Canada. Title: Investigation of mixing of plasma species in argon-water
arc discharge.

(2] 13th Int. Conf on Fluid Dynamics (ICFD 2016), October 10-12, 2016, Sendai,
Japan. Title: Numerical Modeling of Mixing of Plasma Species in Argon—Water Arc
Discharge for Low to Moderate Currents.

— 166 —



Multiple Collaborative Research Project
Project code J16R004

Subject area Fundamentals

Research period | April 2016 ~ March 2017
Project status 1st year

Instability and Nonlinear Dynamics of Curved Vortices

Yuji Hattori*t, Makoto Hirota*
Stéphane Le Dizes**{1, Thomas Leweke**

Stefan G. Llewellyn Smith***f+, Yasuhide Fukumoto****{+
*Institute of Fluid Science, Tohoku University
**IRPHE and Aix-Marseille University
***MAE, UCSD
****Institute of Math-for-Industry, Kyushu University
TApplicant, ffnon-IFS responsible member

1. Purpose of the project

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

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

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

2. Details of program implement

2.1 Plan of the research project

In order to study the dynamics of vertical structures which appear in the nature and
engineering applications we should deal with vortices which have continuous vorticity
distribution like Gaussian vortices. The effects of buoyancy are also important in
astrophysical and geophysical flows. Thus the research plan of the project consists of
the following three sub-projects.
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(1) Nonlinear Dynamics of Vortex Rings with Continuous Vorticity Distribution

Nonlinear evolution of destabilized vortex rings which have continuous vorticity
distribution is studied by direct numerical simulation (DNS). First, we confirm that
vortex rings with continuous vorticity distribution are subjected to curvature instability
as shown analytically by Blanco-Rodriguez and Le Dizés (2017). Next, the subsequent
nonlinear evolution of disturbances is studied by DNS. There can be two mechanisms
of saturation of evolution:

(i) The resonance condition of curvature instability can be lost as the core of the
vortex ring grows in viscous flows;
(ii) Weakly nonlinear effects can also cause saturation.

After checking when saturation occurs, further evolution of the vortex ring is
investigated to clarify whether it breaks up and ends up with a turbulent mess or it
develops into a quasi-equilibrium state in the form of a turbulent vortex ring.

Vortex rings are also subjected to the elliptic instability due to the strain field induced
by the vortex rings themselves. Competition between the curvature instability and the
elliptic instability will be investigated by DNS.

(2) Nonlinear Dynamics of Vortex Rings with Variable Density

The linear stability of vortex rings with variable density is studied theoretically and
numerically. Nonlinear evolution of disturbances and transition to turbulent state are
also investigated. First, we consider the linear stability of a vortex ring which has an
interface where the density changes discontinuously; the effects of surface tension are
taken into account. The analysis can be performed by a method used in Fukumoto and
Hattori (2005) while the matching conditions at the surface should be modified in order
to take account of the density jump and surface tension. Next, the analysis is extended
to vortex rings with continuous density variation.

Conditions for instability are derived based on the energetics of waves. The
theoretical results by Hirota and Fukumoto (2008) are extended by including the effects
of variable density and surface tension. The derived conditions will be compared to the
theoretical and numerical results.

(3) Nonlinear Dynamics of Helical Vortices

Nonlinear evolution of destabilized helical vortices which have continuous vorticity
distribution is studied by DNS. We consider an ideal helical vortex which extends to
infinity in both directions and of which centerline is a helix of constant curvature and
torsion.

First, DNS is carried out to confirm the linear stability properties found theoretically
(Blanco-Rodriguez and Le Dizés, 2017). The differences between the helical vortices
and the vortex rings will be elucidated by comparing with the theoretical results
(Blanco-Rodriguez and Le Dizés, 2017) and by clarifying the effects of torsion and
dependence on the Reynolds number. Next, nonlinear evolution of the disturbances
and competition between the curvature and elliptic instabilities are investigated.
Experimental studies are also performed as in Quaranta et al. (2015) to obtain
characteristics of the short-wave instability of helical vortices.

2.2 Results
2.2.1 Numerical Methods

In order to investigate the linear instability of a vortex ring, first we obtain the base
flow of an undisturbed vortex ring by DNS imposing axisymmetry. Then the linearized
Navier-Stokes equations are integrated for sufficiently long time so that the solution
becomes close to the most unstable mode.
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The three-dimensional Navier-Stokes equations for a viscous incompressible flow are
solved in a cylindrical coordinate system (r; 0, 2. Periodic boundary conditions are
imposed in z direction, while N-fold periodicity is imposed in 6 direction. For spatial
discretization, the sixth-order accurate compact scheme is used in r direction, while the
Fourier spectral method is used in 0 and z directions. For time marching, the
second-order Crank-Nicolson method is used for the viscous terms, while the
second-order Adams-Bashforth method is used for the other terms. The Poisson
equations are decomposed into independent second-order ordinary differential
equations for Fourier modes, which can be solved accurately by a six-th order accurate
compact scheme.

The simulation parameters are chosen as follows. The curvature instability occurs
at the cross points of the dispersion curves of the Kelvin waves. We choose two cross
points at which the growth rate is large: [I_A, 1. BI=[3, 1], [4, 2], where 1_A and 1.B
denote the indices of the branches of m=0 waves and m=1 waves, respectively. The
axial wavenumbers of the cross points are k=1.144 for [3, 1] and £=1.829 for [4, 2]. The
thickness of the vortex ringis ¢ =0.1. The Reynolds number based on the circulation
of the vortex ring is Re= I'/(27 v)= 104, 5X 104 Periodicity in 0 direction imposes
kI ¢ =nN, where nis an integer.

The value of Nis 11 for [3, 1] and 18 for [4, 2] with n being fixed to unity. The size of
the domainis 0 < r<100R_0 and 0 < z< 4 = /3 R_0, where R_0 is the initial radius of the
vortex ring.

2.2.2 Numerical Results

Starting from a Gaussian distribution, the axial vorticity evolves into a quasi-steady
distribution as shown in Fig. 1. The initial values of the core radius and the swirl
parameter are determined taking account of their time evolution so that they become
given values when the flow becomes quasi-steady.

Two examples of time evolution of disturbance energy are shown in Fig. 1. Here the
vorticity distribution is “‘randomized" initially for Re=104  In this case, the
disturbance energy decays at the early stage of time evolution as irrelevant modes decay.
However, as an unstable mode grows the energy tends to an exponential growth. The
vorticity distribution deforms significantly initially as suggested in Fig. 2 (a), while it
settles to a growing eigenmode after sufficiently long time (Fig. 2b). For Re=5 X 104,
on the other hand, the initial vorticity distribution is set to an unstable mode for Re=104
so that the disturbance energy settles quickly to an exponential growth (Fig. 1).
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Fig. 1 (Left) Base flow shown by contours of axial vorticity. ¢ = 0.1, Re=104, 1/q=0.2.
(Right) Time evolution of disturbance energy. ¢ = 0.1, 1/q=0.2. Re=104,5 X 104
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Fig. 2 Structure of unstable mode shown by contours of axial vorticity. ¢ =0.1, Re=104,
1/q=0.2, [I_A, 1_BI=I[3, 1I. (a) t=1, (b) t=3000.

The normalized growth rate is shown as a function of the wavenumber kin Fig. 3. The
range of k is near the cross point [3,1]. The growth rate takes the maximum at
k=1.155, which is close to the theoretical value £=1.144 (Blanco-Rodriguez and Le Dizés,
2017). The maximum growth rate is o 1=0.0424, which is 22% smaller than the
theretical value o W =0.0541. This difference is most likely due to the critical layer
damping, which is difficult to be taken into account for vortex rings with sufficient
accuracy. They are in good agreement for the cross point [4,2], for which the critical
layer damping is small (Table 1).

Table 1: Growth rates and oscillation frequencies.

