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*[1] Takahiro Ishibashi, Koichi Mizukami, Hiroyuki Kosukegawa and Toshiyuki Takagi :

3)

Nondestructive evaluation for carbon fiber composite parts fabricated by prepreg with
high moldability, Proceedings of the 18th International Symposium on Advanced Fluid
Information (AFI-2018), Sendai, Japan, (2018), CRF-34, pp. 70-71.
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*[1] Y. Egami, A. Hasegawa, Y. Matsuda, H. Nagai, K. Fujita : Verification test of novel
fast-responding Pressure-Sensitive Paint to resolve small pressure fluctuation,

Proceedings of the 18th International Symposium on Advanced Fluid Information
(AFI-2018), Sendai, Japan, (2018), CRF-79, pp. 164-165.
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Radical Transportation to Complex Shapes by Non-Vacuum Plasma Jet Flow
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*[1] R. Ichiki, K. Toda, S. Akamine, S. Kanazawa and T. Okada: Nitrogen Doping to Narrow
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Holes by Atmospheric-Pressure Plasma Jet with Flow Induction, Proceedings of 18th
International Symposium on Advanced Fluid Information, (2018), CRF-50, pp. 102-103.
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Impact of Negative Temperature Coefficient Behavior on Autoignition and Pressure Wave
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*[1] H. Terashima and H. Nakamura: Effects of negative temperature coefficient of reactivity
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on end-gas autoignition and pressure wave development during knocking combustion,
Proceedings of the 18th International Symposium on Advanced Fluid Information
(AFT-2018), Sendai, (2018), CRF-24, pp. 48-49.
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011014 (10 pages).
Otsuka, K., and Makihara, K.: Absolute Nodal Coordinate Beam Element for Modeling Flexible and Deployable Aerospace
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*[3] Otsuka, K., Wang, Y., Fujita, K., Nagai, H., and Makihara, K.: Dynamic Simulation of Deployable Wing Mars Airplane,
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%. ik BAED MEMS (B Gl v F o 7, lSEOZEE 7 0t 2AD—f &2 IEE%e 7
R ANEWZ D LT AN AR EAOTH L. RE~A 7 v 77 A=/ F
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(13.56 MHz) Jihft L CR&E~A 7 077 X<tz A LT St Vo RR Y 7 2 RO )5
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B~ v IR DHRIRE (28/) OREAI=ALE, TNETICHEVERSNTIA
Motz AMETHE, =7V — R (Va—F—, 71—} %) OFRERDLT Y h—1Z
HHT ., =oY b—13, B2V v FAMEY M3 HIRT, WIREGROELE) D H DA
B ERLDMEEND D Z ERHFF SIS, AMIGETIE, JEREME LES B X ONDNS #H W T= v ¥ K
— U EBAERNCEELL, Lighthill OFEGPEHEEERICHWCIREERED A I =X LAORGE
ENTZATH. IHIZ, =y Y h—rZEIRETD/VHOTT U — REZRO DNS 2 W TfATIC
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BEaEBTZ LI Lz, &5, =y Y b—rOFBT XL =N D 5 FelZHEV HEN
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[T E TRV, Lo T, LES OFEERGZEIIZ H 7R EENNETH 5.
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Investigation of Bioheat Transfer Characteristics of Skin Tumor
during Non-Invasive Measurement of Thermal Conductivity
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Numerical Analysis on Supersonic Flow Control using High Repetitive Laser Pulses
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1. BARE®

RSO IS T, BEERTRITT DB8TIET DRI EIR T 2 1E 5K
IOV =y 7 T —=LMEIRE LTRERRE L oo T D, ABIETIE, T b OFER
(ZHERT 2 RIEDOFER ST C, sk L L—P— UL 2 2 D TilSIc o r L ¥ —% 5
A% T & TR A 92 Rl - SRRy - REEIRYZR S AR AR R L T D, Th
FTICAFEZ VT, BRI BRI & OB S8 RBEOIHIEI R VR STV 5.
— 5T, ZOFELNAN=ANTARLNTE LT, AFIERETIE, Sk LR L¥—
FEINC & 2 mndFi AR EAT SN T, BB 2 VT2 X ) = X L Oz B3 729,
ZHVE TONZED B TR & BB £ < — B2 Z LA L TV D% T —fna
W= HUMER OFECONT, BT UEETTS.

2. MIRBEEODAS
T RLF N > TR X415 thermal bubble & fEEE AT 5 Z &2 X - CHfif
BRI SN, RS ZOENGHERIND Z LIk~ T, FLOMERTH. 2D A
H= ALK LT, FEMEERIR BN T b E T o7z, =R F—(IMZ L 5
thermal bubble FERKOERIT, EFEMNEGG LU= e R Z(ET 5. bubble @

ERd I, df = d {1 + [ = Dn,E1/ [gn ©) po]}; LEFILRTED, dIEERIC L 5T

BoNDTD, dybn, DWTI)% TR OFEMITIC L > TRET H Z & T, thermal
bubble DIREEEZIRTETH Z EINTE H720, BEIRE I X 7 % v/~ breakdown D)
RO FHULZITVY, dp = 28 mm EIRE L2, ZHHDOfEEHWT, n, 2 EOTFER, n, =
0.25 L WO NG bAe. HMEEFUMKBIZRCbn, = 025&, AIMLEBR & LTd,
Z AW TCd,y i Ml L7255 R, dy = 2.26 mm &72-7-.

WIZ, N & bubble DTN K D/ OFEENZHSOWTET UL EITo72. THHO
EERR OZEEN L —~ AR Z 2 Ik > THE BN AT72D, bubble DYRRER: & fEEE
~ A NETCIRE SN, TR ORI OZENE, AN SRS  OF )0 O
INCENE T Dk & & 2, RO E LTp(t) = (ps — p,) exp(—(t — t;) /At) +
ps BN L TET IMLEAT 272, MDHINKRID /NG A—Z Tloo 12, FEEE DL &
xp & T OEFRIGEEY, 2 VT, At = U /xe & LT=. ZHHDEE L, [EI15GORIZAL
DOXEHND Z LT, BB OMNEZEITHNIRO S Z ENTE 5. K 1 IS, BiEEH
B LR LG LN ERE O EOFEE 2T, WTINORS L& LTy, k



LD & 9 72T MU CHEMR OBV A BT 5 Z LN TE .

VIR T ClE, B ORI AT OREEN R TEEM & 72> TN D72, ML
FHRAIT) ZENTE S, —BlE LT, Mk UEREE % 30 kHz & L7258 OfftrE R 21X
21T, 7R LA1T 9 2 LT, EEEREOMENETEL L TR, ZOAEIIHIINL
ELY b ERICBE L WD, BB EET DOCEI SR UERE S & I B3
HEEBESLN, S OFERITEEOFER, HEHEERE 8T 5.

300 transmitted shock - §
M~1.68 P muglen]t ;lz)ock
250 F = 1 ~ e
T
<« | bubble-shock
200 E 0.8 interaction initiated
150F  4,=0.25 CFD ’
él()() . dy=2.26 mm B _ 06} I bubble-shock
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So0p E = 04
ok E “t 1 shock front motion
Vel i ]
-S0F experiment E 0.2 initial shock
. . M;=1.92
-100 0 L
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B 1 H—/YLADbubble & EHEREREOFUNT M 2 Mk UEEI 30 kHz O /LF—ff

£ D EEER DOZEH) NNZAT > T35 6 OEEERZEE O AT R
3. HIERBEDOZERK
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1

2)

ARHFFRECIE, #uk L= p X — N X 250RRTHEIC DWW, BT /U EETT,
FR, AR & O E1T o7, BRI OZFEOET MOV TIEFERR, BiEsHE L b
I~ BREEME DN Z D, MR Lo p L X —(HINC & B @R DAV T
VAT 2 VD 2 & CFER, BRI ORIEREREN AIEE L 7e o7z, —T5, 2207 RE
SRR & 72 D HT IR & MK L OZRIZOW T2 72T UEIZE S TR0,

FEHESERDEFE

(3 WFFEHAEDZERIRIL) (ICHA~T2 LB Y, Mo Lo /L —fINC L 5@ O 2SI
OWTUTET MEEAT T2 b DD, 2R MERERHIIEER & 70 25U R & il L %R
ZOVWTIEARDRETMUCESTELT, SRIET/MELIZRERD D, FREOEHRORK
ReEZ VT 3 RTHe R 2 & 2 T- U R 25 Hil 35 T 7 /bR A R OETH

AERERE KIERIRIHY)
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pulse laser energy deposition, Proceedings. of the 18th International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-75, pp. 156-157.
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Control of Electronic Band Structure of Quantum Nanodisks for High-Efficiency
Solar Gells and Laser Applications
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1. HAEZEM

T EENR TN M, RO R UOnIREEBR - Ny MEER OB FHEERIL,
KEFEMS L —W— 25 R )L AT A 2 RN 0 L S5 ATREEN B 5. LinL
RIS ZNECREORF T HEEED Z ENNEETH - 12720, BARRZ7RITEA T
WiRino Tz, F T, WAREIZEITIC B W THMEE =LA R F T T L— R E W TE
U LTCHRECS T 7 ¢ A7 fdE (LLF, Q\ND) DSBS 230 FiEiEZ, SIRKT:
AT 2 B FECFTFEE W THRIAT 5. BTy PG AT 2 2 LT, it
DK< L —— O b3 B F 5T D MR A5 5.

2. HIRBEEDODAR

MEAEE £ TOMZEL Y, "M AT FL— e HnizhtF e —ax v F 7 (UL NBE)
HeAfi CrERL L 72 QND TIXEN R OO ET-EAD R NTET D 2 L &, B E 2R
HT257+ bLIgxyt A (LFPL) S nextnano ¥ 2 b—3 a3 Vb FEFELTZ. K
FEFEE, OND 27 3 AJSHT DBMCHRE & 72 D = U —BR TR L. Bam DG
{2 BRI E LT, Si 7/ A RS A2 AR AU TN CIERL L, 2 0IRRERRE G %
BRSO R RGBS (LR PPT) M5 CTHIE L7z,

£, 140 nm D Si0 Ny 7 7 BEAT D Si R BRI Si Ry fARR T E X v
—ET90 nm IR SHT=. 0%, NBE HAHC L - CTHEAL 10 nm, #E 90 nm D Si F/ HA
ZFRRAEE (Si nanopilar: Si-NP) ZAERIL7-. &i%iC, BVLFEAHEREIRIC L > T Si-\P
ff% Sio Geo s THLOAATS. HEHIZ S1 FM_EIZ SiGe IO A& Al L7230k b R LT

11124 KI5 PLIEEDRERATT. Si DAY REYy v~ 4K TL 17 eV) FHTlC
ZRDOE— 7 IS, STk E DD ST BT 5 TO BLNTA 74/ 215 Hill
JEE R L RETE /2. DT b, B L7 SI-NP X Si fhgh D/ REEEE R > T
HZEDHEERTE . X2 IZ=IRTO PPT JIER KA ~T. Mkl e HI2 Si RO e —7
BRI S 7278, Si-NP 3BT SiGe JEREHT Eb AR TIE BHREE A KIEICIRD L=, 4 [E o PPT
HIERSE T, Si B TONXRIUZ L > THAELTZ7 4 /2 > (B 23, Si-NP JgH DU SiGe
JE ZAGHE U CRBIERICHE O AT 728 b T v A 2 —HTRET 5. EERREEENS, B
EHRAS SI-NP I K > Tl B2 Z & TPPTEEHRENH L b B2 bivd. LVRE
HNZRATT 5 7-12, #HHDEZ 1150 & 1090 nm (ZEE L, WgiEiEA 20 7>5 3000 Hz £



TELEE T, Wilst BRI X - T PPT1E 538 AR L dip BN D23, 0 dip IE
Si-NP & SiGe EERECTFNZ4 700 & 2500 Hz (2T S 7z, FEEHEGIC D < B E
BOHRREE LY, Si-NP HEEOBYAERN LY ST &k LT 10 40 1 FREEE TR L
72 & X2 dip B 700 Hz dmIZBUIND Z LR ghote. DFV, Si A& T /HECTH 2
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3. HIRBEDERIKNR
AMFZEE, BAESNT 2 7 4 A7 HEEDTERT 53 MHEEZ R - HE L, KBS
L—P— DI HIC 5T A ESS Z ENBTH o, FEEEE TS S1 &2/
T AAIET DT & TRy FEEEHECTE D Z L2 LT LTz, S8, T3 A
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PR O R, PRk 30 AERKERES 79 IS B R SRR, (2018), 21p-PB4-2.

*[2] N. Matsuda, T. Nakamura, D. Ohori, S. Samukawa, T. Ikari, A. Fukuyama: Optical
properties of Si nanopillar/Sio.7Geo.s composite film fabricated by using a neutral beam
etching technique, Proceedings of the 18th International Symposium on Advanced Fluid
Information, Sendai, (2018), CRF-46, pp. 94-95.
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Internal Defect of Plastic—Fabricated Carbon Fiber Reinforced Thermo Plastics

Pl R, B BT, NI e
SR B, N e, B U, f e
RN, TR T
UL KR T 0 4 TG, SRR - Ko
REE, HTIPRERE

SIEAS]:)

BRI 2 FO T R ETR (L 7T A F~ 7 (CFRP) |3 ETH Y mimECTH H7-
W, MiZe - FHEELC F1 Z0EcE < b tE b, oL, CFRP 34— K7
L—7 7% EORIEAEE A VTR & ) 2l U CRIE T 2 BN & 5728, ARIEICKERH]
DB TH D, A, IREMHERL T 7 AF v 7 & HEN 2 EOMEIIERT 5720120
FRIERER 2 b L Ca A MRS 2 NEN DD, T, BAEMEIE 2 R & Lok
FigER(b 77 2F >~ 7 (CFRTP) MBS TE T\ 5. CFRTP 3BT 5 L#f{bd %
728, ZNFE CHEEERLZ Y L CE 727 L ARIE AW L7 EOWMHIN T3 rfEET
b5b. fEoT, TR MIEAEIES TS, LavL, BVATBHREIEIIZIE Lo BT
BHDHN, IREWMHEITEIE LI UMEICH 720, FOENLNERICZEALNTET S.

AWFZETIE, RBIREZZLSETT L =7 A E CFRTP ¥V U 7= BRONES
RMGDIEA T = A LEHSINNTHZ EEZHET 5.