[1_A,1_B] € Re DNS Analysis

ke o we ke o e
[3,1] 0.1 104 1.1545 | 0.04244 | 0.1104 | 1.144 0.05413 | 0.109
[3,1] 0.1 5 X104 1.1549 | 0.05493 | 0.1110 | 1.144 0.06442 | 0.109
[4,2] 0.1 104 1.8524 | 0.05134 | 0.0955 | 1.829 0.05132 | 0.095
[4,2] 0.1 5 X104 1.8522 | 0.07107 | 0.0958 | 1.829 0.07163 | 0.095
[4,2] 0.18 104 1.8635 | 0.06286 | 0.0936 | 1.829 0.06240 | 0.095
[4,2] 0.18 |5 X104 1.8502 | 0.07278 | 0.0958 | 1.829 0.07401 | 0.095

2.3 Organized Session in ICFD2016

An organized session closely related to the present project was held in ICKFD 2016
with Prof. Yuji Hattori and Prof. Stefan G. Llewellyn Smith as co-organizers. The
name of the session was Vortex Motion: stability, nonlinear dynamics, and transition to
turbulence. There were 25 talks including two invited talks from Prof. Stéphane Le
Dizes and Dr. Dmitry Kolomenskiy.
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Fig. 4 Growth rate as a function of wavenumber k. ¢ =0.1, 1/q=0.2, Re=10%45 X 104
(Left) [1_A, 1_B]=[3, 1], (right) [I_A, 1_Bl=[4, 2].

3. Achievements

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

This year the numerical method which are used throughout the three years’ project
was established and some basic properties of linear stability of vortex rings were
revealed. The project has achieved this year’s goal.

4. Summaries and future plans

We have investigated the curvature instability of Gaussian vortex rings by DNS. We
have developed a numerical method with high accuracy for solving the incompressible
Navier-Stokes equations in a cylindrical coordinate system. It is shown that the
Gaussian vortex rings are subjected to the curvature instability. The structure of the
unstable modes and the growth rates obtained numerically are in good agreement with
the theoretical results.

Nonlinear evolution of the disturbance on vortex rings with continuous vorticity
distribution will be studied in the near future. The numerical method developed this
year can be used for study of nonlinear dynamics of vortex tings with variable density
and helical vortices which are the other sub-projects.
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1) Innovative Cellulose Material Synthesis by Electrostatic Micro Fibril Alignment
In recent years, cellulose nanofibril (CNF) extracted from woods has gained great
attention as a novel biomass material. CNF, an aggregate of 30-40 cellulose molecules,
is a micro fibril with a width of 3-4 nm, a length of 2-3 um and a high degree of
crystallinity. CNF holds a considerable potential to be applied to innovative composite
materials due to its outstanding properties such as low density, high strength and low
thermal expansion. In order to utilize these properties effectively, the fibril alignment
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inside the material must be controlled to be parallel. However, few methods for controlling
the fibril alignment have been studied and developed. The fibril alignment still needs to be
improved for practical applications.

In this study, aiming at innovative cellulose material synthesis, a method for controlling
cellulose micro fibril alignment by AC electric field has been proposed. Characteristics of the
fibril alignment under the electric field have been analyzed through visualization and
qualitative evaluation by optical measurement.

Figure 2 shows a schematic illustration of experimental setup. Experiments are conducted
in a simplified system using a petri dish with copper electrodes of which width is 0.5 cm. The
electrodes gap is 2 cm. Sample solution is prepared by dispersing carboxymethyl cellulose
sodium (CMC-Na) micro fibrils in water. The fibril has a width of 50-60 pm and its
concentration in the solution is 0.2 wt.%. Sinusoidal AC electric field is applied to 20 ml
sample solution and then the fibril flow is analyzed through visualization by a digital
single-lens reflex camera and a background LED light.

Figure 3 show the visualization of cellulose micro fibril flow under AC electric field with
applied voltage of 1 kVyp and frequency of 5 kHz at £=10 s and 120 s after the application of
voltage, respectively. The simulated electrostatic field distribution for the effective applied
voltage is shown in the lower half of the figure for reference. Under AC electric field, fibrils
align parallel to the direction of the electric field (see Fig. 3) and then coagulate around the
electrodes and the center axis between the electrodes through electrically induced flow by
dielectrophoresis (see Fig. 4). The intensity of transmitted LED light was estimated as
function of applied voltage, and tt is clarified that the degree of the fibril alignment increases
almost linearly with applied voltage. Higher degree of the fibril alignment is shown for
higher applied voltage at lower frequency.

Fig. 2 Schematic illustration of experimental setup for visualization of electrically induced flow with cellulose
micro fibrils.

(1) t=10s () t=120s
Fig. 3 Visualization of cellulose micro fibril flow at 1 kVy, and 5 kHz and the simulated electrostatic field
distribution.
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Fig. 4 Flexural modulus of NF-FRP and neat CFRP  Fig 5 The ratio of eddy current signal intensity between
(CF/EP). The diameter of nanoparticles of Taso, Tgoand CFRP including magnetic nanoparticles and neat
Biso is 250 nm, 90 nm and 180 nm, respectively. CFRP.
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Purpose of the project

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

Details of program implement

The following studies were conducted to obtain new fundamental knowledge on
combustion in the porous media and micro channels:

1) Investigations of flame dynamics and stabilization in the set of micro channels of
different diameters to model the discrete structure of filtration gas combustion wave
in porous media.

2) Investigations of flame stabilization in micro systems with heat recirculation and
spatially non-uniform mixture flow.

3) Modelling of minimal ignition energy and flame initiation in spatially
non-uniform flows.

4) Creation of the reduced phenomenological kinetic mechanisms of oxidation of
hydrogen and hydrocarbon fuels and development of verification methods of kinetic
models on the base of micro flow reactor.

5) Development of SHS methods for sintering of metal-ceramic porous media
burners and investigations of the burner characteristics made of SHS materials.

Achievements
The following results were obtained during first year of the project realization.

1) The general similarity of gas combustion in the micro channels and in porous
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2)

3)

4)

medium were found. The similarity is based on preheating of combustible
mixture by solid phase, which transfers heat from the combustion zone to the
unburned mixture. The traditional models of filtration gas combustion in
porous media are phenomenological and they suppose existence of two
interpenetrating media - solid and gas. At the same time, these models meet
principal difficulties in the description of certain phenomena. It was proposed
to treat porous medium as a set of micro channels [1]. The simulations within
discrete models reveal new effects, such as flame “anchoring”, local flame
oscillations and widening of the combustion zone. At the same time, in the
limiting cases the proposed discrete models transform into traditional models.

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

Theoretical approaches and numerical algorithms were developed to model
ignition in turbulent flows. The numerical simulations of gas ignition were
performed within thermal — diffusion model in the cube domain. The
three-dimension gas flow consists of regular vortexes which are described by
ABC-flow solutions. The effects of Lewis number, vortex size and the flow intensity
on minimal ignition energy have been studied. It was found that in large — scale
vortex flow, the ignition energy is almost constant until the intensity of turbulence
exceeds a critical value. While exceeding the critical value, the ignition energy
rapidly increases. Numerical results reveal existence of a characteristic size of
vortexes corresponding to the maximal ignition energy. These conclusions
qualitatively agree with experimental observations of the ignition in the turbulent
flow and were predicted for the first time within proposed model.

The global two stages phenomenological kinetic mechanism was proposed in
order to model complex regimes of combustion of rich hydrogen/air mixtures.
In particularly, dynamics of rich hydrogen—air flames in a micro flow reactor with
controlled temperature of the walls was investigated numerically using the
thermal-diffusion model with two-step kinetics [3]. The sequence of bifurcation was
revealed leading to the formation of complex spatio-temporal patterns that include
pulsating, chaotic, mixed-mode and FREI (Flames with Repetitive Extinction and
Ignition) oscillations. The new type of diffusive-thermal pulsations has been
identified for the first time.

The properties and stability of premixed flame were theoretically investigated in
the model, which includes the two-step chain-branching reaction mechanism, first
order reaction of conversion of radicals into products and heat losses [4]. It was
demonstrated that the depletion of radicals through the additional termination
reaction enhances the onset of instabilities and extinction. The solutions emerging
once the travelling deflagration wave becomes unstable were studied.

These investigations of premixed flame in micro channel are important for both
theoretical knowledge and technological applications such as verification of
combustion kinetics, flame diagnostics, etc.

5) The high temperature self propagating combustion synthesis methods were
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developed to synthesize Al/Ni ceramic porous materials with required porosity
and geometry. Effective cylindrical radiative burners of wide spectrum of
applications were designed on the basis of the porous materials. In particular,
premixed gas combustion in cylindrical porous radiant burners with different
thickness of the porous walls was studied [5]. Experimental results
demonstrate existence of external and internal regimes of combustion,
observed at the same values of gas flow rate and mixture composition.
Dependencies of porous-shell temperature, total radiation power and
radiation efficiency on the firing rate and mixture composition were obtained.