2. PRBERDAR

[X] 112 CFRTP & A5052 O OIS 27~ 7=, X212 CFRTP & A5052 @
eN AN - NEA= R N

1 : CFRTP & A5052 O#EE OB 2 : CFRTP & A5052 DA L OB EE

AR I L E 2 IV T CFRTP-A5052 B2A AR OAB S I MG B2 O FTREMEIZ DUV T
Bt L7, BEREEREBROMRE M A2 K 31277, CFRTP-A5052 M H:AROLEE %
CFRTP flll, AB052 IO FEM LT~ A N L— i T—/3—EY o 7L O#ElEE% 50MHz



DERF-CTHh L7z,

3T 4: CFRTP 76 0% (15MHz) 5:A5052 117> 55 (50MHz)

CFRTP {26 O#IZ2ClE, 15MHz Ol CEIESRTRETH 513, RIEHT 7 — kT
CFRTP R OHOENG LGOI, RS — h & BT O XM R S
AN, HAFEBIEZRETH 7= (K4). A5052 17513 50MH z DOl CTd 5L
BIEAEECH T, HEAREIZ, — M ENTH 2 & ThHBREBIEARETH S, CFRTP
Mixb A, TAIFMIORMERH VEIELIZS WL Tho7 (M5). 0.1lmm
FREE DR Mo % e IR T 2 DITBLR ORI OFREEN BN C o - 72

3. IR BEDERIKR
PR OB ERR 2 5206 L7228, 0.1lmm FEEDOKRMEEMHERT D Z LN TE o722
30%DER THD EEZ HILD.

4 FLHESHDERB
CFRTP DO¥EMINTIZIIT BN RIMEDIEEA I = X L EHSEINTT D Z & T, WERKK
D72y CFRTP ®oOBIh &2 %925 Z L SFREE 70 5. A DO CIINER KM% s 3
LT EDRREETH 772, % GREFEE G LT iUz b,

5 HAREER IEAEIRIHY)
1) ZfisE EROTEERE BHEZEED)
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pp. 34-39.
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*[3] Yuya Kodaira, Toshiyuki Takagi, Hiroyuki Miki, Hiroyuki Kosukegawa, Noboru
Nakayvama : Internal defect of plastic-fabricated Carbon Fiber Reinforced Thermo
Plastics, Proceedings of the Eighteenth International Symposium on Advanced Fluid
Information, Sendai, (2018) , CRF-38, pp. 78-79.
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Study on the Function of Me-DLC Nano—Composite Coatings Acting as Thermo—Sensor
in the Sliding Interface
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Study on the function of Me-DLC nano-composite coatings acting as thermo-sensor in

the sliding interface, Proceedings of the Fighteenth International Symposium on
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[1] W. Yamazaki, T. Kato, T. Homma, K. Shimoyama, S. Obayashi: Stochastic Tsunami
Inundation Flow Simulation via Polynomial Chaos Approach, Journal of Fluid Science
and Technology, Vol.13, Issue 4 (2018), p.JFST0025.
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Experimental and Numerical Study on Improvement of Flight Performance of a Multicopter
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Flow, Proceedings of the Eighteenth International Symposium on Advanced Fluid
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Research on Surface Modification of OLED Materials via Neutral Beam Technology

Xijjiang Chang *¥, Seiji Samukawa**j+t
*College of Electronic and Electric Engineering, Shanghai University of Engineering
Science
**Institute of Fluid Science, Tohoku University
TApplicant, TTIFS responsible member

1. Purpose of the project

Neutral beam technique has the advantages of low surface plasma induced damage,
neutral beam energy controllable and low processing temperature so it is expected that
low damage and accuracy controlled surface modification can be processed. Here we

want to apply this technique on the surface modification of materials used for OLED.
This is the first trying of NB technique on the OLED field.

2. Details of program implement

Reserch plan (in application): The neutral beam surface modification processing will
be studied theoretically and experimentally. Some film properties like material
composition, surface roughness, hydrophilic/hydrophobic, work function will be
investigated with plasma neutral beam surface modification. For different film
properties requirements, suitable processing recipes will be summaries with previous
results. At last the neutral beam surface modification will be applied on organic light
emitting device fabrication.

As the actural performance of this program, Dr. Chang visited Prof. Samukawa in
Sendai in Aug., 2018, discussing about the exprimental plan. As the discussion, we
modified priliminary expeiment on the plasma surface modification on orgarnic
material/coatings and the following work were performed as the discussion. This change
is due to experimental setup limitation in Chang’s laborotary because most experiments
were performed in Chang’s lab. in Shanghai Univerisity of Engneering Science. As the
target materials, h-BN nanoflakes and silicone-modified epoxy coatings were selected
and treated with different plasmas. The experimental equitpment was homemade
surface-wave plasma generator designed by Dr. Chang, which would be modified into
neutral beam equipment with guidance of Prof. Samukawa for the future NB related
experiments.

Silicone-modified epoxy coatings were prepared and treated under different plasma
atmospheres in order to enhance their anticorrosion ability. The corrosion current
density, corrosion potential and impedance of the modified coatings were measured by
an electrochemical workstation. The results showed that the corrosion resistances of
silicone-modified epoxy coatings were highly improved by surface-wave plasma
treatment. Figure 1 is from accepted paper to explain this part.

Micro-pores
!/\hjﬁlsion pathway of O,. HyOand CI'Via well-dispersed arez
LT i L © - Surface wave plasma

’ Epoxy coating

' Low carbon steel

Figure 1 : Corrosion resistance mechanisms of the plasma-modified coatings on metal substrate.




h-BN nanoflakes were treated in plasma gase for surface modification. The structure
characterization (XRD, IR, XPS etc.) of h-BN indicated that the plasma treatment not
only enlarged the interlayer distance of h-BN, but also increased the NH/OH surface
groups and the ratio of exfoliated h-BN planes. The plasma treated h-BN exhibited
better dispersion and stronger Fe2* holding ability in acrylic resin than the pristine
h-BN, resulting in smaller corrosion current density (icor) and larger charge transfer
resistance for the acrylic coating on low carbon steel, especially treated in Ar+NHs

(4:1).Figure 2 is from accepted paper to explain this part.
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Figure 2 : Sketch of h-BN change by plasma treatment.

As the experimental results, two manuscripts were finished and submitted, and
already accepted in journal Prog. Org. Coat. (IF=3.05) and Int. J. Electrochem. Sc.
(IF=1.54), separately.

3. Achievements

Expected result (in application): New processing with neutral beam for OLED device
will be created to enhance the device performence. The experimantal phenomenon will
be studied theoretically. As the achievement, 2~3 paper will be published and patents
are expected.

Actual result: As preliminary research, plasma surface modification has been
applied on organic materials/coatings and the phenomenons have been discussed. Two
papers have been accepted in journals.

4. Summaries and future plans

In this project, h-BN nanoflakes and silicone-modified epoxy coatings are selected as
target materials for plasma surface modification experiments. The experiment plans
were discused by researchers both in IFS and SUES and performed successfully. Two
papers have been accepted.

Now the Cooperation continues and the next step is to modify the equipment with
the neurtral beam function. When the setup is ready, the NB experiments will be
processed and some parts we originally planned for the OLED materials will be tested
and studied.

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

Plasma treated h-BN nanoflakes as barriers to enhance anticorrosion of acrylic
coating on steel, Prog. Org. Coat., 133 (2019), pp. 139-144 (Accepted April 9, 2019).

corrosion resistance of silicone-modified epoxy coatings by surface-wave plasma
treatment, Int. J. Electrochem. Sci, (2019), (Accepted March 29, 2019), doi:
10.20964/2019.06.18.

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

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

Peng Zhang*t, Hiroki Nagai**f+
*Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University
**Institute of Fluid Science, Tohoku University
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1. Purpose of the project

Slippery superhydrophobic and hydrophobic surfaces are introduced for performance
enhancement of heat pipe that is widely used to dissipate high heat fluxes at larger
scale industries. And thermal performance as well as heat transfer mechanism on
condensing surface of heat pipe are experimentally investigated, leading to further
applications, such as water harvesting, fog collection or icing/anti-icing, etc.
Furthermore, the durability analysis of as-prepared surfaces is underway, which is
aimed at resolving the cloaking challenges.

2. Details of program implement

Slippery surfaces can be prepared on a number of substrates using various slippery
materials, including paraffinic materials, fatty acids and high viscosity GPL oil. As a
preliminary plan, paraffinic materials, is used. Indeed, paraffinic materials are
environmentally-benign, hydrophobic and oily, so they are potential candidates in
domain of SLIPS. Following that, the SLIPS will be tested as condensing surfaces to
understand temperature-dependent switchable wettability, nucleation density and
droplet transport. Since the surface condition of paraffinic surfaces apparently seems to
be different than that of less-viscous GPL oils, condensation mechanism is necessary to
be evaluated as if it would be drop wise or film wise. The formation of pores onto the
substrates can have different configurations, e.g., individual cylinder-like pores as
obtained via anodizing process on steel substrate, or connected-porous network as
obtained via chemical etching on copper substrate. Consequently, the quality of SLIPS
1s prone to be affected by the geometry of porous structures. Therefore, substrates
consisting of individual pores and network of pores was also be researched. This would
provide understanding on durability of SLIPS, as well as droplet dynamics on various
porous configurations.

Shown in Figure 1A and Figure 1C are the test facilities to study the performance of
heat pipe and condensation heat transfer, respectively.
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Figure 1 (A) The schematic of condensation heat transfer unit (B) Condensation
patterns on paraffinic slippery surfaces, (C) Thermosiphon test facility.

3. Achievements

The group at Tohoku University headed by Prof. Nagai has done intensive research
about SLIPS and the corresponding applications in heat pipes. And the group at
Shanghai Jiao Tong University headed by Prof. Zhang has conducted systematic
research on SLIPS and reported enhanced performance of thermosiphon heat pipes.
Further his team has carried out work regarding fabrication of SLIPS by applying
paraffin waxes into porous superhydrophobic copper substrates, that provided
satisfactory condensation patterns as shown in Figure 1B.

4. Summaries and future plans

From the research conducted so far, it has been proved that the nanostructured surface
can be used in a thermosyphon to enhance the thermal performance. With quantative
optimization of paraffin wax to surface voids, spin coating reported more uniform
surfaces as compared with dip coating method. Paraffinic SLIPS provided no cloaking
as predicted by theoretical models and FTIR analysis, however cloaking took place
during preliminary condensation experiments, which will be studied in the future.

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] Raza Gulfam, Peng Zhang, Hiroki Nagai: Heat transfer investigation of
hydrophobic organo-metallic slippery surfaces, Proceedings of the FKighteenth
International Symposium on Advanced Fluid Information (AFI-2018), Sendai,
(2018), CRF-21, pp. 42-43.

3) Patent, award, press release etc.
(Patent)  Not applicable.
(Award)  Not applicable.
(Press release) Not applicable.
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Mixture of Experts in Bayesian Optimization for Complex Aerospace Designs

Rhea P. Liem*t, Koji Shimoyama**{+
Pramudita Satria Palar**, Timothy Jim**, Yuan Lyu*
*Dept. of Mechanical and Aerospace Engineering, Hong Kong University of Science
and Technology (HKUST), Hong Kong
**Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

1. Purpose of the project

The main goal of the proposed research is to improve surrogate model's accuracy
and sample-updating technique used in the context of the Bayesian optimization
technique. In particular, we aim to make kriging and Gaussian Process surrogate models
more capable of accurately and efficiently represent real-world engineering problems.
This will be achieved by incorporating machine learning techniques in the procedure. To
this end, we propose to construct an ensemble of Kriging surrogate models (mixture of
experts), and a kriging model with multiple kernel functions, to provide better flexibility
in modeling the engineering problem complexities. The developed method would then be
demonstrated in two case studies in the context of aerospace engineering.

2. Details of program implement

We identify two main research directions: (1) benchmarking & method development,
and (2) applications. For the application purpose, we are looking into aircraft mission
analysis (HKUST) and supersonic system design analysis (Tohoku). These two case
studies are still under development by the graduate students involved in this project,
and thus we focus more on the benchmarking and algorithmic development. For the
surrogate modeling development, we compared the performances of kriging model with
multiple kernel learning (MKL) and the mixture of experts approach. The benchmarking
data are from a transonic rotor problem (Fig. 1, from Tohoku University) and drag
coefficient for a transonic aircraft (Fig. 2, from HKUST).
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Fig 1. Results for the transonic rotor i)fébleﬁl with nugget =100 (left) and tuned nugget (right)
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Fig 2. Results for the Cp approximation problem with n-ugget_= 1010 (left)_ and t_uned_nugget (right)

From these results, we observe that MKL is shown to be more superior than
conventional kriging model, especially on the transonic rotor problem with a large
sample size. The MKL algorithm can optimally select the kernels to be included in the
model; often, not all kernels are used. Work to include more case studies and using
mixture of experts are currently underway.

3. Achievements
During the project period, we submitted one conference paper, and are working on
two journal articles.

4. Summaries and future plans

The second IFS General Collaborative Research Project is granted (J191003). We
will still focus on improving the accuracy and efficiency of surrogate modeling methods,
focusing on those derived based on the Gaussian Processes, e.g., kriging and RBF. Our
key motivation is the existing “gap” between the algorithmic development community
(which is more mathematical and scientific) and the engineering community (more
practical). Some of the more mathematically advanced methods might not be directly
applicable to real-world problems. Likewise, some real-world problem complexities have
not yet been properly modeled by existing surrogate modeling methods. Real-world
engineering problems are typically stochastic in nature (with uncertainties and
variations in operating conditions), multidisciplinary, and highly nonlinear. Moreover,
the linearity and function characteristics may vary in the design space. Considering the
limited capability of conventional kriging methods, we aim to develop kriging variants
that offer more flexibility and thus are more suitable for the complex problems at hand.
The variants would include using multiple kernels in the model structures, and
incorporating the machine learning ensemble approach to derive the mixture of experts
model. The proposed methods are aimed to combine the strength of each expert in order
to boost the approximation accuracy and the search capability of Bayesian optimization.
Next, we would apply the developed novel surrogate modeling methods in two case
studies, one from each collaborating university. We expect to have more substantial
research outputs in the following years.

5. Research results (* reprint included)

1) Journal  Not applicable.

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

Patent, award, press release etc.

Not applicable.

3)
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Discharge Phenomenon in Laser—Induced Bubble and Formation Mechanism of Microjet
by Cavitation Bubble

Takehiko Sato *¥, Mohamed Farhat **{+
Outi Supponen **, Kiyonobu Ohtani *

Tomoki Nakajima *, Takahito Akimura ***
*Institute of Fluid Science, Tohoku University
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1. Purpose of the project

This project aims to elucidate the micro-jet formation occurring in the last stage of
the primary and rebound bubble collapse processes of cavitation bubbles. We strongly
believe that the complementary skills developed by the research groups led by Prof.
Farhat (EPFL) and Prof. Sato (Tohoku University) will greatly help achieving the
project goals.

2. Details of program implement
We have reported that an expansion wave generated by reflection of a
compression wave at the surface of water produces cavitation bubbles and form the
micro-jets when the bubbles collapse. It was also found that the direction of the
micro-jets becomes the same direction of propagation of the secondary compression
wave through the past collaborative research. To understand the interaction between
cavitation bubbles and pressure waves in detail, the temporal change of the bubble
radius is compared with the Rayleigh-Plesset model with adding the effect of
propagating pressure waves, which is expressed as Eq. (1):
p(RH’+gRZ)=pB— ————R (1)
where, p is the liquid density, R is the bubble radius, p = p. + Pwave 18 the pressure
around the bubble, p, is the pressure in liquid, p,,,. 1S the pressure of pressure waves,
o is the surface tension, and u is the liquid viscosity. pg = pg, + p, is the pressure
inside the bubble, where p, is the vapor pressure and p, is the non-condensable gas
pressure inside the bubble. Based on the pressure measurement in the past study, pyave
is simplified by a square function of a pulse width of 90 ns, the first amplitude of 16
MPa, and the reflection ratio from the water surface and the alumina plate is assumed
to 70 % and 82 %, respectively. Assuming adiabatic compression, p, is expressed as Eq.

(2):

b0 = v ()" @

where, p,  1is the initial pressure of the non-condensable gas inside the bubble, R, is
the initial radius of the bubble, and y &~ 1.33 1is the adiabatic index of the
non-condensable gas inside the bubble. p, 1is determined by the initial equilibrium

condition before the pressure wave propagation, expressed as Eq. (3):
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This model agrees with the observation until the 5th pressure wave, as shown in Fig. 1.
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3. Achievements

We succeeded in understanding the mechanism of the directed jetting of the
cavitation bubbles under application of the multiple shock waves through the
theoretical approach. We have published this research in the Applied Physics Letters in
2018.

4. Summaries and future plans

We will discuss and investigate behaviors and dynamics of micro-jets formation
for development of a micro-jets array system for bio-medical applications such as micro
injection system for cells.

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

Shockwaves, Applied Physics Letters, Vol. 113, Issue 19, (2018), 193703 (4 pages).

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

bubbles subject to multiple pressure waves, Proceedings of the 18th International
Symposium on Advanced Fluid Information (AFI-2018), Sendai, (2018), CRF-71, pp.
148-149.

[3] T. Sato, R. Kumagai, T. Miyvahara, M. Oizumi, T. Nakatani, S. Ochiai, T. Miyazaki,
H. Fujita, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, M.

Discharge, 28th Annual Meeting of MRS-Japan 2018 (Symposium C-2: Plasma Life
Science), Fukuoka, (2018), Presentation No. C2-119-008. (Invited)

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

In this work, we aim to study the interfacial properties of thin liquid water film over
metallic surface using Molecular Dynamics (MD) simulations in LAMMPS (S. J.
Plimpton, J Comp Phys, 117, 1-19 (1995)). There are considerable evidences that
properties of liquid water are significantly different at nanoscale. The interfacial
properties of liquid water plays an essential role in many nanofluidic transport
systems and depend on the surface properties, such as atomic interaction, chemical
heterogeneity, etc. We focus on density and pressure gradient, and also explore the
effect of hydrophilicity of surface. Understanding these properties will provide
useful information about bubble nucleation and growth, and change in viscosity and
thermodynamics properties.

2. Details of program implement
For simulations, we used Molecular Dynamics (MD) method with widely used open
source software LAMMPS. The bulk liquid consists of 10 nm thick water layer over
solid platinum surface (figure 1). The system is periodic in other two dimensions.
The initial density of water corresponds to the saturation properties of water at 300
K.
Liquid water is modelled with SPC model over solid rigid surface at constant

10 nm

Figure 1: Simulation domain for water platinum surface.
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temperature with Nosé—Hoover thermostat at 300 K. The system 1is first
equilibrated and then pressure and density profiles were calculated by dividing the
domain into spatial bins of 0.2 nm. The solid-liquid interaction is modelled using
Lennard-jones (12-6) potential function. Since the depth of potential well (&)
represents the strength of interaction, we changed it from very hydrophobic (€ o-pt =
0.086 kcal/mol) to hydrophilic (€ o-pt = 1.0 kcal/mol) and observed the behavior in
near surface region.

Achievements

The density and pressure variations near the surface are plotted in Figure 2 (b) and
Figure 2 (c). We observed that when the wall is present, a high density layer of
water is formed. The density of this layer increases with increasing strength of
wall-liquid interaction (€ o-pt). The bulk density in all cases remain equal to the
saturation density of water at 300 K. The change in pressure can also be seen in the
near wall region. A high pressure region forms for hydrophilic surfaces.

This effect is more dominant for polar surfaces as the long-range electrostatic forces
are usually stronger and would cause thick high pressure region on the wall.
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Figure 2: (a) Density gradient near surface and (b) pressure gradient near surface,
for different hydrophilicity.

Summaries and future plans

Interfacial properties of thin water film is studied using molecular dynamics
simulations. High density and pressure is found in monolayers near the surface.
This effect becomes more dominant as strength of liquid-surface interaction is
increased. Solid-liquid surface tension, disjoining pressure and their possible impact
on nucleation and thermodynamics properties can be studied using this method.
The change of water properties with electrostatic interaction between liquid water
and polar surfaces will also be studied.

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

in Near-Surface Water Thin _F_il_rglj_}gr;);eedjngs of the 18th International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-35, pp. 112-113.

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

To increase the power production of a wind turbine, it is necessary to optimize the
blade shape and configuration. However, the use of expensive CFD codes is
necessary for accurate design and this hinders the utilization of traditional
optimization methods. This research aims to develop an efficient surrogate
model-based optimization for aerodynamic optimization of wind turbines. To be
specific, the long term goal of this research is to develop a general optimization
framework for wind turbine design. Here, the optimization framework should be
capable of handling cases with and without gradient information; however,
attaining the latter is our primary objective.

Details of program implement

We developed a set computer code for multi-objective optimization that utilizes
Kriging and Bayesian optimization techniques. Here, such an optimization
technique is necessary since the evaluation of one wind turbine design is
computationally expensive. This is primarily because a RANS-based CFD is used to
accurately obtain the aerodynamic performance of wind turbines. The optimization
codes that we used in this research were jointly developed by Bandung Institute
Technology and Tohoku University. In this phase, we focused on a single-point and
gradient-free optimization because it is the necessary phase before we continue to
gradient-based optimization. In this research, we used the NREL Phase VI as the
baseline shape and a geometry/mesh deformation technique based on radial basis
function (RBF) (see Fig. 1). Here, the objectives of the optimization are to maximize
torque (thus, higher power production) and minimize the volume/mass of the blade.

RBF sphere of

influence

Baseline geometry:
NREL Phase VI

RBF points (30 points)

Figure 1 : The initial blade shape and the RBF points used for deformation.



3. Achievements

By using the developed optimization codes, we obtained a set of new blade shapes
that yield higher torque and lower volume as compared to the baseline design as
shown in Figure 2. This means that new shapes are capable of producing higher
power but with fewer materials for production. In particular, the torque-optimized
and volume-optimized design produces over 5% increase in torque and a 7%
decrease in blade value, respectively. Further analysis shows that the new shapes
generate higher span-wise lift primarily in the middle section of the blade (see

Figure 3).
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4. Summaries and future plans
The optimization was successfully executed for the single-point and gradient-free
case. This 1s an important step toward multi-point and gradient-based optimization
because the codes that were developed in this research will be enhanced to
incorporate gradient information. Although gradient-based optimization is on our

agenda, we are also developing a gradient-free surrogate-based optimization method
that will be capable of solving high-dimensional problems.

5. Research results

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

Kriging-Based Optimization for High-Fidelity Wind Turbine Design, AIAA Scitech
2019 Forum, (2019), 0539 (11 pages).

Turbine Design with Multi-Objective Kriging-Based Optimization, Proceedings of
the Eighteenth International Symposium on Advanced Fluid Information, Sendai,
Japan, (2018), CRF-1, pp. 2-3.

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

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

Therefore, we need to have the best estimates of permeability for each fracture (local
permeability) beyond representative permeability (global permeability). In addition,
it is important to consider how the hydraulic properties can be affected by changes in
the state of stress in the subsurface. This information is beneficial for design of
geothermal energy extraction system and understanding of hydrology in the reservoir.

2. Details of program implement

Visiting Ph.D. student Ms. Meihua Yang has joined this project in October 2018. She
has become a leading player in this project. She has started using the multi-physics
based reservoir simulation model CFRAC which was provided by the US collaborators.
She uses the CFRAC to simulate the pore pressure distribution within the existing
fracture of given permeability during stimulation and time series change of the pore
pressure distribution of that.

I have estimated pore pressure distribution with microseismic data from Basel EGS
project. Group of events (clusters) which occurred from the same single fracture are
extracted, and pore pressure increase necessary for shear slip is estimated with in-
situ stress information. Then, I have observations that describe how pore pressure
migrated within a single fracture. Since these observations are from the microseismic
event, I can extract time series evolution of pore pressure and get a discrete
distribution of pore pressure with time.



Therefore, we will use parameters from observational data as input parameters into
hydromechanical model and estimate the best permeability which explain observed
pore pressure distribution.
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Figure 1: Left: model setup in a plan view. Horizontal line is the part for injection well.
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Orthogonal grey line is the existing fracture intersecting injection well. Right: Pore

pressure distribution in the injection well and within the existing fracture.

Achievements

The project is ongoing a little bit behind schedule. We can estimate pore pressure
distribution on very simple fracture model as Figure 1. We are working on the
parameter study to estimate pore pressure distribution correctly.

Summaries and future plans

With the CFRAC code, we could simulate pore pressure distribution on single
fracture in the very simple model. In next year, we made a more realistic model to
compare the observed pore pressure distribution, and then we inverse the
permeability of the fracture by fitting forecasted pore pressure distribution and
observed pore pressure distribution.

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)

Permeability by Integrating Microseismic Observational Data and Reservoir
Engineering Modeling, Proceedings of the Eighteenth International Symposium
on Advanced Fluid Information, Sendai, (2018), CRF-32, pp. 64-65.

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

The objectives of this project are threefold. First, to build and test an interferometric
technique that measures temperature fields in turbulent flows.

Second, to validate the technique by comparing measurements of thermal boundary
layers from isothermal flat surfaces for both laminar and turbulent convection with
the interferometric setup and literature values (usually obtained with hot wire
anemometry). Third, to measure temperature fields under air curtains for solar
thermal applications.

Details of program implement

The experimental setup is shown in Fig. 1 for the optical interferometer, i.e.
phase-shifting interferometry (PSI) (a), water curtain experiment to reduce
convection (b) and investigation of convection from rough surfaces (c). PSI follows
the same layout as a Mach—Zehnder interferometer. The insets show two possible
phase-shifting techniques, utilizing a rotating polarizer or an Arbaa prism, the
latter was developed by the group of the collaborator at IFS and is more suitable for
unsteady flow measurements as it allows the acquisition of instant phase-shifted
data.

PSI can be used to (1) measure the temperature gradients on the wall-fluid
boundary to extract convective heat losses and (2) measure temperature fields
around the turbulent planar jet. Application to PSI to turbulent flows in
encouraging based on the literature where holographic interferometry has been
applied to a turbulent flow regime. Temperature fields measured with PSI have a
higher spatial resolution than conventional methods, so PSI is suitable to estimate
local heat fluxes or heat transfer rates. This allows the evaluation of possible
reduction in convective heat losses by a fluid curtain (e.g. a water or air curtain).
The effectiveness of the fluid curtain ¢ is

Qv
E=1—- 1
Qw,fo’ ( )

where Q,, is the heat transfer rate from a section under the water curtain and @,

is the heat transfer rate for the same section without the curtain, i.e. pure natural
convection. Concerning the non-planar surface, the deviation A from the flat
configuration is

A=1 - om @)

Prough



where hg,; and h,y are the heat transfer coefficients for the flat and rough
surfaces, respectively.

The experiments will be aided by a computational fluid dynamics (CFD) model in
OpenFOAM, which have been developed at ANU to study mixed convection and the
effect of an air curtains on convective loss.

(a)
BEAM FOR He-Ne laser
¢ g INTERFEROMETRY [| ekl
mlrrori | 1]
ARBAAPRSM |
A R e |
len REFERENCE L. - b
ens = BEAM T A
B.S. - \ '
STEPPER
N 1 /MOTOR
TEST : :
BEAM ; :
e = < l— PV |
5 : 57 :
; | ROTATING CCD CAMERA |
Temperature controlled unit | POLARISER !
(b) -

Thermal
boundary
layer
Vs Expected
reduction of
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Figure 1 : Experimental setup: (a) interferometer layout to measure temperature fields

2)

3)

in turbulent flows; the insets show two technologies to produce high-resolution
phase-shifted data, (b) water curtain experiments to capture buoyant flow, and (c)
visualization of thermal boundary layers around near-isothermal rough surfaces.

Achievements

A Mach-Zehnder interferometer was built at ANU and will be used in the second

year of the project by a student to test the accuracy of various phase-shifting
equations.

Summaries and future plans

Phase-shifting capabilities at the ANU will be built and implemented in large
convection setups after small-scale tests have demonstrated the possibility of
measuring temperature fields in turbulent flows. The Arbaa prism will be tested.
CFD simulations with OpenFOAM will accompany the experiments.

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)

temperature fields in turbulent flows, Proceedings of the Eighteenth International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-83, pp. 172-173.
Patent, award, press release etc.

Not applicable.
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1. Purpose of the project

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

2. Details of program implement

Regarding the simulation analysis, we have constructed a DPEM model, which consist
of SrScp1C0090s-5 (SSC) having the perovskite structure and Smg.CegO,-5 (SDC) having
the fluorite structure for molecular dynamics (MD) simulation (see Figure 1-a). The
mean square displacements (MSD) of oxygen ions in the constructed DPEM model were
analyzed. In this analysis, we examined the oxygen ion diffusivity in each direction to
comprehend the effect of the grain boundary (GB) between SSC and SDC. As a result,
we found the MSDs of oxygen ion in the direction existing GB reduces (see Figrel-b).
This analysis clarified that the oxygen ion diffusivity reduces around the GB in DPEM
and GB in DPEM has an effect of decreasing on the oxygen ion diffusivity.

a) SSC SDC SSC b) .

— 3%
20 — vy
— Z

o 100 200 300 400 500

é z Time [ps]

Figure 1: a) A constructed MD simulation model of DPEM. b) MSD of oxygen ions in
each direction of DPEM.

For the experimental analysis, the GBs of sintered SDC-SSC DPEM, 30-70 by volume
fraction were studied using electron backscatter diffraction (EBSD) associated with a
scanning electron microscope. The results of the EBSD experiment are illustrated in
Figure 2. The DP membrane is still dense indicating the indicating the preservation of



the membrane’s novelty with the addition of another material. The average
misorientation angle is 40.7 degrees with a standard deviation of 10.5 degrees
suggesting that most modeling efforts should be focused on high angle grain
boundaries.

Grain boundary fraction

10 20 30 40 50 60
Misorientation angle (degrees)

b)
Figure 2: a) Phase map plot of the DP membrane (SSC-red SDC-green) b) Grain
boundary fraction at various misorientation angles.

3. Achievements

Experimental analysis of the DP membrane using EBSD shows the structure of the
membrane as well as the misorientation angles associated with grain boundaries. As for
the simulation analysis, we clarified that the GB in DPEM affects the oxygen ion
diffusivity by using the constructed MD simulation model as we expected.

4. Summaries and future plans

Regarding the simulation analysis, we constructed MD simulation models of DPEM and
clarified the oxygen ion diffusivity reduces due to the GB between SSC and SDC. As
plans, the molecular mechanism of reduction of oxygen ion diffusivity around the GB
will be analyzed and we will propose a membrane showing high ionic conductivity.
Regarding the experimental analysis, DPEM of 30-70 SDC-SSC by volume fraction were
experimentally investigated using EBSD. It was found that the majority of grain
boundaries occur with high misorientation angles. Further investigation into the grain
boundary structure of the DPEM using EBSD and experimental techniques to keep
misorientation angles low will be carried out.

. 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)

transport phenomena of oxygen ion in dual-phase electrolyte material, Proceedings
of the FEighteenth International Symposium on Advanced Fluid Information
(AFI2018), Sendai, (2018), CRF-53, pp. 108-109.

Oxygen Transport Membranes for Oxy-Fuel Combustion and Carbon Capture
Purposes, Proceedings of the Fifteenth International Conference on Flow
Dynamics, Sendai, (2018), 0S2-58, pp. 328-329.
3) Patent, award, press release etc.
(Patent)  Not applicable.
(Award) Not applicable.
(Press release) Not applicable.
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1. Purpose of the project

The air intake constitutes a key component of airbreathing engines for economical
high-speed transport. Thorough understanding of intake physics and capabilities are of
crucial importance for efficient engine operation and reliable intake start. Shock wave
interactions play a principal role in intake flow compression. Unique characteristics
including a toroidal vortex ring structure were revealed for the shock reflection on the
symmetry axis in axisymmetric supersonic intakes in our previous studies, suggesting
substantial impact on the engine performance. The present project aims to scrutinise
the characteristics of centreline shock reflection in numerical, experimental, and
analytical approaches, and investigate the effects of viscosity by employing continuum
and kinetic simulations. In so doing it will develop accurate physical modelling and new
theories, and yield a valuable high-quality dataset for centreline Mach reflection.