Summaries and future plans
Future investigation within the project will allow to get the following results.

. The knowledge about mechanism of flame stabilization under surface of

porous burner will facilitate designing of new generation of effective radiative
burners on the basis of well structured porous materials or multichannel
burners with regular packing of micro channels. Absence of understanding of
the flame stabilization mechanism in the solid matrix hampers development of
the technology.

II. The investigations of flame structures near stagnation zone using new type of

the counterflow burner on the basis of plane micro channel will give new
knowledge about effects of heat losses and stretched flow on the flame
characteristics. The experimental results can be used for verification of
existing models describing transport and chemical processes of combustion.
The use of mass spectrometry methods to study stretched flame in the micro
channel burner can open way in creation of new precise instrument for
detailed investigation of combustion chemistry.

IIT. The modelling of flame ignition in turbulent flows allows to distinguish

mechanisms responsible for rapid increase of minimal ignition energy with
intensification of turbulence and to clarify role of chemical effects. The
knowledge are important for designing of internal combustion engines
operating at high pressure with lean mixtures of practical fuels.

IV. The creation of reliable global combustion reaction mechanisms of practical

fuels and their experimental verification are necessary to overcome difficulties
related with high computation load in simulations of combustion processes in
practical devices.

Research results (¢ reprint included)

Journal (included international conference with peer review and tutorial paper)
[1] F. Sirotkin, R. Fursenko, S. Kumar and S. Minaev: Flame anchoring regime of
filtrational gas combustion: Theory and experiment, Proceedings of the Combustion
Institute, Vol. 36, No.3, (2017), pp. 4383-4389.

[2] R. Fursenko, S. Mokrin, S. Minaev and K. Maruta: Diffusive-thermal instability
of stretched low-Lewis-number flames of slot-jet counterflow burners, Proceedings
of the Combustion Institute, Vol. 36, No.1, (2017), pp. 1613-1620.

[3] T. Miroshnichenko, V. Gubernov, K. Maruta and S. Minaev: Diffusive-thermal
oscillations of rich premixed hydrogen—air flames in a microflow reactor,
Combustion Theory and Modelling, Vol. 20, No.2, (2016), pp. 313-327.

[4] V. Gubernov, A. Kolobov, V. Bykov, and U. Maas: Investigation of rich hydrogen—
air deflagrations in models with detailed and reduced kinetic mechanisms,
Combustion and Flame, 168(2016), pp. 32-38

[5] R. Fursenko, A. Maznoy, E. Odintsov, A. Kirdyashkin, S. Minaev and S. Kumar:
Temperature and radiative characteristics of cylindrical porous Ni—-Al burners,
International Journal of Heat and Mass Transfer, 98 (2016), pp. 277-284.
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International and domestic conferences, meeting, oral presentation etc.

[6] A. Maznoy, A. Kirdyashkin, S. Minaev, R. Gabbasov: Filtration Combustion
Synthesis in Forced Oscillation Mode, Proceedings of the thirteenth International
Conference on Flow Dynamics (ICFD 2016), Sendai, (2016).

[7] A. Kirdyashkin, V. Salamatov, V. Kitler, R. Gabbasov, S. Minaev: Features of
Combustion for Melting Metal Wires, Proceedings of the thirteenth International
Conference on Flow Dynamics (ICFD 2016), Sendai, (2016).

[8] T. Miroshnichenko, S. Minaev: Quenching Distance for Flame Propagation along
the Gas Flow in Microchannel with Narrowing, Proceedings of the thirteenth
International Conference on Flow Dynamics (ICFD 2016), Sendai, (2016).

[9] V. I. Babushok, V. V. Gubernov, S. S. Minaev, T. P. Miroshnichenko: Generalized
Model of Inhibition of Chain Branching Combustion Processes, Proceedings of the
thirteenth International Conference on Flow Dynamics (ICFD 2016), Sendai, (2016).
[10] S. Mokrin, E. Odintsov, G. Uriupin, S. Minaev, T. Tezuka, K. Maruta:
Flammability Limits of Counterflow Stretched Flames Stabilized in a Planar
Microchannel, Proceedings of the thirteenth International Conference on Flow
Dynamics (ICFD 2016), Sendai, (2016).

*[11] A. Korsakova, V. Gubernov, A. Kolobov, V. Bykov, U. Maas, K. Maruta:
Investigation of Pulsating Instabilities of Hydrogen-Air Flames in the Model with
Detailed Reaction Mechanism, Proceedings of the Sixteenth International
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3) Patent, award, press release etc.

(Patent) Not applicable.

(Award) Not applicable.
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Table 1 Inactivation of virus by exposure to the plasma
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Project status 3rd year

1.

Numerical Simulation for Reducing Future Tsunami Damage

Shigeru Obayashi*}, Fumiya Togashi**§+
*Institute of Fluid Science, Tohoku University
**Applied Simulations Inc.
TApplicant, tinon-IFS responsible member

Purpose of the project

To develop effective protecting objects (e.g. sea walls) to protect people and
buildings from a future huge tsunami using a state-of-art computational
code integrating a computational fluid dynamics, computational structured
dynamics, and a multi-objective genetic optimization code

Details of program implement

We have been developing a coupled code of a computational fluid dynamics
code using the volume of fluid methodology and a computational structural
dynamics code. The developed code will have the capability of handling the
building collapse, floating wreckages, and infrastructure damage, which will
be very effective tool to estimate real local damage by Tsunami. We have been
discussing the need from the society with professors at Tohoku University and
worked up the future plan of our code development.

Achievements

A state-of-art coupled code of computational fluid dynamics and structured
dynamics to handle tsunami simulation has been developed. We participated in
the benchmark tests designed by the Japan Society of Civil Engineers. Our
predictions showed good agreement with the experimental data as shown in
Fig.1. The developed code will be applied to assess the future tsunami damage
and to develop protective objects to protect people and buildings from a future
tsunami disaster.
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4. Summaries and future plans

A state-of-art coupled code of computational fluid dynamics and structured
dynamics to handle tsunami simulation has been developed. The code was
validated by the benchmark tests designed by the Japan Society of Civil
Engineers. Future work includes extensive validation as well as applying to
practical simulations.

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] F. Togashi, R. Lohner, O. A. Soto, M. Beppu, and S. Obayashi: Numerical
Simulation of an Object Washout by Floodwater, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016),
pp.156-157.

3) Patent, award, press release etc.
Not applicable.
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D IDAG HIFEFD C x> FU— 7 #E L BR L T\ D729, RF 0% iz L - TDLC
~ RV 7 AOREENEL L T D AREMER S D E B2 BID. A1k, sHll7fiiT s v E <
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T T AR—=PGRUTRETHY, SFEHEEIDN U TR 3 nm LA F~20nm FEEIZZ
T2 Z ERMER T 7. Z o, BE7 AL TllEL7- AgDLC BLW
Cu-DLC & EMHICFE—DEETH - 7.
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25 Thickness: 0.5%0.1 um ' ' ' 30
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0 o 0 Thickness, 1 0.3 um IRZ =0.8205 .
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Ag Content, at.% Cu content, at.%
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Stfz MeDLC ORBITEATNLL, S & RRRIBEORIFE BT L. 20
SURYCHARBERT ) 2Ry MEBMEIORG I FEOITET 5 b O Th .
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1) Fiiies &R OTEERE MBHFEaT)

[1] Minoru GOTO: PREPARATIONS AND TRIBOLOGICAL PROPERTIES OF
SOFT*METAL / DLC COMPOSITE COATINGS BY RF MAGNETRON SPUTTER
USING COMPOSITE TARGETS, Proceedings of 6th International Conference on
Integrity-Reliability-Failure, Porto, Portugal, (2016), pp. 437-438.
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(2] /NE Fe, A 95 Ag/DLC T/ 2 ARy MO BB — [ Ag R & EEELREL DO BIR
—, M4 R nU—25% 2016 K B TR E21, (2016), pp. 403-404.

(3] #BH 5, /NH Fe, #%E 32 CWDLC 7/ 2 Ry y MEOSIEHBEOIKT & EEE - i
Bl b7 A4 Ae o —25% 2016 K HiE E20, (2016), pp. 401-402.

[4] Sl ffH, % 58 RF w271 b v A3y 22 X5 DLC ORI Ar [ & 74
RuUo—FRet b T A Re U—2 2016 # #iE E19, (2016), pp. 399-400.
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Influence of Biological Tissue by Underwater Expansion Wave Irradiation
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EHEICE D, Z 2 CIRREE 5% PVA /~A R a7z -,
BN BRI D PVA N1 R L

PICERIE Lo STa @ 2 Bt L.

WIS V4130 40 mn & 0. 24 mm

D2 @i‘iﬁ'@&;é. kT v R

T T 7RI EHE A A T &

e, BdEfgr CIidE—S0ao

FHENZOWTRIE A BB LT

Rayleigh-Plesset HFEERIT L -

CHAERRT 23 A T, R o

HMETE B R RORERC L L

T Voigt E7 /L & neo-Hookean & (a) FEERHEE (b) Eefishht
TV 2 TR - 2 FERBAFOTAFEDNEIL

[ 2 | ZIEPER I RN 1% ORI
0.40 mm DKHEZLZRT . (a) IXFEBRIRIS L ONb) IIBEF AR R 2~ & bITklad ik
RITIp > TRl D DEA LR LT D, SRR DEERGEETR, SEORIEIIAE <72
D, PR lTEeE Lc, BUERATHE R0 DRI VRN O EIN B2 RIF L, RitEsRi3E
(RTOHREN DRI I 5 A 52 5. FHRREIR & AT R 2 Ll % TR R D7 3 Re < 72
7z

3. WMIRBRDZERINR

VERK L7220 772 /L OIBIRIT 3 > CIRZIRIE RS IE%@I@%E{ b3 D25 2 & ANHPRT-. Higy
RN R F—RFTZ O LD REERMEONTZ SITEBERFR TH D B0 BfE 2z Lz
VA D, RERPEARPNIZERE L 7 B Sa ~ O BRI IR Z X 2 KA S8 O S8R5 R & BBt
DHETIE, EAWDERA~DIEMR I FHIRE TRITE 2 5ikL LTI S LS.

4 FLEOHESHERDRE
AKBFFE TIRETTE ARG 2 5 5B DWW TR 2 78D 2 FEHO SRR 2 520 LU 7=, 1k
AR T 7RIV DI L BRI T, R T L F— DR CH BTN S E 5 2
ETIREGABNDAREM 2R LT, S BI, MR i Ak E L 72Kz @ ol
2292 T, Rayleigh-Plesset JFEAUC & DHAEMT & DL AT > 72, KB O E I35
BRAERIC I 2 JAWIOIE 5 DR 2R DA o T, F70, TR & MTRERITEMERIC—E
LTCWo7eh, A1, EIEDBERICE X D BZMITIC L > TR LN TE DARENEDR H 5.

5. WAEEE FAEIRIHY)
1) Ziiiis EROTEERE MRFzrs)
L

2) ERRE - BNFER - IRR - OBERRE
*[1] T. Kanemaru, T. Hashimoto and K. Ohtani: Fundamental Study on Biological Influence
by Underwater Expansion Wave Irradiation, Proceedings of the Sixteenth International
Symposium on Advanced Fluid Information, Sendai, Japan, (2016), pp. 94-95.
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Flow Dynamics, Sendai, (2016), p. 41.
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P-Selectin Printing on PDMS Substrates
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** Université de Lyon, Université Claude Bernard Lyon 1, CNRS, ILM
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Purpose of the project

Neutrophils are known to roll on endothelium of postcapillary venules as the early
event in their immune response. We focus correlative effects of contact with
erythrocytes, surface topography of endothelial surface and localized expression of
selectins to the rolling characteristics. It is known that P-selectin expresses along
border of the endothelial cells, which binds with PSGL-1 on the neutrophils to
mediate the rolling. In this study, a methodology to coat hollow part of the bumpy
PDMS substrate which mimics the endothelial cell layer with P-selectin was
developed to mimic this localized P-selectin expression.

Details of program implement

Figure 1 shows a microscopic photograph of the PDMS substrate to be coated with
P-selectin. The substrate has two patterns on it; one is short hexagonal poles with a
height of 3.5 pm arranged in zigzag with a clearance of 12 pm, and the other is
stripes with a clearance of 12 pym and a depth of 3.5 pm.

A flat PDMS plate is immersed in 0.4% BSA (Wako) diluted in PBS for 1 hour. The
plate then is dried in a clean air to immobilize the BSA. The PDMS substrate which
has the pattern is put on the plate immediately after exposure to air plasma for 120 s
to make its surface hydrophilic, and hold 5 minutes being mildly pressed. After
peeling off the substrate, it is then immersed in 1 pg/ml P-selectin solution in pure
water (Recombinant Human P-selectin; R&D Systems) for 3 hours. After the
immersion, the substrate is rinsed with pure water. Figure 2 shows a fluorescent
microscopic image of the P-selectin-coated substrate. We see that the hollow part of
the substrate is bright by Alexa Fluor 555 (Abcam), where P-selectin exists.

Achievements

It is expected that we can confirm appropriate selective coating of P-selectin along
the hollow part of the substrate without staining to introduce this substrate to the
rolling experiment. Then, we substituted FITC-BSA for BSA. In this case, it was
found that fluorescent part of Alexa Fluor 555 and FITC was the same, implying that
the antibodies potentially bind with the FITC-BSA. Therefore, we have to find
another methodology to stain only P-selectin.

We also examined to coat P-selectin whole the surface of the substrate at first and
peel off the P-selectin at the top of the pattern later. Since it was found that
P-selectin 1s more adhesive to glass than to PDMS, P-selectin at the top of the
pattern was peeled off by contacting the substrate with a flat glass plate for several
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times. We have expected to indirectly check the quality of the selective coating by
staining transposed P-selectin on the glass plate, but the quality of the substrate was
poor and thus this methodology admits of some improvement.

4. Summaries and future plans

Selective coating of P-selectin on hollow part of a bumpy PDMS substrate was
developed in this study. A remaining issue is to confirm appropriate coating without
staining before introducing the substrate for the neutrophil rolling experiment. In

the next step, the rolling experiment is conducted on a bumpy PDMS substrate whole
on which is coated with P-selectin.

Figure 1: Microscopic image of a PDMS  Figure 2: Fluorescent microscopic image
substrate introduced in this study. of P-selectin on a PDMS substrate.

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] T. Arai, A. Shirai, J.-P. Rieu: Fundamental study on coating PDMS substrate by
P-selectin and BSA, Proceedings of the 29th Bioengineering Conference 2016
Annual Meeting of BED/JSME, Nagoya, January, (2017), #1C34. (in Japanese).

[2] A. Shirai, J.-P. Rieu, R. Sugimoto, D. Yoshino: Influence of pressing force on rolling
characteristics of HL-60 cell line on a bumpy substrate mimicking the endothelium
topography, Proceedings of the 16th International Conference on Biomedical
Engineering (ICBMEZ2016), Singapore (2016), #E2-0006.

[3] A. Shirai, J.-P. Rieu, R. Sugimoto, D. Yoshino: Rolling characteristics of neutrophils
on PDMS surface mimicking the endothelial topography: PTV analysis of the cells
motion on regular hexagonal pattern, Proceedings of the 13th International
Conference on Flow Dynamics (ICFD2016), Sendai (2016), pp. 286-287.

[4] R. Sugimoto, A. Shirai, D. Yoshino, J.-P. Rieu: Correlative effect of normal force and
P-selectin concentration on rolling behavior of neutrophils, Proceedings of the 13th
International Conference on Flow Dynamics (ICFD2016), Sendai (2016), pp.
704-705.

[5] A. Shirai, J.-P. Rieu, R. Sugimoto, D. Yoshino: Rolling characteristics of HL-60 cells
on PDMS substrate mimicking the endothelial topography, Proceedings of the
Annual Meeting of JSFM 2016, Nagoya (2016), #163.

3) Patent, award, press release etc.

Not applicable.
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Fig. 1 Fabrication procedures for sample A
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Development of a Smart Material with Cellulose

Hidemasa Takana*, Fredric Lundell**+t
Makoto Ohta*7, Tetsuya Uchimoto*
Hiroyuki Kosukegawa*, Go Yamamoto
*Institute of Fluid Science, Tohoku University
**KTH, Sweden
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TApplicant, Ttnon-IFS responsible member

1. Purpose of the project
We will develop a new smart material or a methodology for mixture with cellulose and
polymer or by electrostatic flow control.