2. Details of program implement

The implementation of the overall program consists of two stages, as outlined below:

(1) The first part will closely investigate the characteristics of centreline Mach
reflection in in computational, experimental, and analytical approaches; (a) The shock
structures and behaviour will be scrutinised by employing high-fidelity CFD codes; (b)
The flowfield will be generated and visualised by utilising the ballistic range of the IFS
Shock Wave facilities in this project; and (c) The shock structure will be examined by
performing theoretical analyses including the curved shock theory (CST) and method of
characteristics (MOC) in conjunction with shock polar analysis and Gudley’s analogy.
(2) The second part will examine the effects of viscosity on centreline shock reflection
computationally by employing continuum and kinetic modellings; (a) In the continuum
approach, the intake flowfields will be calculated by performing Euler simulations for
the full/stunted Busemann intakes, M-flow or wedge ring structures, and Navier-Stokes
simulations for the viscous-corrected geometries; and (b) In the kinetic approach, the
characteristics of the intake flowfield in axisymmetric supersonic intakes will be
investigated by performing DSMC (direct simulation Monte Carlo) simulations.

3. Achievements
Numerical investigation has been conducted for the flowfields in stunted Busemann
intakes at Mach 8 in a continuum regime. The incident shock shapes have then been



articulated by curve fitting (Fig. 1), resulting in two distinct classes; (i) shock reflection
resembling regular reflection with the incident shock shape represented by a
generalised hyperbola, indicative of the behaviour analogous to those of a convergent
shock wave in cylindrical implosion prescribed by the Guderley singularity; and (ii)
Mach reflection with a distinct Mach stem with the incident shock represented by a
4th-order polynomial function. Fig. 2 shows the gradients from CST analysis performed
by using the local shock angle and flow deflection angle across the incident shock.
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Further in-depth investigation has been undertaken to scrutinise the viscous effects on
centreline shock reflection by means of CFD and DSMC in conjunction with theoretical
approaches (details can be found in Ref. [1]). Preliminary experimental testing has been
conducted in the IFS ballistic range to examine and visualise shock structures and
behaviour in a ring type air intake in supersonic free flight, as reported in Ref. [3].

4. Summaries and future plans

Considerable advancement has been made in the understanding and characterisation of
the behaviour of inward-turning axisymmetric shock waves reflected on the centreline
in continuum and kinetic numerical approaches in the light of shock theories. Further
investigation will be undertaken by accurately capturing the pseudo-steady/transient
shock structures in the IFS ballistic range to be compared with computational results.

5. Research results (k¢ reprint included)

1) Journal (including international conference with peer review and tutorial paper)
reflection in axi_s_y_n;m_e?;;i_c flow, Physics of Fluids, Vol. 31 (2019), 026105 (13 pages).

2) International and domestic conferences, meeting, oral presentation etc.
Charact_e_rist_i(;s_ _o_f_ b_e;l_t;éli;l:e_ _S_h_O_CI{ liéf_l(;(;t_l(;ﬁ _1_n_ _S_tlzrzt_e_d_ _]3_11semann Intakes,
Proceedings of the FEighteenth International Symposium on Advanced Fluid
Information, Sendai, (2018), CRF-3, pp. 6-7.

O OHGETRATHEE FEER, H A S E 95 WA T2 a2, (2018), =i,
PMe66, OS9-6.
3) Patent, award, press release etc.
Not applicable.
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Evaluation of Hardening Degree of Epoxy Resin in CFRP with Eddy Current Testing,
Electromagnetic Nondestructive Evaluation (XXI), Vol. 43 (2018), pp. 65-72.
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Project code J181047

Classification General collaborative research
Subject area Environment and energy
Research period | April 2018 ~ March 2019
Project status 1st year

Solid Oxide Fuel Cells Replacement of a Traditional Catalytic Converter

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

Purpose of Project

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

Details of Program

It was discovered that the primary concern that needed to be addressed was the
ability of a SOFC to reduce automotive emissions to successfully replace a
traditional catalytic converter. The primary concern of the automotive industry was
operation at extremely lean equivalence ratios, simulating a “fuel cut” scenario. A
series of SOFC’s were then tested on model exhaust against traditional catalytic
converter material in a lab setting. The model exhaust was then sent to the anode
chamber of the SOFC in a tubular furnace, upon leaving the anode, the exhaust was
recirculated into the cathode chamber. The exhaust was then finally captured and
measured with a Gas Chromatograph and a Mass Spectrometer (GC/MS).

For comparison, a section of catalytic converter material was removed from a
commercially available automotive catalytic converter. The material was cut to
match the total surface area of the SOFC. The catalytic converter piece was placed
in a quartz tube within the same tubular furnace. The model exhaust was able to
pass over the section of catalytic converter where it was then captured for GC/MS
analysis.

Achievements

A baseline of gasoline exhaust composition was conducted. Syringes of exhaust
samples were taken upstream of any emission control devices within the exhaust.
The engine was able to reach operating temperature before the samples were taken.
The samples were taken at idle while the temperature at the location of sampling
was recorded via VAGCOM data logging software. Samples were analyzed with a
GC/MS. The resulting exhaust composition and temperature indicate a possible
environment for SOFC operation. There was found to be approximately ~2-4%
syngas, Hz and CO, within the exhaust at 605°C at idle without engine tuning.
Previous work has indicated that SOFC’s have the potential to produce significant
power in combustion exhaust at equivalence ratios only slightly rich.

Power generation, however, must be second to emission reduction. We must ensure
that we limit the amount of harmful emissions entering the atmosphere as much as
possible. Therefore a typical planar SOFC that could operate at temperatures near
600°C was tested for emission reduction in comparison to a section of catalytic
converter. A Nickel- Gadolinium Dope Ceria (Ni-DGC) SOFC was compared against



a section of commercially available catalytic converter material at 600°C. Both
specimens were tested under extreme simulated lean conditions. This is meant to
simulate the fuel being stopped while the engine is still rotating, such as the driver
lifting off the gas pedal and beginning to decelerate. This is known as the most
challenging operation for a catalytic converter and also represents the most
challenging environment for the SOFC.

The new design for the SOFC system performs better than the catalytic converter.
The SOFC significantly outperforms the catalytic converter in oxygen utilization,
carbon dioxide production, and NO, CO reduction. As shown in the table below:

Table 1: Emission Reduction Comparison

Exhaust Simulation 1
0, CO% |CO,% | NO NO, CH,
% ppm ppm ppm
Baseline 8 2.2 22.9 46 0 6625
Catalytic 7.57 136 |[23.6 |39.17 1.83 6550
Converter
SOFC 7.11 0.59 24.6 345 0 6656
Percent 5.62 |352 [4.73 10.1 NA -1.6
Difference
Exhaust Simulation 2
Baseline 11.3 3 22.1 125 0 3100
Catalytic 109 |[2.79 |23 122.8 0 3141
Converter
SOFC 6.15 |244 |26.1 72.25 3 2615
Percent 42.3 11.6 14.1 11.6 NA 16.9
Difference

4. Summaries and future plans

The initial testing of the SOFC indicates the potential of the system as an emission
control device with the potential for power generation. The SOFC was able to exceed
the emission reductions of a traditional catalytic converter. The SOFC significantly
outperforms the catalytic converter in oxygen utilization, carbon dioxide production,
and NO, CO reduction at an equivalence ratio of 0.3 and 0.2.

Additionally, carbon deposition onto the surfaces of the SOFC anode may be able to
be minimized through the manipulation of the SOFC’s operating voltage. A higher
operating voltage could result in less carbon deposition, allowing the SOFC longer
operation in a CO rich environment. Further research is being conducted to
investigate the phenomena of carbon deposition and operating voltage.

5. Research results

1) Journal Not Applicable.

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

[1] T. S. Welles and J. Ahn: Novel Automotive Emission Reduction and Power
Generation through Solid Oxide Fuel Cells, The FEleventh U.S. National
Combustion Meeting, (2019).

Traditional Catalytic Converter, Proceedings of the FKighteenth International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-57, pp. 116-117.
3) Patent, award, press release etc. = Not Applicable.



Project code J181048

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2018 ~ March 2019

Project status 1st year

Retrospective Study of Intracranial Aneurysms Treated with Flow-Diverting Stent:
The Correlation between Haemodynamic Alterations and Treatment Outcomes

Makoto Ohta*¥, Itsu Sen**ff
Mingzi Zhang*, Yujie Li *
* Institute of Fluid Science, Tohoku University
**Faculty of Medicine and Health Science, Macquarie University
TApplicant, Tfnon-IFS responsible member

1. Purpose of the project
The outcomes of patients with intracranial aneurysms vary from one to another after
undergoing flow-diverting stent implantation. We seek to explore the dominant
haemodynamic parameters that could predict favourable treatment outcomes prior
to the real treatment, thereby assisting clinicians in identifying the best treatment
mode.

2. Details of program implement

We first collected data of aneurysm patients (n = 15) underwent flow-diverting stent
implantation from our collaborating hospital, and then reconstructed geometries of
their cerebral vasculature before and after treatment. Using our previously
developed virtual stenting technique, we modelled flow-diversion treatment for each
patient following the same strategy as used in the real treatment, and compared the
virtual stent structures to those implanted in vivo through cone beam computed
tomography (cone-beam CT).

Figure 1 : Comparison of stent structures deployed in simulation (left) to those deployed
in vivo (right).



After all stented aneurysm models were obtained, we classified them into two cohorts
in accordance with their treatment outcomes — (1) complete aneurysmal occlusion
and (2) residual aneurysm persisting, based upon the O’Kelly-Marotta grading scale
at the 6 months’ follow-up. (See Figure 1 for the representative reconstructed
aneurysms and virtually deployed stents.) For each cohort, intra-aneurysmal
haemodynamic parameters — aneurysmal inflow rate, energy loss, maximal velocity,
mean velocity, and velocity curls — were assessed using computational fluid
dynamics (CFD).

We observed in some treatment cases that incomplete stent expansion occurred when
the stent was deployed in the location where the parent artery exhibits a large
variation in curvature. Since incomplete stent expansion was reported to be a factor
leading to incomplete aneurysm occlusion, we therefore modelled stents deployed at
different levels of incomplete expansion, in comparison to the fully expanded
condition, to examine the possibly associated adverse haemodynamic changes.

3. Achievements
We have successfully established a haemodynamic database for aneurysms after
flow-diversion treatment. Consisting of aneurysm and stent structural
characteristics, the corresponding haemodynamic simulation results, the clinical
outcomes of each patient at the 6 months’ follow-up, etc, this database is ready to be
used to correlate aneurysm haemodynamics with the in vivo treatment outcomes.

Meanwhile, we have studied into the haemodynamic effects on aneurysmal
haemodynamics of different severities of incomplete stent expansion occurring at
various segments of the parent artery. Results of this study could readily be used as a
reference for clinicians to assess the possible risks of flow-diversion treatment.

4. Summaries and future plans
At this moment, we are analysing the correlation of those haemodynamic parameters
obtained from the two cohorts of aneurysm patients with their in vivo treatment
outcomes, seeking for a valuable haemodynamic indicator that can be used to predict
the rate of complete aneurysm occlusion.

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

aneurysmal haemodynamics with calibrated porous-medium models of
flow-diverting stents, Journal of Biomechanics, 80 (2018), pp. 88-94.

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

Intracranial Aneurysms: What Role Could Fluid Dynamics Play?, Proceedings of
the 18th International Symposium on Advanced Fluid Information (AFI2018),
Sendai, (2018). CRF-63, pp. 132-133.

3) Patent, award, press release etc.
Not applicable.
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Classification General collaborative research
Subject area Environment and energy
Research period | April 2018 ~ March 2019
Project status 3rd year

Evaluation of Thermal Flow Field in Closed Cavity
under Temporally Variable Thermal Condition

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

1. Purpose of the project

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

2. Details of program implement

In the last year the comparison between the numerical simulation results made at
the University of Sydney and the experimental results obtained at Tohoku
University were made. Some of these comparisons are shown in figure 1 where the
temperature field for the experimental results is shown on the top sequence of
images and the numerical simulations are shown on the bottom. We attended the
Fifteenth International Conference on Flow Dynamics, Sendai. We have made
substantial progress in writing a Journal paper.

Sy -

(a) experimental

0 e

(b) numerical

time

Figure 1: Experimental (top) and numerical results (bottom) of temporal changes
of temperature distribution.

3. Achievements
At the University of Sydney, two dimensional numerical simulations of temporal
variation of temperature field were performed to analyze the natural convection



2)

3)

thermal boundary layer problem. The simulation results are complete and the
analysis is also completed. We have prepared a draft Journal article for the journal
‘International communications in heat and mass transfer’ which will be submitted in
2019.

under Temporally Variable Thermal Condition, International communications in
heat and mass transfer (in preparation).

Summaries and future plans

In this fiscal year, we analyzed the results and prepared a draft journal paper. This
publication is close to submission. The PhD student was the first author so this
contributes to an educational activity in this research framework. In the future, we
will modify the temperature control cell and quantitative evaluation will be
achieved. Currently further numerical simulations are underway using three
dimensional geometry.

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)

Natural Convection Flow in a Cavity with Time-Varying Thermal Boundary
Conditions, Proceedings of the Fighteenth International Symposium on Advanced
Fluid Information, Sendai, (2018), CRF-10, pp. 20-21.

Patent, award, press release etc.
Not applicable.
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Classification General collaborative research
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Project status 1st year

Study on Fracture Behaviour of Single Natural Fiber

Zahrul Fuadi*¥, Toshiyuki Takagi**f+
Sabri Sabri*, Samsul Rizal*, Hiroyuki Kosukegawa**, Hiroyuki Miki***
*Faculty of Engineering, Syiah Kuala University

**Institute of Fluid Science, Tohoku University
***Frontier Research Institute for Interdisciplinary Sciences, Tohoku University

T Applicant, T+IFS responsible member

Purpose of the project

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

Details of program implement

In order to evaluate the tensile property of the single fiber, a tensile test experiment
apparatus is used (Figure 1). The apparatus consists a leaf spring equipped with a
strain gage, a magnetic pull solenoid, and an xyz stage. The single fiber specimen of
10 cm is fixed on a piece of paper with adhesive tapes on their ends, as shown in
Figure 2. The specimen is fixed to the tensile test apparatus using holders. Prior to a
test, the paper is cut in the middle, as indicated in Figure 2.

Holder

aca Pullsolenoid

Abaca Paper Adhesive

single

< N 10 cm >
K

Paper cut line

Figure 1: Tensile test experiment apparatus Figure 2: Specimen of single fiber

Achievements

A typical result of the tensile test is given in Figure 3. In this particular case, the
fiber broke at the tensile force of 3.5 N. A typical microscopic image of the broken
single fiber given in Figure 4 reveal the existence of a weak point at the fiber. This



weak point existing at several locations along the fiber causes non uniform tensile
strength of the single fiber. Figure 5(a) and 5(b) shows a cross section area of a single
fiber after breakdown. It indicates that the failure started from the outer part of the
fiber and propagated to the center part. The single fiber consists of capillary
structure, as shown in Figure 5(b).
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Figure 3: Tensile test result of a single fiber Figure 4: Breakdown at weak point

Figure 5: Single fiber cross section (a) and (b)

4. Summaries and future plans

The existence of weak points at single fiber specimens resulted in fiber breakout at
unexpected location. This become the main difficulty in obtaining the specific value
of the single fiber tensile strength. In order to overcome the problem, a shorter test
specimen will be used, especially to remove the weak point. For this purpose, a
stronger pulling force is required. A new tensile test apparatus using linear actuating
mechanism will be used for the tensile test. In addition, to discuss the mechanical
properties of Abaca fibers by taking into account the distribution in tensile strength,
Weibull analysis will be introduced.

5. Research results (xreprint included)

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

2) International and domestic conferences, meeting, oral presentation etc.
(included international conference without peer review)
Experimental study on the tensile strength and fracture behavior of single Abaca
fiber, Proceedings of the Kighteenth International Symposium on Advanced Fluid
Information, Sendai, (2018), CRF-39, pp. 80-81.

3) Patent, award, press release etc
Not applicable.
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Classification General collaborative research
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Research period | April 2018 ~ March 2019
Project status 2nd year

Microcombustion for Clean and Efficient Syngas Formation and Fuel Cell Applications

Jeongmin Ahn *¥, Kaoru Maruta**{¥
Ryan Milcarek*** Takuya Tezuka**
*Department of Mechanical and Aerospace Engineering, Syracuse University
**Institute of Fluid Science, Tohoku University
***School for Engineering of Matter, Transport and Energy, Arizona State University
TApplicant, T¥IFS responsible member

1. Purpose of the project

Recently a micro flow reactor with controlled temperature profile utilizing
superadiabatic combustion was integrated with a Solid Oxide Fuel Cell (SOFC) in a
Flame-assisted Fuel Cell (FFC) setup [1]. Propane was investigated as the fuel in
that work for equivalence ratios from 1 to 5.5. The fuel utilization was improved by
an order of magnitude (up to 50% fuel utilization) compared to previous work, which
shows potential for high overall efficiency of the system. Despite the potential with
propane fuel, methane has the highest potential for hydrogen generation due to the
higher hydrogen to carbon ratio. Natural gas, which primarily consists of methane,
is also expected to have significant potential for use as a fuel with the micro flow
reactor based FFC.

In this work a micro flow reactor with controlled temperature profile is integrated
with a micro-Tubular SOFC operating in the FFC setup. Methane and natural gas
are investigated as fuels for the setup. The setup is investigated in a furnace to
assess the potential for high power density and fuel utilization. A long-term test is
conducted to assess the stability of the power generation.

2. Details of program implement

Methane and natural gas (composition of 96.6% methane, 2.2% ethane, 0.5% H20
and 0.4% N2) were used as fuels in the experiment. Three total (.e., fuel and air) flow
rates were investigated in the experiment; 10 mL.min!, 50 mL.min!, and 100
mL.min!. At each flow rate, the fuel flow rate and air flow rate were changed to
achieve the desired equivalence ratio while maintaining the overall flow rate
constant. Fuel/air equivalence ratios of 1.5, 2, 2.5 and 3 were investigated. The
experimental setup was described previously. The flow rate of fuel and air were
controlled with mass flow controllers. The fuel/air mixture was heated in a tube
furnace at 800°C to achieve superadiabatic combustion at equivalence ratios
exceeding the upper flammability limit. This allowed for fuel-rich micro/meso-scale
combustion to occur in the combustion chamber, which had an internal diameter of
3.6 mm. After combustion, the fuel-rich exhaust flowed to the mT-SOFC where the
syngas in the exhaust flowed to the triple phase boundary of the anode. External air
heated to 800°C flowed to the cathode. The remaining exhaust was released inside
the furnace and combusted.
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Figure 1 : SOFC polarization and power density curves with natural gas/air at
equivalence ratios from 1.4 to 3.0 and a long-term test at an equivalence ratio of 3.0.
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3. Achievements

A FFC was integrated with a micro flow reactor with controlled temperature profile
to reform methane and natural gas fuel into syngas at high equivalence ratios using
heat recirculation. The FFC was able to produce a high power density of 333
mW.cm™ using a total fuel/air flow rate of 50 mL.min! at an equivalence ratio of 3.
When exposed to the high amounts of fuel available at high equivalence ratios, the
fuel cell had a high fuel utilization of 44%. Over a long-duration test at a current
density of 350 mA.cm2, total fuel/air flow rate of 50 mL min?! and an equivalence
ratio of 3.0 the FFC power density did not decrease.

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

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
for micro-tubular flame-assisted fuel cell power generation and heat cogeneration, /.
Power Sources, 413 (2019), pp. 191-197.

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

*[2] B._B. Skabelund, R. J._ Milcarek, H. Nakamura, K. Maruta, J._ Ahn:
Meso/micro-scale Combustion of Natural Gas for Fuel Cell Applications, 7he
Eleventh U.S. National Combustion Meeting, (2019).
Soot Regime of Propane in a Micro Flow Reactor with Controlled Temperature
Profile, The Eleventh U.S. National Combustion Meeting, (2019).
Natural Gas for Solid Oxide Fuel Cells, Proceedings of the Fighteenth
International Symposium on Advanced Fluid Information, Sendai, (2018), CRF-23,
pp. 46-47.

3) Patent, award, press release etc.
Not applicable.
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Model ling Materials Behavior for Advanced Electromagnetic Non Destructive Testing
Techniques

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

1. Purpose of the project

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

2. Details of program implement

Among others, the magnetic incremental permeability was chosen as a key NDT

technique thanks to its great sensitivity to residual stresses.

During previous years, the following tasks were completed:

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

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

During FY2018, the following tasks were started:

e Refinement of hysteresis models, in order to be able to simulate accurately typical
signals encountered in Non-Destructive Techniques

e Comparison between model parameters determined by experiments, to
microstructure information, such as Kernel Average Misorientation or number of
precipitates.

3. Achievements

Experiments were conducted on chromium steel using Magnetic Incremental
Permeability (MIP) technique. It was shown that some indicator — based on MIP signals
— are especially sensitive to the number of precipitates, as well as stress during heat
treatment of aged samples.

From the modeling attempts, Jiles-Atherton model was chosen for its limited number of



parameters, as well as their physical interpretation. It was especially shown that some
parameters are especially sensitive to the number of precipitates in high chromium
steels.

4. Summaries and future plans

Further steps of this collaboration are:
Other materials should be tested, in order to check the validity of our newly
developed techniques and interpretations.

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

Scalar Hysteresis Lump Model Based on Jiles-Atherton Quasi-Static Hysteresis
Model Extended With Dynamic Fractional Derivative Contribution, [/EEE
Transactions on Magnetics, Vol. 54, No.11, (2018), 7301605. Proceedings of
INTERMAG 2018, Singapore.

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

for Electromagnetic Non-Destructive Techniques Improvement, Non Destructive
Evaluation 2018 Mumbai, India, Dec. 17-21, (2018).

Models for the Interpretation of Non-Destructive Testing Techniques based on
Magnetic Incremental Permeability, Proceedings of the Fifteenth International
Conference on Flow, Sendai, (2018), 0S17-3/CRF-92, pp. 844-845.

Magnetic Barkhausen Noise Non-destructive Evaluation of 12 Cr-Mo-W-V Steel
Creep Test Samples, 4th Conference on Maintenance Science and Technology
ICMST-Tohoku, Sendai, Japan, 23rd-26th October (2018).

magnetic incremental permeability non-destructive evaluation of 12 CrMo-W-V
test samples, 23rd International Workshop on Electromagnetic Nondestructive
Evaluation (ENDEZ2018), Detroit, USA, September 9 - 13, (2018).

[6] B. Gupta, B. Ducharne, G. Sebald, T. Uchimoto : Magnetic non-destructive
materials characterization of non-ferromagnetic materials using magnetic
susceptibility, INTERMAG 2018, Singapore, (2018).

3) Patent, award, press release etc.
Not applicable.
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Mathematical Modeling and Simulations of Soft-Elastic Materials
under Large Strain

Hiroshi Koibuchi®, Chrystelle Bernard™ ™, Jean-Marc Chenal™*, Gildas Diguet™

Gael Sebald*, Jean-Yves Cavaille*f, Toshiyuki Takagi*****{7, Laurent Chazeau***

*National Institute of Technology (Kosen), Sendai College

“ELyTMaX UMI 3757, CNRS-Universite de Lyon, Tohoku University, International

Joint Unit, Tohoku University

**Frontier Research Institute for Interdisciplinary Sciences (FRIS), Tohoku University
***Materials Engineering and Science (MATEIS), CNRS, INSA Lyon, Universite de

Lyon
“**Tnstitute of Fluid Science (IFS), Tohoku University
TApplicant, $¥IFS responsible member

Purpose of the project

We aim at modeling the stress-strain behavior of natural rubber, in a wide range of
deformation (up to 500%), accounting for loading and unloading sequences. It
consists in a multiscale approach, from macromolecular behavior to macroscopic
features, for which various type of damage may occur (chain scissions, local ruptures,
etc.).

This will be done in collaboration with both a team form IFS and ELyTMaX lab at
Tohoku University, and a French team (MATEIS) from INSA Lyon (Université de
Lyon).

2. Details of program implement

oy

&)

3

Skype meeting for collaborative research at ELyTMaX lab in IFS on 13 June
2018. Participants: Laurent Chazeau (MATEIS, France), Hiroshi Koibuchi
(National Institute of Technology (Kosen), Ibaraki College: NITIC, Japan),
Chrystelle Bernard, Gildas Diguet, Gael Sebald, Jean-Yves Cavaille, Toshiyuki
Takagi (ELyTMaX, IFS).

In this meeting, L. Chazeau reported experimental results of rubbers including
the strain induced crystallization (SIC), and H. Koibuchi reported
mathematical modeling technique and preliminary results of stress-strain
curves obtained by Monte Carlo simulations.

Meeting for collaborative research at ELyTMaX lab in IFS on 13 June 2018.
Participants: Hiroshi Koibuchi, Chrystelle Bernard, Gael Sebald, Gildas
Diguet, Jean-Yves Cavaille, Toshiyuki Takagi.

In this meeting, H. Koibuchi presented the intermediate results, which were
presented in IC-Msquare 2018, and discussed on the topic and future direction
of study with the participants.

Meeting for collaborative research at NITIC on 13-14 December 2018.
Participants: Hiroshi Koibuchi, Chrystelle Bernard, Gildas Diguet. This
meeting is not held in IFS, but C. Bernard and G. Diguet came to NITIC for a
discussion about preparation of a manuscript for journal submission on their
return from Tokyo to Sendai.



(4) Skype meeting for collaborative research on 6 March 2019. Participants:
Laurent Chazeau, Hiroshi Koibuchi, Chrystelle Bernard, Jean-Yves Cavaille.
In this skype meeting, the participants discussed about the manuscript for
journal submission.

(5) (Informal) Meeting for collaborative research in ELyTWorkshop 2019 in
Naruko during 10-12 March 2019. Participants for this informal and special
meeting are: Hiroshi Koibuchi, Chrystelle Bernard, Gildas Diguet, Jean-Yves
Cavaille, Toshiyuki Takagi. In this meeting, the participants discussed the
future plan of this project especially on the modeling of SIC.

3. Achievements
Mathematical modeling based on Finsler geometry (FG) is successful, and several
experimental data of stress-strain curves up to 1200% are successfully reproduced by
Monte Carlo simulations. In the application form, only 500% of strains was expected
to be reproduced, and therefore, the achievement level is more than this expectation.
However, FG modeling is not always satisfactory for SIC phenomenon, though the
obtained results are all consistent with the experimentally known facts on SIC.

4. Summaries and future plans

The next target is a modeling of SIC, which is at present not always sufficient even
in FG modeling, though the results of FG modeling are consistent with SIC
phenomenon. One of possible idea is to freeze the positional and/or the directional
degrees of freedom of polymer in Monte Carlo simulations. The latter one; freezing
the directional degree of freedom, was examined in (K. Osari and H. Koibuchi,
Polymer 2018). We should check whether the first one is effective for SIC modeling
and can reproduce the stress-strain curves influenced by SIC.

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

Sebald, Jean-Yves _Cavaille, Toshiyuki Takagi, and Laurent__Chazeau

Mathematical Modeling of Rubber Elasticity, Journal of Physics® Conf. Series, Vol.
1141, (2018), 012081 (8 pages), doi:10.1088/1742-6596/1141/1/012081 (open access).

Study of Rubber Elasticity on the Basis of Finsler Geometry Modeling, Symmetry,
Vol. 11, (2019), 1124 (22 pages), doi:10.3390/sym11091124 (open access).

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

modeling and simulations of soft-elastic materials under large strain, Proceedings
of the Fifteenth International Conference on Flow Dynamics, Sendai, (2018),
0S17-/CRF-94, pp. 848-849.

[4] Hiroshi Koibuchi : Mathematical modeling of polymeric materials: Finsler geometry
models and Monte Carlo simulations, Book of Abstracts of XV International
Workshop on Complex Systems, Trent, Italy, March 17-20, (2019), p. 111.
(https://event.unitn.it/complexsystems2019/Book_2019_cover.pdf)

3) Patent, award, press release etc.
Not applicable.
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Project status 2nd year

1.

Combustion Characteristics of Biogas at Various Pressures

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

Purpose of the project

The availability of fossil fuels becomes the world attention as limited and
non-renewable energy sources. A utilization of biogas is potential solution to this
energy issue because biogas does not contribute to the increase in the amount of
carbon dioxide in atmosphere. As for the application of biogas in a combustion facility,
combustion characteristics, such as laminar burning velocity and the Markstein
length, should be clarified. The biogas can be simulated by methane/COz2 mixture.
The results in last year clarified the effects of CO2 dilution on laminar flame
characteristics of stoichiometric methane flame under up to high pressure. However,
combustion characteristics of lean and rich flame characteristics have not been
clarified. In this year, the combustion characteristics of the artificial biogas,
methane/CO2 mixture, will be clarified using the high pressure constant volume
combustion chamber at IFS.

Details of program implement

The experiments were carried out using a high pressure constant volume combustion
chamber at the Institute of Fluid Science, Tohoku University. Methane and carbon
dioxide (CO2) mixture was employed as fuel while oxidizer was dry air. Although
biogas also contains nitrogen (N2), the N2 concentration is negligible. The amount of
CO2 in the fuel (methane+CO2) was defined as Zos. In actual biogas, the value of
Zco2 1s approximately 0.3 to 0.5, and thus this COz dilution ratio was varied from 0.3
to 0.5 in this study while the initial mixture pressure was set to 0.10 and 0.50 MPa
are chosen as the initial mixture pressure. Equivalence ratios were 0.8, 1.0, and 1.2
and the initial temperature of mixture was 298 K. The evolution of flame radius
during flame propagation was acquired using the Schlieren image photography. The
flame speed, Sy, and flame stretch rate, ¢ were obtained from the derivative of the
flame radius with respect to time. The unstretched flame speed, Ss, was defined as
the flame speed at zero stretch rate obtained by extrapolating the flame speed to zero
stretch rate using a linear relationship between flame speed and stretch rate. The
burnt gas Markstein length, I» was determined as the slope of the linear
extrapolation. The unstretched laminar burning velocity, .Sz, was then calculated as
the product of the density ratio of burnt gas to unburnt mixture and flame speed.