2. Details of program implement

In recent years, cellulose nanofibril (CNF) extracted from woods has gained great
attention as a novel biomass material. CNF, an aggregate of 30-40 cellulose molecules,
1s a micro fibril with a width of 3-4 nm, a length of 2-3 pm and a high degree of
crystallinity. CNF holds a considerable potential to be applied to innovative composite
materials due to its outstanding properties such as low density, high strength and low
thermal expansion. In order to utilize these properties effectively, the fibril alignment
inside the material must be controlled to be parallel [1]. However, few methods for
controlling the fibril alignment have been studied and developed. The fibril alignment
still needs to be improved for practical applications.

In this study, aiming at innovative cellulose material synthesis, a method for
controlling cellulose micro fibril alignment by AC electric field has been proposed.
Characteristics of the fibril alignment under the electric field have been analyzed
through visualization and qualitative evaluation by optical measurement.

In another theme, we provided material property data for acrylic composite for bone
biomodel. Along the improvement of prosthesis, drilling bone screws is becoming a
more and more important skill for doctors. Dental implant is one of cases in a field of
orthodontics. Bone biomodel provides an education system for younger generation of
medical doctors and the evaluation of medical devices for implants. Specimens were
prepared from acrylic dental resin and various additives such as CNF (cellulose nano
fiber), CF (cellulose fiber) and wood powder. Friction torque measurement was carried
out to investigate mechanical behaviors under drilling.

3. Achievements
Expected result

4. Summaries and future plans

We performed successfully synthesis of CNF. We will look for an application with this
material.
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Fig. Schematic illustration of experimental setup with a flow-focusing channel imposing
electrostatic field for the alignment of charged fibrils in the upstream of flow-focusing
section.

5. Research results (x reprint included)
1) Journal (included international conference with peer review and tutorial paper)
[1] Y. Muramoto, V. Fridrici, Ph. Kapsa, G. Bouvard, M. Ohta: Tribological aspects of
drilling bone biomodel, Procédés et Génie civil, JIFT2015 (Journées Internationales
Francophones de Tribologie 2015), 27-29 mai 2015, Nantes, France, Edited by M. -T.
Do, V. Cerezo, Ph. Kapsa, (2016), pp. 81-89.

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

*[2] Yusuke Takeda, Hidemasa Takana, Fredrik Lundell: Innovative Cellulose Material
Synthesis by Electrostatic Micro Fibril Alignment, 7Thirteenth International
Conference on Flow Dynamics, Sendai, (2016).

*[3] Yusuke Takeda, Christophe Brouzet, Nitesh Mittal, Fredrik Lundell, Hidemasa
Takana: Innovative Cellulose Material Synthesis by Electrostatic Fibril Alignment,
JSME Fluids Engineering Division, Newsletter, February, (2017), online.

[4] Yuta Muramoto, Joanna Seiller, Vincent Fridrici, Gaétan Bouvard, Philippe Kapsa,
Makoto Ohta: Material Investigation for the study of drilling bone biomodel, 3rd
International Conference on BioTribology (ICoBT 2016) ,London, UK, (2016).

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

Tornado is one of the most serious natural disasters. Especially in Tornado Alley of
USA, tornadoes are the most violent annually recurring threat. Recently, Dr. Tao
published a theoretical paper, indicating that violent tornadoes in Tornado Alley
start from the clash between northbound warm air flow and southbound cold air
flow. As there is no mountain in Tornado Alley ranging from west to east to weaken
or block the air flows, some clashes are violent, creating vortex turbulence,
supercells. These supercells are initially in horizontal spinning motion at the lower
atmosphere, and then tilt as the air turns to rise in the storm’s updraft, creating a
component of spin around a vertical axis. About 30% of supercells develop into
tornadoes, causing tremendous damages. Dr. Tao proposes that if we build
east-west walls, 300m high and 50m wide, we will weaken or block such air mass
clashes and diminish the major tornado threat in the Tornado Alley forever. This
project will utilize the wind tunnel, carrying out experiments to verify the above
basic mechanism of tornado formation, obtain various data for future design of
tornado walls, and investigate the best way to prevent tornadoes from occurring.

Details of program implement

Our original plan is to use the wind tunnel at Tohoku University to carry out
experiments to examine the interaction between a vertical wall and air flow first.
While our team has modified and set up the facilities (Fig.1), the preparation
process takes much more time than the original plan. As a result, the tests have
been delayed.

Meanwhile, we carried out some computer simulations about tornado formation. As

Fig.3 The area

Fig.1 Our wind tunnel setup Fig.2 Violent clash

creates a vortex
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4.

5.
1)

2)

shown in Fig.2, when the south wind and north wind collide, a vortex is created,
which is the starting point to develop tornadoes. We will use the wind tunnel to
examine the vortex formation when two air flows collide each other. In addition, we
need to find the precise location of the vortex produced in the collision. The flow
pattern indicated in Fig.3 is from our theoretical model, showing that high walls will
effectively reduce the wind speed and eventually eliminate the vortex formation,
hence preventing major tornado. We need to use the wind tunnel to check if this
theoertical estimation is correct. If it is true, Afterwards, We need to verify it with
the wind tunnel.

Achievements

Table 1 lists our computer simulation results. Here we assume that the north wind
and south wind have the same speed before they collide. The collision produces a
vortex, which would stretch to reduce the diameter. During this development, the
wind speed increases dramatically. As noted from Tablel, when the initial speed is
15m/s, the chance to form tornado is very high. However, when the wind speed is
below 7.5m/s, the chance to form tornado is very low. We expect that the experiments
will confirm the theoretical predictions and provide more details about the tornado
formation and how we can eliminate the major tornado threats.

Table 1 : Wind Speed and Tornado Formation

Wind | 1o D/3  |Tornado ?
speed
15m/s | 30m/s 45m/s Yes
10m/s | 20m/s 30m/s EFO
7.5m/s | 15m/s 22.5m/s | No

5m/s | 10m/s 15m/s No

Summaries and future plans

After several pre-tests, we have made the wind tunnel ready for the experiment. We
plan to carry out the tests in near future. Afterwards, we will analyze the results
and compare them with theoretical and numerical results. In addition, our work has
received much attention in USA. We presented the project at Smart Cities
Innovation and Defense Energy & Resilience Challenges, Austin, Texas, June 13-15,
2016. We are encouraged to organize an international conference to discuss how to
eliminate major tornadoes.

Research results (¢ reprint included)

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

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

[1] The Program of Smart Cities Innovation and Defense Energy & Resilience

Challenges invited our “eliminating tornado” project for showcase in Austin
Convention Center, Austin TX, USA, June 13-15, (2016) at the Smart Cities
Innovation Summit.

[2] R. Tao and M. Nakano: Eliminating Major Tornadoes in US Tornado Alley,

3)

Environment Research Conference, March, (2017), Philadelphia, PA, USA.

Patent, award, press release etc.
Not applicable.
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Project code J16L.079

Classification General collaborative research
Subject area Aerospace

Research period | April 2016 ~ March 2017
Project status 2nd year

Application of Data Assimilation to Aviation Safety System

Junho Cho*, Takashi Misaka**, Shigeru Obayashi**{
Kwanjung Yee*, Shinkyu Jeong***¥f
*Department of Aerospace Engineering, Seoul National University
**Institute of Fluid Science, Tohoku University
***Department of Mechanical Engineering, Kyunghee University
TApplicant, ffnon-IFS responsible member

1. Purpose of the project

Air traffic has been forecasted to be the largest on record in this year and has grown
steadily by about four percent every year. The airport capacity has reached its limit
with the steady increase of aviation demands. Thus a method for improving the
efficiency of airport capacity has been required. For this it is recommended to adjust
the time interval of the take-off and landing between consecutive aircrafts. Meanwhile,
unreasonable shortening would cause an accident due to the wake turbulence. In this
study, data assimilation will be applied to predict the wake vortices which restricts the
number of aircraft take-off and landing in airport. Aircrafts generate a pair of
long-lived counter-rotating wake vortices which is a potential risk for the following
aircraft especially when it is taking off and landing. The decay process of wake vortex
1s dependent on various factor such as clear air turbulence, horizontal wind velocity,
and the strength of wake vortex pair. In this collaboration we have developed a
fast-time prediction model of wake vortices. Such a prediction model helps to adjust
take-off and landing separations at airports.

2. Details of program implement

In this study, measurement integrated simulation using incremental
four-dimensional variational (4D-Var) data assimilation method was used for accurate
wake vortex prediction and the POD reduced order model was used for efficient
prediction. Turbulence fields were generated using stochastic noise generation and
radiation (SNGR) forcing technique. To achieve physically realistic turbulence field
three-dimensional fast furrier transform (FFT) at every time step was done. And add a
constant amplitude f to all of the modes with integer wave numbers less than three.

Figure 1 : Turbulence energy spectrum and its dissipation without SNGR
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Inverse FFT back to the physical space. Repeat this process until the viscous
dissipation of the simulation reaches a statistically steady state. The stratified
turbulence fields can also be generated using LES of forced stratified turbulence.

3. Achievements
The prediction of wake vortex according to atmospheric weather condition had been
done with numerical simulation and data assimilation technique. We have introduced
a forcing technique to achieve realistic initial turbulence field. It was confirmed that
crow instability was observed by checking the behavior and dissipation of wake vortex
under turbulent atmospheric conditions at around t*=6.

Figure 2 : wake vortex dissipation process

4. Summaries and future plans

The behavior and dissipation of wake turbulence are simulated under physically valid
turbulence conditions using forcing techniques. The secondary vortex was formed as
the wake vortex was dissipated. Finally, crow instability occurred and it was confirmed
that the vortex was curled in a ring shape. For a more quantitative comparison, the
time-dependent vortex spacing, vertical displacement, and circulation strength are
shown in Figure 3. Prediction using POD technique will be carried out for fast-time
prediction of wake vortex pair using analysis results at various atmospheric
conditions.

Figure 3 : the vortex spacing, vertical displacement, and circulation strength history

5. Research results (* reprint included)

1) Journal Not applicable.

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

*[1] Junho Cho, Takashi Misaka, Shigeru Obayashi, Yee Kwanjung, Shinkyu Jeong:
Model-Reduced Variational Data Assimilation to Aviation Safety, Proceedings of the
Sixteenth International Symposium on Advanced Fluid Information, Sendai, (2016),
pp. 74-75.

3) Patent, award, press release etc. Not applicable.
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Project code J16L.084

Classification General collaborative research
Subject area Fundamentals

Research period | April 2016 ~ March 2017
Project status 2nd year

1.

Development of Conservative Kinetic Force Method

Vladimir Saveliev*t, Shigeru Yonemura**+{+
Svetlana Filko***, Kawagoe, Yoshiaki**
*Institute of Ionosphere, NCSRT, Kazakhstan
**Institute of Fluid Science, Tohoku University
***Zhetysu State University, Kazakhstan
TApplicant, FIFS responsible member

Purpose of the project

Early by applicants, the equation for a two-particle distribution function
equivalent to the Boltzmann equation was proposed. The equation describes the
interaction in pairs of quasiparticles in terms of their rotation around the centers of
mass with angular velocity, which depends on the velocity distribution function.
Distribution functions of real molecules and quasiparticles coincide. In the first
variant of Kinetic Force method, energy of quasiparticles representing real molecules
was not conserved. In the second variant, we introduced the kinetic equation for
auxiliary two-particle distribution function of quasiparticle pairs. We have shown
that the compensation of the energy deficit in the plain Method of Kinetic Force by
changing the filter parameter of small scales was physically correct.

In our newest algorithm, the energy of a system of molecules conserves without
any additional corrections. Thus, the advantages of modeling on the base of
two-particle distribution function of quasiparticle pairs are used more effectively.
The new algorithm of Kinetic Force Method named serial recalculation of the
velocities of quasiparticles pairs was suggested. Thus, the advantages of modeling on
the base of two-particle distribution function of quasiparticle pairs are used more
effectively.

Details of program implement
The equilibrium two-particle distribution function F, = f, (v)y,,(u) is a product of

two Maxwellians. In the variables: the relative velocity v and the center of mass
velocity w , the function F,, depends on v through the vector squared:

F, = FM(VZ). So that, near the equilibrium a small anisotropy of the two-particles

distribution function can be approximated by the finite sum of spherical harmonics.
Therefore, only a few first eigenvalues of the scattering operator play a role and one
can replace it by a simpler operator, which has the same few first eigenvalues. In a
pure gas F(v)= F(—v) and it can be expanded in even spherical harmonics only.

That is why only even eigenvalues should coincide. We offered to use the differential
approximation for scattering operator:

Xsi<1—u2>&‘2; <1_M2>:2Wj(1_ﬂ2)b(v,u)du; &2:%'(‘,2_‘7‘7')% 0

— 231 —



2

The first two even eigenvalues of the operator 1/4<1—u2>& coincides with

eigenvalues of the scattering operator Y and all other are negative that provides

stability. As a result, we obtain significantly simplified equation for angular velocity
of quasiparticle pair rotation:

Q(v,u):é<1—M2>(v—u)x[%lnf(v)—%lnf(u)]. 2)

Using this approximation significantly reduce calculation time consumption.
Boltzmann collision integral constructed with this scattering operator coincides with

Landau collision integral for “gracing” collisions.
(a) (®) (©

20

L5

20
1
1.0
0.5
-2 -1 1 2
0.5

—0. -2 -1 1 2

1 2

Figure 1 : Evolution of the distribution functions of 1000 quasiparticles in 3-D velocity
space to equilibrium: (a) — Initial distribution functions f (vz)and f (”;;) =f (vy)? (b) and

(c) — Evolution of distribution functions f (vz) and f (”;;) to Maxwellian: ¢t =0, 1, 2, 3, 4

3. Achievements
A new expression for angular velocity of quasiparticle pairs rotation, based on
differential approximation for scattering operator, don't contain integration. It
provides much more efficient numerical calculations. Thus, simulation of rarefied
gas flows near equilibrium based of two-particle distribution function can be used
more effectively.

4. Summaries and future plans
We will consider the non trivial improvement of the algorithm of quasiparticles pairs
in the framework of Landau approximation for scattering operator in the case of
spherical symmetry that provides considerably more efficient numerical calculations.
We will compare results obtained by improved Kinetic Force Method with exact
solutions for velocity moments

5. Research results (* reprint included)

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

*[1] V.L. Saveliev, Shigeru Yonemura, and Yoshiaki Kawagoe: Rarefied Gas
Simulations Using Quasiparticle Pairs, 30th International Symposium on Rarefied
Gas Dynamics, AIP Conf Proc., Vol. 1786, (2016), 040008, (6pages); doi:
10.1063/1.4967546 (peer-reviewed).

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

*[2] V. L. Saveliev, S. A. Filko, S. Yonemura, Y. Kawagoe: Development of Conservative
Kinetic Force Method with Quasiparticles Pairs, Proceedings of the 16th
International symposium on Advanced Fluid Information, Sendai, (2016), pp.
160-161.

3) Patent, award, press release etc. Not applicable.
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Project code J16L085

Classification General collaborative research
Subject area Fundamentals

Research period | April 2016 ~ March 2017
Project status 3rd year

Numerical Study of Thermal and Chemical Non-Equilibrium Effects in
Near—Continuum Hypersonic Flows

Georgy Shoev*f, Shigeru Yonemura**j+
Yevgeniy Bondar*, Pavel Vashchenkov***
*Novosibirsk State University
**Institute of Fluid Science, Tohoku University
***Khristianovich Institute of Theoretical and Applied Mechanics
TApplicant, T1IFS responsible member

Purpose of the project

The main challenge of the project is validation of different models of
vibration-dissociation coupling for accurate simulation based on the numerical
solution of the Navier-Stokes equations in the two-temperature approximation.

Details of program implement

A numerical simulation of a steady N2/N high-enthalpy flow over a cone with real
gas effects was performed for different conditions (Nos. 2 and 4 in Table 1) of tests in
ground facilities (Leyva, PhD thesis, 1999). A supersonic flow (M>1) of almost pure
molecular nitrogen was considered (Y is the mass fraction of N). The total enthalpy
ho was varied in accordance with the uncertainty given in Leyva (PhD thesis, 1999)
through the free-stream velocity variation. The numerical simulation was performed
with the numerical tool suggested in previous years of the project. The vibrational
relaxation rate was calculated by a principally new model, which is a modified
Landau-Teller model derived directly from the kinetic Boltzmann equation (Kustova,
Oblapenko, Phys Fluids, 2015) for an arbitrary deviation from thermal equilibrium.
The dissociation rate was computed by different two-temperature models: #model,
Marrone-Treanor, Macheret-Fridman, Kuznetsov, and Park model.