Achievements

The results obtained in this study was summarized in Fig. 1. The flame propagations
were obtained for various equivalence ratios and pressures. Fundamental laminar
flame characteristics of biogas, such as the unstretched laminar burning velocity and
the burnt gas Markstein length, have been clarified for various equivalence ratios



and the value of Zcoz up to elevated pressure condition.
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Figure 1: (Left) Schlieren image of flames. (Center) Unstretched laminar burning
velocity, Sz, (Right) Variations of burnt gas Markstein length, Ls, under various COz
dilution ratio, Zcoz, various pressures and various equivalence ratios

4. Summaries and future plans
An increase in the initial mixture pressure and COz dilution ratio in CH4/CO2/air
mixtures leads to a decrease in the unstretched laminar burning velocity of the
mixtures. An increase in initial mixture pressure results in a decrease in the burnt
gas Markstein length. On the other hand, an increase in COz dilution ratio in
CH4/CO2/Air mixtures leads to an increase in the burnt gas Markstein length. For
future plans, the lean and rich mixtures combustion characteristics of the biogas
will be experimentally examined at various temperature conditions using the high
pressure constant volume combustion chamber at IFS. In addition, the numerical
simulation of stretched flames will be conducted in order to clarify the effects of CO2
on stretched flame behavior.

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)
Propagation Characteristics of CH4/CO2/Air Laminar Premixed Flames under
Various Equivalence Ratios and Pressures, Proceedings of the FEighteenth
International Symposium on Advanced Fluid Information, Sendai, (2018), CRF-77,
pp. 160-161.
numerical investigation of laminar burning velocities of artificial biogas under
various pressure and COz concentration, International Conference on Automotive,
Manufacturing, and Mechanical Engineering, Bali, (2018), p. 35.
3) Patent, award, press release etc.
Not applicable.
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Magnetic and Electric Properties of Diamond Like Carbon-Magnetic Metal Nano—-Composite
Films

Hiroyuki Kosukegawa*¥, Yiwen Zhang**{+f
Hiroyuki Miki***, Toshiyuki Takagi*
*Institute of Fluid Science, Tohoku University
**Tianjin University
***Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
TApplicant, fnon-IFS responsible member

1. Purpose of the project

As the advent of internet of things (IoT), multi-functional devices with
environment-friendly property and low energy consumption is required. Diamond Like
Carbon (DLC) is non-toxic for environment and shows good mechanical properties.
Moreover, it can be tuned in a broad range from metallic to insulating by different
carbon structure, which could be applied to controlling the energy cost of devices. In this
project, nano-composite films with DLC matrix-magnetic metal particles combination
are produced. The structure, electrical and magnetic properties of DLLC-magnetic metal
particle films are discussed.

2. Details of program implement

The DLC-Co nano-composite films were deposited on Si (100), Pt/Si and quartz
substrates by hybrid CVD-sputtering method, which consists of chemical vapor
deposition (CVD) using methane (CH4) /argon gas mixture as a precursor and
co-sputtering of a metal Co target. Flow rate of CHs of 3-9 sccm included to chamber
was changed to control carbon content. The structure of as-deposited DLC-Co films was
analyzed by X-ray diffraction (XRD, Bruker NEW D8 ADVANCE) using Cu Ka radiation
and field-emission transmission electron microscopy (FETEM, Hitachi 4300E). DLC-Co
nano-composite film had nanogranular structure (Figure 1). The composition of the
films were identified by EDX (Ultra Dry, Thermo Fisher Scientific Inc.). Film thickness
was measured by surface profile-meter (Dektak 8). Electrical resistivity was measured
by a conventional four-point probe method. The magnetization curves were identified by
a vibrating sample magnetometer (VSM, BHV-30SS, Rikendensi).

i

Figure 1: HRM mae of DLC-Co nano-cmposite film.



3. Achievements

By increasing the CH4 flow rate from 3 to 9 scem, the Co content decreases from 80
to 35 at.% and C content increases from 20 to 65 at.%. The resistivity p increases from 2
to 54 pQ'm according to an increase of Co content (Figure 2). Figure 3 shows the
magnetic properties of DLC-Co films with different Co content. The saturation
magnetization (B of films increases from 200 Gs to 5000 Gs, with the Co content
increasing. When Co content is lower than 49 at.%, the films show good
superpara-magnetic properties, with the B of 1500 Gs. These DLC-Co nano-composite
films show both high resistivity and superpara-magnetic properties, which could be
studied as magnetoresistance material in further research. When the Co content is
higher than 80 at.%, the films show ferromagnetic property with high B of 5000 Gs.
Considering the magnetic hysteresis loops of the films, the films exhibit ferromagnetic
properties, which have potential for the high-frequency soft-magnetic properties.
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Figure 2 : Resistivity of DLC-Co nano-composite film.
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Figure 3 : Magnetization of DLC-Co nano-composite film.

4. Summaries and future plans

By controlling the gas flow rate, the Co content changes and the resistivity increases.
The particles in DLC-magnetic metal nano-composite films can be controlled to several
nm size. With deferent metal content, the films show good superpara-magnetic
properties, and ferro-magnetic properties. These DLC-Co nano-composite films show
both high resistivity and superpara-magnetic properties, which could be studied as
magnetoresistance (MR) and dielectric response material in further research.

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

Diamond Like Carbon-Magnetic Metal Nano-composite Films, Proc. of the 18th Int.
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-37, pp. 76-717.

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

Vladimir Khovaylo*}, 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, $¥IFS responsible member

1. Purpose of the project

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

2. Details of program implement

During the third year of the project, the research was focused on adaptation
and transferring the developed technology from laboratory samples to industrial details
and experimental study of properties of coatings obtained under optimal technological
regime of plasma electrolytic oxidation (PEO). Since the adaptation and transfer of
technology to the industry is a complex process which usually requires additional
experiment, the following approach was used for this aim: i) formation of coatings on the
surface of industrial details using optimal solutions (to adapt them to industrial
details); ii) studying structure, morphology, corrosion resistance, porosity,
microhardness, wear resistance, and surface roughness of the coatings obtained under
optimal technological regime of PEO on industrial details; and iii) development of a
methodology for wear-resistant coating formation and apply it to industrial details
made of the functional materials.

A finite elements method which takes into account contact resistances, thermal
expansion and thermoelectric effect was developed for numerical simulation of field
assisted sintering of thermoelectric alloys. Distribution of electrical and thermal fields
was analyzed numerically based on the experimental data collected by a spark plasma
sintering instrument. For the case of Si-Ge alloy, quantitative estimate of the
temperature distribution during the sintering pointed to a significant, up to 70 °C,
temperature difference within the specimen volume for the case of sintering
temperature 1150 °C.

3. Achievements

The main achievements can be summarized as follow. First, experiments revealed
that the kinetic features of the coating formation, as well as a) tribological properties
(microhardness, erosion resistance, surface roughness), b) structure and morphology, c)
corrosion resistance, d) porosity, and e) adhesion of coatings to the substrate obtained



under optimal technological regime of plasma electrolytic oxidation on industrial
detail are similar in all the samples studied. Second, transfer and adaptation of the
methodology for wear-resistant coating formation from samples to the industrial details
made successfully [Fig. 1]. Thus, a methodology for wear-resistant coating formation
on industrial details made of the functional materials is developed. Beside, numerical
simulation of field assisted sintering of thermoelectric alloys by a finite elements method
which took into account contact resistances, thermal expansion and thermoelectric effect,
was successfully performed.

@ (b)
Figure 1 Pictures of industrial details with wear-resistant coating formed in the
electrolytes with various addition of salt of bivalent elements (a) 1-4 g-1'1 Co(NO3)z, (b)
1-4 g-1'1 Cu(OH)z into the base electrolyte.

4. Summaries and future plans

In summary, plasma electrolytic process method was developed for preparation of
protective coatings of functional materials with a minimal thickness of the outer layer.
Experimental sample of thermoelectric materials based on Fe-based Heusler
alloys were prepared by Spark Plasma Sintering technique and their thermoelectric
properties were evaluated. A finite elements method for numerical simulation of field
assisted sintering of thermoelectric alloys was developed.

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

Field Assisted Sintering of Silicon Germanium Alloys, Materials, Vol. 12, (2019),
570 (13 pages).
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Miki, T. Takagi : Methodology for Multifunctional Coating Formation by Plasma
Electrolytic Oxidation, Proceedings of the 18th International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-40, pp. 82-83.
3) Patent, award, press release etc.
Not applicable.
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Evaluation of the Fluid Dynamical Effects on In-Flight Polymeric Particle Behavior
during GCold-Spray

Chrystelle Bernard*{, Hidemasa Takana**{+t
Olivier Lame***, Kazuhiro Ogawa**** Jean-Yves Cavaillé***** Kesavan Ravi
*Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
**Institute of Fluid Science, Tohoku University
***MATEIS, INSA de Lyon, Université de Lyon
****Fracture and Reliability Research Institute, Tohoku University
whkErELyTMaX UMI3757, CNRS—Université de Lyon—Tohoku University,
International Joint Unit, Tohoku University
TApplicant, 1IFS responsible member

*hkk

1. Purpose of the project

Cold-spray process involves the acceleration of sub-millimetric particles though a
convergent/divergent de Laval nozzle and its impact onto a substrate using a
pressurized and pre-heated gas to form a coating. Under the influence of the gas, the
particle is accelerated and heated-up. However, because of its strain rate and
temperature dependences, and important viscoelastic behavior, the mechanical
behavior of the particle evolves during its flight inside the nozzle. Thus, to improve
polymer coating by cold-spray, it is needed to have an idea of the particle history
(velocity and temperature) inside the nozzle until its impact onto the substrate.

2. Details of program implement
Under the supervision of Prof. Takana, a 2D plane nozzle was simulated by
Ansys/FLUENT. It corresponds to the one used by Ravi et al. (2015). A single particle of
Ultra-high molecular weight polyethylene was injected at the end of the 20 mm for the
inlet and rapidly accelerates though the nozzle. Moreover because of the preheated gas,
the particle heat-up. A parametric study was performed regarding the inlet gas pressure,
inlet gas temperature and particle size.
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Figure 1: a) Thermal gradient of a 60 um diameter particle after 1 ms. b) Temperature profile of several particle
diameters at the nozzle exit.
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We showed that during cold-spray the polymer particle is submitted to important
thermal gradient. Coupling the results obtained from Ansys/Fluent with Comsol
Multiphysics, we developed a simple thermal model to investigate the temperature
gradient inside the particle during the in-flight behavior of the particle. Thus, we
showed that before its impact onto the substrate, its temperature is non-homogeneous:
the surface temperature of the particle increases of 30 K while its core increases by 15 K
for a 60 um particle with inlet gas conditions of 0.4 MPa and 653 K as shown on Fig. 1.

3. Achievements

In this study, better understanding of the particle behavior during cold-spray is
approached. We investigate the influence of the nozzle geometry, inlet gas pressure,
inlet gas temperature and particle size. It appears that the nozzle geometry (continuous
or discontinuous) affect the length of the supersonic flow, and so, the number of
shockwaves. We also shown that, in the nozzle, polymeric particles are submitted to
important thermal gradient which induces non-homogeneous heating of the particle.
Moreover, the temperature increases of the particle is such that it is non-negligible for
polymeric materials. This result is very important to improve polymer coating by
cold-spray.

4. Summaries and future plans

During this year, we investigated polymer particles behavior during cold-spray process.
The analysis performed here is a first step in the understanding of the evolution of the
flow field and the particle history behavior during cold-spray. Two articles have been
writing to report the findings made during this year. They will be submitted soon to
international peer-review journals.

For this year too, we applied for an IFS collaborative research project, in order to
continue and go further in this study. First, the 2D nozzle simulation will be replaced by
a 3D nozzle with the modelling of the powder feeder. Then, the particles will be injected
directly in the powder feeder. The particles will get sucked in the nozzle by suction.
Moreover, the polymer particles will be considered as (i) single particle, (ii) several
particles and (ii) flow field with properties of the polymer. In addition, the thermal
model developed under Comsol Multiplysics will be improved to add the convection
effects to the conduction ones.

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)

Investigation of the Flow Field Dynamics during Cold-Spray of Polymers,
Proceedings of the 15th International Conference on Fluid Dynamics, Sendai,
(2018), 0S17-6/CRF-95, pp. 850-851.

In-flight behavior of polymeric particle during cold-spray process, ElyT Workshop
2019, Naruko, March, (2019).
3) Patent, award, press release etc.
Non applicable.
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Kinetic Modeling of High-Pressure Surface Ionization Waves

Generated by Ns pulse discharges

Hidemasa Takana*t{, Hideya Nishiyama**

Marien Simeni Simeni**, Yong Tang**, Igor Adamovich**§+f
*Institute of Fluid Science, Tohoku University
**Department of Mechanical and Aerospace Engineering, Ohio State University

TApplicant, fnon-IFS responsible member

1. Purpose of the project
Provide quantitative insight into mechanisms of formation and development of
transient plasmas generated by high voltage, ns pulse duration electric discharges in
air plasmas and in hydrogen flames. Such insight is critical to predictive analysis of
plasma-assisted combustion applications.

2. Details of program implement

The results have been presented at 18th International Symposium on Advanced
Fluid Information, Sendai, Japan, November 7-9, 2018: I.V. Adamovich, “Electric
Field Measurements in Nanosecond Pulse Discharges in Air and in Hydrogen

Flame”.
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Figure 1. Left: horizontal electric field in a ns pulse, dielectric barrier discharge in a
hydrogen flow below the flame during the positive polarity pulse, plotted together with
pulse voltage and current waveforms. Hydrogen flow rate 1.5 slm, pulse repetition rate
20 Hz, discharge gap d=4.5 mm. Right: electric field vector components in the plasma
actuator at x=1 mm, y=0 during the negative polarity pulse.

3. Achievements

Time-resolved electric field is measured in ns pulse and AC sine wave dielectric
barrier discharges sustained in an atmospheric pressure hydrogen diffusion flame,
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5.
1)

2)

3)

using picosecond second harmonic generation. Electric field is measured in a ns pulse
discharge sustained both in the hydrogen flow below the flame and in the reaction
zone of the flame. Peak electric field in the reaction zone is lower compared to that in
the near-room temperature hydrogen flow, due to a significantly lower number
density. In hydrogen, most of the energy is coupled to the plasma at the reduced
electric field of E/N = 50-100 Td. In both cases, the electric field decreases to near
zero after breakdown, due to plasma self-shielding. The time scale for the electric
field reduction in the plasma is relatively long, several tens of ns, indicating that it
may be controlled by a relatively slow propagation of the ionization wave over the
dielectric surfaces.

Electric field vector components in a nanosecond pulse, surface dielectric barrier
discharge plasma actuator are measured by picosecond second harmonic generation,
for positive, negative, and alternating polarity pulse trains. In all pulse trains, the
measurement results demonstrate a significant electric field offset before the
discharge pulse, due to the surface charge accumulation during previous discharges
pulses. Peak electric field measured in the alternating polarity pulse train is lower
compared to that in same polarity trains. However, the coupled pulse energy in the
alternating polarity train is much higher, by a factor of 3-4, most likely due to the
neutralization of the surface charge accumulated on the dielectric during the
previous, opposite polarity pulses. This suggests that plasma surface actuators
powered by alternating polarity pulse trains may generate higher amplitude thermal
perturbations, producing a stronger effect on the flow field.