Table 1 : Free-stream conditions

No. M, |plkg/ms] | 7. [K] W ho [MJ/kg] Redz=4em
2 5.66 0.0437 1416 0.0006 10.3+0.9 1.5-105
4 5.85 0.0266 1239 0.0009 9.824+0.38 9.4-10¢

The results of computations are given in Fig. 1. The pressure coefficient and heat
flux on the cone surface are in good agreement with the experimental
measurements. To assess the sensitivity of the computational results to the choice of
coefficients in the Arrhenius law, we considered two sets of the coefficients: set 1 is
taken from Park (ATAA-85-0247) and set 2 is taken from Moss et al. (ATAA-88-0081).
The uncertainties related to the free-stream conditions and coefficients of chemical
reaction kinetics contribute approximately equally to the numerical solution. The
uncertainty caused by using different models of dissociation is smaller, which allows
us to conclude that all considered models can be used for the accurate prediction of
the pressure coefficient and heat flux on the body surface in the considered range of
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the free-stream parameters.

Figure 1 : Results of numerical simulations. Mach number (a), pressure
coefficient (b), and heat flux (c,d) on the cone surface.

3. Achievements
The expected results were achieved completely.

4. Summaries and future plans

Validation of different models of vibration-dissociation coupling, including the
state-of-the-art model of vibrational relaxation derived by using methods of the
kinetic theory of gases, has been performed through comparison with available
experimental measurements in ground facilities. The next step of the project is to
extend the current numerical tool for the simulation of a weakly ionized air mixture
flow in order to perform validation of vibration-dissociation coupling via comparison
with available flight data.

. 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] Georgy Shoev, Pavel Vashchenkov, Shigeru Yonemura, Yevgeniy Bondar: Numerical
Modeling of Hypersonic Flow over a Cone with Real Gas Effects, Proceedings of the
Sixteenth International Symposium on Advanced Fluid Information, Sendai, (2016),
pp. 162-163.

3) Patent, award, press release etc.

Not applicable.
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Project code J16L086

Classification General collaborative research
Subject area Fundamentals

Research period | April 2016 ~ March 2017
Project status 3rd year

Cavity Formation Mechanism in a Cavitation Process

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

1. Purpose of the project

Cavitation bubble dynamics is still a major issue for a variety of industrial
applications, including hydraulic machines, marine propellers and space rocket
inducers among others. We plan to continue our research with a focus on the last stage
of the bubble collapse to clarify peculiar phenomena that may occur within
sub-microsecond time scale. State-of-the-art instrumentation will be deployed. We
strongly believe that the complementary skills developed by the research groups led by
Prof. Farhat (EPFL) and Prof. Sato (Tohoku University) will greatly help achieving the
project goals.

2. Details of program implement
Figure 1 shows the schematic diagram of the experimental setup. The
plasma-induced bubble was formed by focusing a beam of a nano pulse laser and
visualized by a high speed camera. A signal from a photodiode at the emission of laser
used for synchronizing with the camera and a high voltage amplifier. At the maximum
size of the laser-induced bubble, a discharge was generated in the bubble using a
needle electrode. The tip of electrode was set in the bubble when the bubble became
maximum.

Delay generator Photodiode
— D Nano pulse
| laser(532nm)
Mirror,
A A
Ultra high-speed
camera Vessel 532nm Laser
Lens Bubble
Electrode = Voltage amplifier Function generator
] Fig. 1 Schematic of
L \/\ Current probe = | 8 .
experimental

Oscilloscope
Figure 2 shows the series images of processes of growth, collapse and rebound in the
cases of without, positive and negative discharges. When the negative discharge was
generated, the shape of the rebound bubble was deformed. It implies that accumulation
of electric charges affects to the processes of the collapse and rebound.
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Fig. 2 The series images of processes of growth, collapse and
rebound in the cases of without discharge (upper), positive discharge
(middle) and negative discharge (row). The scale bar is 0.5 mm.

3. Achievements
We succeeded in discharging inside a plasma-induced bubble at the maximum radius.
It was clarified that the behavior of plasma-induced bubble was influenced by the
discharge generated in the bubble at the maximum diameter.

4. Summaries and future plans
It was shown that the behaviors of the charged bubbles were different from the case of
without charges. To understand the mechanism, theoretical approaches using the
Rayleigh Plesset equation which considers charge accumulation and noncondensable
gases will be performed in the next step.

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] T. Sato, M. Tinguely, M. Oizumi and M. Farhat: Study on underwater spark and
residual bubbles after the collapse of laser-induced bubbles, 94th JSME Fluids
Engineering Division Lecture Meeting, Yamaguchi, (2016), Presentation No. 0729.

(Other) 2 International Conferences and 2 Domestic Conferences

3) Patent, award, press release etc.

(Patent) Not applicable.

(Award)

[1] Excellent Oral Presentation Award, “Effect of discharge in a plasma-induced
bubble on cavitation dynamics”’, Sayaka Kamata, Outi Supponen, Tomoki
Nakajima, Seiji Kanazawa, Yuka Iga, Mohamed Farhat and Takehiko Sato,
December 16, 2016, 3rd Taiwan-Japan Workshop on Plasma Life Science and
Technology (2016TJPL).

[2] Excellent Poster Presentation Award, “Pressure Measurement of Underwater
Shock Waves by Optical Fiber Hydrophone”, Takahito Akimura, Tomoya Minami,
Tomoki Nakajima, Kiyonobu Ohtani, Toshiro Kaneko, Outi Supponen, Mohamed
Farhat and Takehiko Sato, December 16, 2016, 3rd Taiwan-Japan Workshop on
Plasma Life Science and Technology (2016TJPL).

(Press release) Not applicable.
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1.

Investigation of Nozzle Flows at Low Reynolds Numbers

Yevgeniy Bondar*t, Alexey Kudryavtsev*, Anton Shershnev*
Kaoru Maruta**f¥
*Novosibirsk State University
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

Purpose of the project
The main goal of the projects is to investigate numerically the flow in the plane and
axisymmetric nozzles and to evaluate the possibility of aerodynamic focusing in such
nozzles.

Details of program implement

Steady dusty-gas flow through a plane wedge-like nozzle with a 100 pm throat
half-width and rounded critical part (Fig. 1a) was considered. The design Mach
number of the nozzle is equal to 4. The gas-particle mixture flow is described by the
one-way coupled point-particle approach. The carrier phase is a perfect viscous
heat-conducting gas, power law dependence of the gas viscosity on the temperature is
assumed. The dispersed phase, treated as a discrete set of identical spherical
particles of radius 0, mass m, particle material density psm ; particle mass loading
was assumed negligibly small.

The carrier-phase Mach number distribution is presented in Fig. 1b for the following
parameters: y = 5/3, Pr = 2/3, Re = 350. Downstream of the nozzle throat gas
accelerates progressively as the gas density decreases, so the influence of the
carrier-phase on a particle is low in the expanding part of the nozzle. Because of this
fact the particle focusing regime is possible despite the flow expansion.

Figure 1c shows trajectories of particles with 0 = 1.2 pm. Here the particle velocity at
the inlet is set to 2/3 of the gas velocity at the inlet, particle material density
psm = 2000 kg/m3. Trajectories intersect in a small area around the nozzle axis, the
position of trajectory intersection point depends on particle inertia properties. With
the increase of the particle size, this point moves downstream. The longitudinal
velocity of the dispersed phase along different trajectories is almost the same (in
Fig. 1d corresponding lines coincide). Particles accelerate in the region of the nozzle
throat, downstream of the nozzle throat the dispersed-phase velocity grows slowly
and at the end of the computational domain it is about 0.36 of gas velocity in the
nozzle throat.
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(a) (b)

(c) (d)
Figure 1 : Parameters and results of the numerical simulations. Nozzle geometry (a),
local Mach number flowfield (b), particle trajectories (c), particle longitudinal velocity
along trajectories (d).

3. Achievements
In the course of the project all of the expected results were obtained.

4. Summaries and future plans

Numerical simulations of the gas-particle flow in a plane wedge-like micronozzle
were performed. The results of numerical simulation give clear evidence that
aerodynamic focusing of small particles in supersonic micronozzles is possible and
the divergence of streamlines in the supersonic part of the nozzle does not prevent
generation of a collimated particle beam. The next step of the project is to investigate
numerically the unsteady starting process in the plane and axisymmetric
micronozzles, which is another important problem associated with micronozzle flows.
This study will allow us to evaluate the influence of the rarefaction on the flow
structure.

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] Kaoru Maruta, Yevgenyi Bondar, Alexey Kudryavtsev, Anton Shershnev:
Investigation of Nozzle Flows at Low Reynolds Numbers, Proceedings of the
Sixteenth International Symposium on Advanced Fluid Information, Sendai, (2016),
pp. 170-171.

3) Patent, award, press release etc.

Not applicable.
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Project status 3rd year

Transport Phenomena of Nanoscale Water Droplet in a Nano Pore

Akinori Fukushima®, Takashi Tokumasu**¥, Vergne Philippe***}+
*Graduate school of Engineering, Tokyo University of Agriculture and Technology
**Institute of Fluid Science, Tohoku University
*** LaMCoS, Université de Lyon
TApplicant, Ttnon-IFS responsible member

1. Purpose of the project

Recently, many useful mechanical and energy devices that have nm-order structure
are realized. Factors to determine the efficiency of these small devices are mass
transport phenomena in devices. Many papers report that when substances are in
nm-order structures, their transport properties are greatly different from those in
macroscopic case. We have focused on the droplet shearing phenomena. In both
macroscopic and microscopic cases, a liquid-vapor interface has nm-order thickness. In
the macroscopic case, the friction force between droplets and solid walls can be written
with contact angle and its surface tension coefficient. On the other hand, when a
channel size is in nm-order scale, the relation between the velocity and the contact
angle 1s not known in detail. Therefore, the momentum transport through the
liquid-vapor should be clarified. In this study, we focus on effects of liquid-vapor
interface onto the momentum transport phenomena seen in the interface region. In
this year, for the first step to construct the numerical model of the friction force, we
consider the temperature increase via the shear stress between the droplet and the
solid walls.

2. Details of program implement

We evaluated friction forces between an argon droplet and honeycomb walls using a
nano channel model shown in figure 1. The velocity of the upper wall was set at 10 m/s
and the velocity of the lower wall was set at -10 m/s. The shearing direction is
perpendicular to the liquid-vapor interface. To keep the solid wall at the constant
temperature, the temperature of the second outside layers of the slabs was kept
constant in all time steps by velocity scaling method. The temperature was set at 85 K.
The channel size is defined by the distance between two slabs and changed from 3 nm
to 10 nm.

To make numerical models of shear stress, considering the condition that the heat
flux generated by the shear stress is balanced to the heat flux from the liquid to the
slid wall, we solve time-independent 1D heat transport equation including energy
dissipation. For the liquid temperature, we employ the space averaged temperature.
Moreover, we evaluate the liquid viscosity using this liquid temperature.

Figure 2 shows the shear stress on the center region. The vertical axis means the
shear stress and the horizontal axis shows the channel width. Red circles show the
shear stress by molecular dynamics, black solid line shows the shear stress from our
new model, and black dotted line shows the shear stress by the Couette flow with
constant liquid temperature. Compared with results of two lines, due to the shear
stress, the value of the solid line is smaller than that of the dotted line. Moreover,
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compared with results of our new macroscopic model with that of molecular dynamics
simulation, two results agree well. As a result, it can be said that our model can
represent the shear stress with temperature increase.

Figure 1 Snapshot of simulation system
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Figure 2 Channel size dependence of shear stress. Black solid line is expected value of
our new model, black dotted line is expected value in constant temperature case, and
red dots show the results by molecular dynamics simulation.

3. Achievements
In this project, we expected to clarify the momentum transport phenomena on the
liquid-vapor interface in nano scale. In this year, we make the numerical model to
obtain the accurate description We have obtained the important and sufficient results.
We will write full papers as soon as possible.

4. Summaries and future plans

We have constructed the numerical model of the shear stress including the
temperature increase. Moreover, compared with result of molecular dynamics
simulation, expected results of our model agree with results of molecular dynamics
simulation. In future plan, we construct simulator to evaluate the friction force
between the droplet and the solid walls based on the continuum model. Compared with
expected results and results by the molecular dynamics, we find the characteristic
phenomena in nano scale.

5. Research results (* reprint included)

1) Journal Not applicable.

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

international conference without peer review)

*[1] Akinori Fukushima, Nicolas Fillot, Takashi Tokumasu, Philippe Vergne: Transport
phenomena of Nanoscale Droplet in a Nano Pore, Proceedings of the Sixteenth
International Symposium on Advanced Fluid Information, Sendai, (2016), pp. 56-57.

3) Patent, award, press release etc. Not applicable.
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Shock Amplification behind Fabrics

Loic Ehrhardt*f, Mingyu Sun**+,

Pascal Magnan*, Ryo Maruyama**
*French-German Research Institute of Saint-Louis, France
**Institute of Fluid Science, Tohoku University
TApplicant, T+IFS responsible member

1. Purpose of the project

The objective of the project was to investigate the shock-fabric interaction. It has been
observed experimentally in the literature that such interactions indeed lead to strong
pressure amplification in a reflecting surface behind the fabric. This effect can be
dramatic in case of human exposed to a blast event (catastrophic event, terrorism,
demining ..). The emphasis was put on the fundamental phenomena leading to
pressure increase, and the sensitivities to fabric (permeability, surface mass ...) or
configuration (stand-off distance, number of fabric layers ...) parameters.

2. Details of program implement

The first step has been to identify the physical processes leading to the amplification
of overpressure on a reflective surface behind a fabric layer. The bibliographic review
showed that the two phenomena are (i) the successive shocks transmissions and
reflections due to the partially transparent fabric layer and the reflective surface, and
(ii) the compression of the air gap between the fabric and the reflective surface due to
the fast fabric movement.

In the second step, an original modeling of the fabric transparency was developed and
implemented in a 1D hydrocode. The 1D fabric movement due to pressure on both sides
was also implemented. The new model allowed to reproduce the main features of the
amplification, as showed the comparison to experimental shock tube data.

The final step of the study was the use of the new model for studying the sensitivity of
the amplification to fabric or configuration parameters. The aim was to investigate
which parameters play a role on the pressure amplification and how they should be
chosen to decrease the amplification effect.

3. Achievements

The expected results were:
1. Detailed description of the shock-fabric interaction

Achieved: the bibliographic review stressed the two main physical processes
responsible from the shock amplification behind the fabric, which was the main
phenomenon of interest. A deeper understanding of the fluid-structure interaction at
the stitch level is however required for a finer understanding of the global interaction.
2. Numerical formulation of this interaction

In progress: a numerical formulation has been proposed and reproduces the shock
amplification. Further comparison to experimental data 1is still necessary to
consolidate the model.
3. Recommendations for mitigating shock amplifications
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Achieved: based on the new numerical model, the sensitivity of the amplification to
fabric parameters has been evaluated. The tests showed that the fabric transparency
to the air flow is the key parameter and that the amplification is less important with
larger transparencies.

4. Summaries and future plans
The Figure 1 shows the pressure recorded in a shock tube on a reflecting surface (tube
end) in front of which a fabric layer was set. A shock was generated in the tube and
leads to the pressure waveform observed. The figure shows the pressure waveform
with and without the fabric layer. The results of the simulation are also shown on the
same Figure for comparison.

Figure 1 : End wall pressure (gray) without fabric and (red) with polycotton fabric.
(thin line) experimental data, and (thick line) numerical data.

The main results of the study are visible on this Figure. The amplification is evident
as the maximum pressure increase in presence of fabric is almost doubled. The
waveform, depicting successive shocks and slower pressure increases, is characteristic
from the fabric amplification effect. The simulations matches the experimental
recordings.

In the next steps of the study, the influence of air viscosity on the shock/fabric
interaction will be evaluated. A 3D simulation of the shock propagation around a fabric
stitch will also be attempted. The objective is to link the air and fabric properties to the
more global scale fabric transparency.

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] Ehrhardt, L., Magnan, P., Sun, M., Blast amplification by fabrics: a new numerical
formulation, MABS 24, Halifax, Canada, (2016), 15 pages.

*[2] Ehrhardt, L., Sun, M., Maruyama, R., Magnan, P.: Shock amplification behind
fabrics, Proceedings of the Sixteenth International Symposium on Advanced Fluid
Information, Sendai, (2016), pp. 164-165.

3) Patent, award, press release etc.

Not applicable.
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