Summaries and future plans

The results demonstrate a significant potential of ps second harmonic generation
diagnostics for non-intrusive measurements of the electric field in atmospheric
pressure flames enhanced by electric discharge plasmas. Future work includes
studies of flame stability during ns pulse discharge forcing and electric field
measurements in atmospheric pressure plasma jets for applications in biology and
medicine.

Research results (¢ reprint included)

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

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

and Flames By Ps Four-Wave Mixing and Ps Second Harmonic Generation,
Seminar at Laboratoire de Physique des Plasmas, Fcole Polytechnique, October 4,
(2018).

and in Hydrogen Flame, Proceedings of the Eighteenth International Symposium
on Advanced Fluid Information, Sendai, Japan, (2018), CRF-43, pp. 88-89.

Patent, award, press release etc.

Not applicable.
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L, itHEEDD Z EDFRETHS.

3. HIRBEDERIKNR

CFD-DEM s I 2 L—y 3 42k, AWM 5T 2 R4 « EdE2aE)
BLOTF RiAH AR v 3 o OFRERREEIC MIEHER AR S DR N DA B 57
W29 5 Z &, WONZRENEMA I TSR OBIFINE— T 2 R G — T A v 3 O
B & ORI AR 5 Z LICBI LTI, IRITER TE7-4E 2 5. 77, MD Ik 5
FEERT /B AR E OBFIETHHIC S\ ClE, 7 UIE Tlid 573, e
BRI O S EEOR N ARE L 2o 7= 2 &0, BEE L LTV /= Phantom-wall method
WIS FERETE T VOB ITER T 2.

4. FLHESHEDEFE

T KR OEEER Y 712 L DFHAER 2SR L7- CFD-DEM #ks I = L— 3 >
ERIAL, SREYA Y g OB AW T 57 ki ootk - BEESEE), T kT
PAR g COFERHEEZ B BN LT, SRIIARY X 2 b—3 3 U & [EIRIR = FEHEfiR
ITEEOFRE L ORI HEBOMATICER L, EBRE Dz @ LT, F /A v a
VDI BRIy I IRENVEOEEN A LNNCT D, £, AEIMD IS X DR EEARE
FEEARNRBER O B 2 R TR T T B ZIT o 7208, A1kl MEREREIIARSOZ miEh
BT, WIAETEL, T OERT L RmEMT R R OBIRIME (&)
EOMBEZHBENCTHZ EGREE R D.

5 HARAER C(FBIRIHY)

1) ZFiS EHROTERERE BHFEED)

*[1] Shin Usune, Masaki Kubo, Takao Tsukada, Osamu Koike, Rei Tatsumi, Masahiro Fujita,
Seiichi Takami, Tadafumi Adschiri : Numerical simulations of dispersion and aggregation

behavior of surface-modified nanoparticles under shear flow, Powder Téchnology, Vol.
343 (2019), pp. 113-121.

[2] Shin Usune, Munehiro Ando, Masaki Kubo, Takao Tsukada, Ken-Ichi Sugioka, Osamu
Koike, Rei Tatsumi, Masahiro Fujita, Seiichi Takami, Tadafumi Adschiri: Numerical

Simulation of Dispersion and Aggregation Behavior of Surface-modified Nanoparticles in
Organic Solvents, Journal of Chemical Engineering of Japan, Vol. 51 (2018), pp. 492-500.
2) EfR:E - ERFER - BiR% - OBERRF
*[3] Shin Usune, Masaki Kubo, Eita Shoji, Atsuki Komiya and Takao Tsukada: A study on
flow characteristics of suspensions of surface-modified nano particles using numerical

simulation, Proceedings of the 18th International Symposium on Advanced Fluid
Information, Sendai, (2018), CRF-85, pp. 176-177.
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Corrosion Characterization for Pipe Wall by Electromagnetic Ultrasound

A WA, BRI
AR T I S T =
SRR AT MFREIRIER, SRR 2T
FEEE, TP R

1. B/

JFF- I3 BTN OB PR TR & OB AL FERIC L 0 R NEL, T OHEITIC
L VEEDOHW Y A7 BNEE D, ZOTORHICRIEDRES LBHOBHICBE L TINnETEL D
WERHD. LnLns, BEOREBIIES LBROARTESNDDOTIERL, A il
OIRFESB RS D Z & T U R 7 SO @ LI T & 5. AWFSE TIIEVE OE SITMA T,
WATROVEIR, FHIM S 2RI 28772 HiEE R T 5. fifzd b omBRIRICIRE T 5 ks
WHT2Z Lk, BEHEOFAMERGET 5.

2. HIEBREOAR
FLH CACH U 7SI OFRNE & o OO L7RIEA ENZENR, Ry & T 5 &6 DBHRIT
K(DTREINS.
R = Rye T™, (1

2T, f(R)IPHmEIZIT B SN OERECCH Y, hITHLmEICX L TR S HRD/RT A—4,
TIRHPEAR S S A FT. BRI S LS OMOBR, B 2 ISR, BOE MRS Ok
HIHSE R BIC > CTHOEET D, 2 2 ClENS ORI SENEb- T —EE L, BF
WS, AT 1 [EIORIR 2 TRt 3 2 R & 2 [BIO S 2 # TRt 3 5 SR O fiRiE 2
AT, HLEDANOEEZBRE L-R@ICEH &SN TH S EEOBRE S 2. 5.

Rr2nd
B= ln<_> = —f(h). @

ISt
Ry

ZZTCRISEERMMIME CTENEH 1 ], 2 [BISUE LB EROWRE, RS & RMITEETO 1
A, 2 [ L7-8E Okl 234,

AR E g & LT, I LB E R OIRIEZFHII U7z, 3B SHRROBEIE 2T L7z
EHERTHY, MEHIRBITH D, HEATESH 20 mm, HHEHE RO H 5 iHE L O OxEIX
40X40 mm2 CTH 5. it 10 HORERAEZ A, 2055 1 FEITHHE D72V BW TG Lz
AN 2155 - OITEHEIE A2 I T, tho 9 EOFBRKICIIE v TR S DR D A
ZINTL LTz, 6121 SOiER{IRE 3 SO, BT DM ShEIRAER TRt
ML7=7m77 AL VHPE L. Longitudinal wave (LR, Lwave) & Shear horizontal
wave (UL, SHwave) HDEE RG22 FHWT, KalBRIKOI S DR ED BTS2 65
S, ZH0 1 EIE 2 [BIOKN%OBEROIREZFHIIL72. Lwave & SH wave D& &
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WL, TN 49MHz & 5610 m/s, 4.0 MHz & 3239 m/s ThH -7

Lwave & SH wave OFBRFER 2 ZEHUX 1(a) & O, Htfl =R Ed o/ L, A
ITHERATH D, WTNORERIZBWTY, HEBARKE LRI ON THENKE L 72 D8R
Erpofe. ZHUTHWEIZ SEEHEORELN R E <720, KEEOME, T72bbiREZ R U7z
EEZLND. 1@ I, HEREFIEEE LizmlRaofr 21 To iR bR Lz, 20
AR, L wave & SH wave (Z2OWTC, ZLEHRE, h+ 203G NaE L 72587 VAATh o7z,
IEENO S D72 % Lwave & SH wave ([ZBW IR U D D Z & 2R TE 7.

0
£ E 02}
= =
= @ 04}
= =
o o
= =
] g 06 |
@ 5
=z < o8|
05 L " " - L " L
0 20 40 60 8C 0 20 40 60 8C
Roughness h pm Roughness h um
e Experimental data =---= h2 h+h2 e Experimental data  ----- hA2 h+h"2
(a) L wave (b) SH wave

1 SRR & RIS L DGR

3. WIRBEDERIKNR

M S ZFHET 2 720 OFHAGE AR U2 320 L=, FiE ORMEICH S SV ) 3T XA—%
INZ 5 2 & ZBha Ao ERESE, ENSEIC CEBILFIIZEORMEE LTRELE. 251,
FRFHREE CTIEE - TR, PREINDREICH LT 80% DAL LB 2 5.

4 FEHESHRDRE
AWFFEIRLE 22—y ML TV, MlEAE bOREM 7 vy 7 23Rk s LTk, il
BERINL U7 Z TR0, S5 1ITRE OFBRIR A TSR & LT FERRGEAL1T .

5 HIRAE HIBIRIHY)

1) iR EHROSERRE BHFEaT) L

2) ER=E - ERNZER - RS - OBERKRSE

*[1] H. Nakamoto, P. Guy and T. Takagi: Corrosion Induced Roughness Characterization by
Ultrasonic Attenuation Measurement, Proceedings of 4th International Conference on
Maintenance Science and Technology, Sendai, (2018), 2-3.pdf.
Ultrasound Reflection, Proceedings of the Eighteenth International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-31, pp. 60-61.

FIRE DR, 55 27 RIMAGDA =27 7 Lo A5 S8, #UR, (2018), pp. 132-133.
[4] P. Guy, B. Normand, H. Nakamoto, T. Takagi and D. Mallick: Recent advances in
PYRAMID project : EMAT experimental results for corrosion characterization, Abstract
book of ELyT Workshop 2019, Osaki, (2019), pp. 78-81.
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A Study on the Functionality Improvement of Nanoparticulate—Filled Carbon Fiber
Reinforced Plastic

R AR, NI, AR BT
*ITERF RIS 2T DFFER),  ** BRAC R R A ERT
THESE, THRTPhCEE

1. HEE/

[RFEMHER(L 7T 2 F > 7 (CFRP) 1%, BB TH Y 220 54 B VLT DM E 2 F b,
KR REESE IS H STV D, CFRP ORI & 72577 ZAF » 713, ETiaE & Bus{bEic
Kilsihd., FHa T v MORZEHIZIE, WEE2BWEREEICI 2 G 28 (EE 77 ZAF > 7 73
FEHIN TS, BEHRFIEOBLEN G, ZNHEOHMIZTE LR TIRETH DL Z ENEE LL,
FERREE « HHRIMED B2 D1 EASGRD BTV D, AR, f#ERIL T T AT > 7 12T ) A Xk
BT % B ST A B OB BT 20580 T Tnd. Zhud, MRMECIRE L7
WA CHEHESRIL 7T AT 7 OBBIRORE 2 BT 28T & L TIRE STV 5. LLETOIISE
wriuE, TS OEERIT~ B Y v o AOBEEEEE X OB LI CARIE L7,

T2, ZOXTT IR ERMICESELEIME, fHERIL 7T AT v 7 OB RE %
M ESE20H70 5, BRI & OREM 2 54 2 FlRIC bR SN S, N
RS, Bt/ kiv-% CFRP ORIy &5 Z £12 X > T CFRP OBk %z FH 84,
FERERA FA D—>TH DINEFTABRIC R T D KMk tEssm B4 5 2 & 2R L7Z[R. Kato,
et al., Proceedings of ICFD2016, (2016) 698-699).

AWFZeClE 2 E Tz CFRP HIZF /A ROMKI -5 /5 S5 2 L2 L B o
] BICBE PR AR L, ERIICH OO L TE 2. AEE T, BT k-2 sy
BEE5Z LIk TE LN KRN CFRP O 1) D a4,  FiiREIc S & 37,

2. HAEREROAE

97, BIFPEEGELEE AW C AR VR IC T DRAMET 2 ki -(FEO07PB, bl b A
FERN DOEFEZ RN LT, BE ORI ET /R 2 5Hil e L O =R AELAI(TB2131D, () A
U —Ry Iz, & E RO TR S 7=, TB2131D (JMEEEE LA CH Y, 25°C
IZBIT K1 0.9 Pass Th D, BLERLNE Y AT A(ELSZ-2000ZS, KEEE1-(BR) OHIE
FITRRE L, 10 LRI 5T ROk O 2 b & FH L -,

5 wt% OREMETF /R &2 HEAEI XYV Z2HWT 2 KRG R T A X VB EK
(TB2023/TB2131D, (BR)A U —R> TS, —HhRBHER(UT70-608, #H LK)
Z[0/90/0] DfERL & Li-FEE IR B2 iR a2 IV TEIR S, YU 74 —ht Lz, 207
U 7 4 —LENEYFNT 100°C, 2 BEEINEAL, #Ex2 4595 CFRPLT, MagCFRP)% 157,
g D=8, Mtk Rif-% & £ 720y CFRP(CL T, NeatCFRP) HAER L7, 1557484 % 100
X 15 mm2DFEEE 7 A MOy L, dFaBih & Uz, dhialBrig, JIS K7074 (203X
FEBRHE 5 mm/min TTV, BRITHMESRZRD7-. F£72, Neat CFRP & MagCFRP @ fhi it
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ROBGEE, FE OIMER LI-H2(T. Takayama, et al., Proceedings of AFI2017, (2017),
116- 117D % AV TR 7. = 2 CHERmat BRI L7ofétE T 2 B ok 3v o 7' %% 142 GPa,
ATV A 033 & LGRE 5, KER FHES, Sk, 69(7) (1983), 739-745), il DIARES
2 Neat CFRP D55 7%3 50.7 vol.%, MagCFRP DEED 839.7vol% THDH & Li-.

BSERELIEIC LD, AR ARLAIRIC IS DREMET 2 B ORI 480 nm 7> B RFFFGEH
LB ERL, WIERmEE D 80 4 ?"ﬁ& 800 nm F TLHTDZ ENfERENTZ. Zhux
TR URIRIRN TR T R DEE T Z L AR L T0vDH. X 1 1% NeatCFRP &
MagCFRP Dl iR D EERME & BlEE Ch 5. fWelET ki &0 S 7= CFRP 1, T /%
FZMZ 72 CFRP L0 T HMAIME T35 2 L3005, ZHUIRHHRICR W T 2R

DGR LRI R & < 72 o T e OIZBHET D IRSBIBHED X v » T NEN YD, HEFESAERMET L
Tl ThbEEZLND. FT2, MagCFRP ODREEHROIK FE2EBEIZAIND Z LT, i
PR OBEGMEIIFERE L K< HBTETWA Z Enn, FEOIMER LT-BEmIT T /R -)NEE
ETHRIHLTHEENTHD Z ERbnb.

_
o
o

[l Experiment -
[ |simulation

[o2]
o

-
o

[
o

Flexural modulus (GPa)
D
o

Neat CFRP MagCFRP

[X] 1 : Neat CFRP & MagCFRP it

3. WIRBIZEDZERIKR

T R DESEN R E BB AN D Z & CHREME A {5 L7ciet: )/ ki 154 CFRP 0%
AORHE 2 BRRAICIBA T2 Z ST L7, Zhuc kv, BIETH D HEEEMEH 52 TRE L L7
NOERIEE 725 CFRP OBH3) (B L7025 F ki 7-54 CFRP OFFEEICEM C& /21
DEEZD.

4 FLOHLSHRDRE

FRSAMIHE LRI D~ eI 2 5 8 _Aﬂé & T, TR RS T2 CFRP D775
FrEDBER AL T 5 Z LIS LTe. ARRIGETIE, — Tl & 7o B HER R R oo Hhic
BRIRD T/ KA D37 i S VD RIS OV TR L?‘:bi‘, AT 3 IRTTAINHRARIA E TR 2
DRET AN MR RENT R 2 N D RICONWTD AT = XL Z AT 2 BN o 5.

5 HAEBE IEHRIHY)

1) ZiiiMs EHROTERERE BHFEaT)
oL

2) ERF=E - ERNFER - PR% - QERRSF

*[1] T. Takayama, H. Kosukegawa, T. Takagi: Nano-particle dispersion effects on the
mechanical properties of carbon fiber reinforced plastics, Proceedings of the 18th Int.
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-35, pp. 72-73.
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Mechanism of Inception and Propagation of Underwater Streamer

Vel FEEx, &R W, A RRR
R THI, /N B, g s
FRACKRFATARIAWITERT, ** RO RFEL TR, AEREE R T2 7ER
THIEEE, TP IEAIGEE

1. HIEE/
KT T X<zl DEBIZIE, Lo, B, (WERIGEZET0BERN
EETDEMRENG 2R L T 5. BRI, EFREO—D2THHA N —<i, Kzl
D ETERTDIMNTHONWTIL, EEEEREER & SVaERBEG H Y, HFEE D5 ETOD
FFFEIC & 0 ERPEAR N U —~< 2B T EME RS 2 N D RS LTV d. Lo
L72N 0, Kz EdiEhd 2 B OB OV IR TH Y, EEEEREECH D 2
EEMETE TR, £2C, A TITEMBSEWEEC OV T LT LI L2 HN

ET5.

2. HEREDORHE

AAEENL, Rk 29 FEFEICHRE LT AKH B A b U —~ ORI AT B E IR Ot %
1To7=. K1 (a) 2 =200 ns [ZBIER ST E RO HE & Z DOFAJE 25 LIfs R 2R
BEEOWIDES P ORI, RSV EHIBEEOR AR TH D, ZOMITIE, 0¥ m
BEDDHZETEORILE RORAER) #HH L. 4 SOEIEN#ER S izl=d%
DOFANEZHLEE RL - R4 & L, FEF%E ClL - ¢4 TH LU, BAEFESSFEMRICTV S DIE
EIETRHOFREDBRENT LD, AN —~OERITIEWDE RN ARSI TS 2k
DRI, L)L DOFAPRE ¢ = 25 ns 225 ¢ = 100 ns DFHE B ay
N UTEfERZ RS, A MY —< DI LE T 5 Z EARSILTND. 1 (o) 12X 1(a)

Electrode

Origin of pressure wave,

C,:T=27ns

157 ns C,:45ns
\ C;:68ns

C,:102 ns

S
Streamer

(4) 75 ns (5) 100 ns

Fig. 1. (&) Wavefronts lined in yellow and origins of the pressure waves marked in red. (b) Photographs
fromt =25 nsto t = 100 ns with plotted origins of pressure waves. (¢) Sequence of origins of pressure
waves and their occurrence time as cal cul ated.
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NOROIZENBDOFEW L £ OFERR 2 WA~ Rz~ Zhd D, AR M) —=ig,
20 ns FREEDWHH, F7z 20 pm BREOHBEZEDRIC T NEZE R, DT 2556 bFRZED
HDH T ENHBMNIIRST.

3. HIRBEFEDERINR
AAEEELL, BREA R Y —< OHERIE, 20 ns FEEEORHE, F£72 20 um FEEEOHEE L i)
TELORHE] 2> DR R S AFIE AR 0 K L, EFIT D IR mMAEZE X 5 2
EEPABMILE. EBIT, AN =IO TRRIZERH D Z L AR L. Zhbo
AT, HARFIOEELRMETHY, J. Appl. Phys. ~OE#, EEREEICBT D55
72 EOIEHIGEAT O Z EMHDRIZ 728, REEDBIEAER L T,

4. FLHESBDEE
AL, LIRTL Y 2 OBEN AR TH - 72, IEMME 2 kA B Y —~ OHEREE ) FHE 20
km LA ISR BERICHOWT, FEBRAJZRREEZ T2V,

5 HAEREER IEHEIRI&HY)

1) FiE EHROTERERE BHFZTED)

*[1] R. Kumagai, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, and T. Sato:
Propagation and Branching Process of Negative Streamers in Water, Journal of Applied
Physics, Vol. 124, Issue 16 (Published Online: October 22, 2018), Article No. 163301 (7
pages).

2) ERRE - BNFER - RS - OBERREF

[2] T. Sato, R. Kumagai, T. Miyahara, M. Oizumi, T. Nakatani, S. Ochiai, T. Miyazaki, H.
Fujita, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, M. Tinguely, and M.

on Application of High-voltage, Plasmas & Micro/Nano Bubbles (Fine Bubbles) to
Agriculture and Aquaculture (ISHPMNB2018), Morioka, (2018), Abstract Book, pp.
45-46. (Invited)

(8] AEA AR, &xiSEake], KAET, /INEBUE, & BE8, P, mREE KPAax K —<
DOHEFARFED R LARNT, TE, 7T X~ « VAT —HRER, (2018), EXFRE
R pp. 1-4.

*[4] R. Kumagai, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, and T. Sato:
Mechanism of propagation of underwater negative streamer, Proceedings of the 18th
International Symposium on Advanced Fluid Information (AFI-2018), Sendai, (2018),
CRF-69, pp. 144-145.

[5] R. Kumagai, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, and T. Sato:
Propagation process of underwater negative streamer, 5th Taiwan-Japan Workshop on
Plasma Life Science and Technology (TJPL2018), Kaohsiung, Taiwan, (2018).

[6] T. Sato, R. Kumagai, T. Miyahara, M. Oizumi, T. Nakatani, S. Ochiai, T. Miyazaki, H.
Fujita, S. Kanazawa, K. Ohtani, A. Komiya, T. Kaneko, T. Nakajima, M. Tinguely, and M.

Meeting of MRS-Japan 2018 (Symposium C-2° Plasma Life Science), Fukuoka, (2018),
Presentation No. C2-119-008. (Invited)
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Clarification of the Transition Mechanism of Cavitation Instabilities

% AURRE, OVE A, B B
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1. HEEmM

N7 % mplnlis, KR, KGARTENORECEIZT 5 &, xR2F v BT — a VARE
EBIGNRBAET D Z DML TWA. iKkary NHZ—RR T A 7 2 —H3/ )
EHEEETH LT, LIZUIZZOX ¥ EF—2 9 U ARLEEBERNRAEL, H<mHEL Ofge
WIRENTET, F£, —MRHAEER 7 THAEUL - EHL - BGABPEREL M ET 22D T
Xy BT —a UARETEHSENREE 720, WA SRR B W TR R s ST &
7.

IRGAIET)ClE, v B 7 —3 3 U OREEREREED A T —ORREE RS L D K& WIEEFH]
FEEIF ¥ 55— g U EMHTIN D X ¥ BT — 2 3 UREEBRSNRET S, WAENEZEIZ T
BHE, AT —EEEREE S R CRSER S v 75— ay, A T ORREREH L 0 /N
SWIEFEHIERF ¥ BT —2 a VAT S, NSO RLEHRBDBE S A 1 =X LIARTZITH
DTN, Z 2 CTARIIETIE, ¥y BT — a U AREEBROBES A 1 =X L5256
T HZENEHITHS.

2. HERROAR

X 1R T LIS, WEREEFZEETOF ¥ BT — a v X U r v E W TCERET T2, Ry
FTFRONVAZ L sk, Z o7 OELER AL VWAFEDZFRE L2, K217 T 89
(2, PURERTRR DR E CTRIICHHYETE D L O, PHREMRE ADR Y = — NEER 24
7 7V AR CaseEt LTz,

X312, AMEFEERN SR OIT-R Y 7O VR 2~ AR, HEhi~y REoR
9. R TOIEIEREITETH IR Y OARZ D, IARZPEROFREITR 1.2 m3min THDZ
ENGD. Tk, =8 LATERSSED L 5 72, R T OESMEREDA E3 Y AL
ERT D RLZEBRNRAE LN ERTHISND.

X 412, AAEFEER) D153 5T R > 7 OWGAMERE R 2 7R~ 3. SRl X ERUGA~ >~ K (=NPSH)
EHEf I~y RERd. WED 1.2 m¥min O, KR E kL, Ko7 oMgencigick
BIRH HIEREGIAS Yy RREWZ L3505,

3. HIRBEEZEDERINR

MEHECTHILF v BT —3 a U RETEHBEDOBEBA I = A LTl T 2B E TIIE-T
W2, TARFEBRIC LD v B —3 3 URAERROR Y SHEREERNIET A Z LN TX -
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3 FESVEREMHR 4 WAPERERhHR

4. FLHESHDEE

Xy BT — g VRAERORE DR T OMRERRR EWOAMEEEN G HND Z RN TE . 514,
FIRA AT N TH Yy BT —3 3 VIO T 2R T 5. IBIZ, A T ORBEZET)E
VY —EHTTC, v BT a NIKBENEEERETH LK, FrET—Ta R
WEBGERETD.
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1) Ffiifis EROTERRE MaFEaT)
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*[1] D. Kang, P. Fu, H. Sasaki and Y. Iga: Clarification of the Transient Mechanism of
Cavitation Instabilities, Proceedings of the Fighteenth International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-70, pp. 146-147.
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Numerical Investigation of Dynamic Stability for the High-Altitude Experimental Model
of Martin Airplane

el HEREEF, Ok KA
FHEKRTF RIS AT DT YA R, AR R R AT ST
THEEA, HHETSICEE

1. HEE/
AHEEFZE T, $diiiifA /%% (Computational Fluid Dynamics: CFD) [Z33%, HEEE D
IZ X WEEREI M TN, FEBICZAUT T ARISIE IR & 72 5 K BRI 2Oz M -
s EERB (MABE-2) (1, K1) IZ2WC, 774 by Ial—ya AlHWD D
EMTEDZES )T — B = R B ULENE - HEORGEA D D Z LA B E 35, FEEC
blooTIE, KPREZRE L8 [RERRMELFGCAET L2 L) TERICHL
TIRRIZ-2° [T T AZRIT =2 &) IZERE L, MABE-2 O@IfisteEka UG L CERRHED

HRERGD.
#1 : MABE-2 OzE7T

i) aHR
£ FmE it biki

o IS
i NACAD006
. waw S
KERR — mmi 05

ERYHITA -2°
wE NACA0006
FEEHER F@Ek b34 1
Bt 0.28

X1 : MABE-2 ®réoC & BHEIX, 38X OMIDOER

2. MERROAR

2018 FEEEIZIUVNTIE, FIT CFD ZHWT, HEE T2 D28 AR5 - RER DB % it
Wiz, K228y FAEE q o3t 285m0 (EIiRE CL L' — A v M Cn) DRk
ClLg, Cing D3A(AOAVZE AT, ZDM LY, Cogldii~7-4 A0A IT DT > TAIEA T Z &
D, By T I 5 23 OEELUR L CTRICHEIRET & 70D 2 ERbhd. 2L OFEND,
WD IER ORI AR L7 R 2K 2 \ORT. BRSO 1.2 EEETH DI, —
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*[1] Y. Fujisawa, M. Kobayashi, H. Hasegawa and H. Nagai: PSP Measurements for a

Badminton Shuttlecock Model, Proceedings of the Fighteenth International Symposium
on Advanced Fluid Information, Sendai, (2018), CRF-15, pp. 30-31.
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[1] H. Hasegawa, Y. Kawabata, M. Murakami, K. Seo and S. Obayashi : Effect of Air
Permeability on the Aerodynamic Characteristics of Ski Jumping Suits, Advanced
Experimental Mechanics, Vol. 3 (2018), pp. 118-122.

2) EfFRE - ENFER - iRE - OBERRE

[2] R. Maeta, H. Hasegawa, M. Murakami, K. Seo and S. Obayashi : Effect of Air
Permeability of Ski Jumping Suit on Aerodynamic Performances, Asia-Singapore
Conference on Sport Science 2018, Singapore, (2018).

*[3] R. Maeta, T. Takahashi, H. Hasegawa, K. Seo and S. Obayashi : Aerodynamic Evaluation
of Ski Jumping Suit Fabric - Effect of Different Air Permeability on Aerodynamic

Performances -, Proceedings of the Eighteenth International Symposium on Advanced
Fluid Information, Sendai, (2018), CRF-14, pp. 28-29.

(4] pIEEEAE, ERIMR, A EES, BRI, KT A%F—Tx 72—V EHioms:
LIS EDRMR, AR—Y T b a—< ¥ A F I 27 %2018, S, (2018).
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*[1] R. Watanabe, D. Tsuchida, T. Kudo, H. Kobayashi: Effect of Ambient Pressure on
Superheated Water Jet from a Fan Spray Injector, Proceedings of the Eighteenth
International Symposium on Advanced Fluid Information, Sendai, (2018), CRF-28, pp.
56-57.

[2] D. Tsuchida, R. Watanabe, T. Kudo, H. Kobayashi: Effect of Flash Boiling and Cavitation
on Superheated Water Jet from a Fan Spray Injector under Ambient Pressure,
Proceedings of the 15th International Conference on Flow Dynamics, Sendai, (2018),
0S18-20, pp. 894-895.
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Project code

J18I1085

Classification

General collaborative research

Subject area

Fundamentals

Research period

April 2018 ~ March 2019

Project status

2nd year

Investigation of a Time Response of cntTSP Sensor for a Dynamic Visualization
of the Laminar-to-Turbulent Boundary Layer Transition

Daisuke Yorita*t, Hiroki Nagai**{+
Christian Klein*, Koji Fujita**, Tsubasa Tkami**
* Institute of Aerodynamics and Flow Technology, German Aerospace Center (DLR)
**Institute of Fluid Science, Tohoku University
TApplicant, $¥IFS responsible member

Purpose of the project

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

In this year, three following topics are investigated for improving entTSP sensor in
the dynamic wind tunnel tests; (a) improving the electric resistance and heating
homogeneity, (b) relation of separation bubble and surface temperature, (c)
quantitative heat transfer measurement. The cntTSP sensor was applied to 2D
airfoil model in DLR and the wind tunnel test was conducted in the low-turbulence
heat-transfer wind tunnel facility in Tohoku University.

Details of program implement

A new CNT coating application with a three-milling process was performed in DLR.
This process enabled smoother and thinner CNT layer application on the model
surface with lower electric resistance.

Evaluation of the cntTSP sensor was conducted at Tohoku University. The model
was a 2D NACAO0012 airfoil with an aspect ratio of 4 (prepared by DLR). Three
airfoils with different thickness of the TSP layer were prepared for the comparison of
the surface temperature responses to the heat transfer by the flow. Oil flow
visualization was additionally performed for the comparison of surface flow structure
and the temperature distribution.

Figure 1 shows the visualization results of the surface temperature distributions
which are generated by the boundary-layer transition. The flow is coming from the
left with 10 m/s. In the images, the darker areas towards the trailing edge of the
wing indicate a higher heat transfer, which is caused by the turbulent flow. Figure 2
shows the oil flow visualization result at the model angle of attack of 5 degrees. The
triangle and rectangular symbol show a location of the separation and the
reattachment line of the flow. The relation between the temperature distributions
and the separation bubble location is under discussion between the project members.
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Figure 1: Temperature distributions Figure 2: Oil flow visualization
(AoA = 5°, model midpart)

3. Achievements
The wind tunnel test was successfully finished.
(a) improving the electric resistance and heating homogeneity
- Achieved
(b) relation of separation bubble and surface temperature
- Under discussion
(c) quantitative heat transfer measurement
- Under evaluating

4. Summaries and future plans

The purpose of the project in 2018 was partly achieved.

The response time of the cntTSP to unsteady flow phenomena is still not enough
for the frequency of the several 10 Hz. Improvement of the sensor response time is
one topic in future investigation. In 2019, the improved cntTSP sensor will be applied
to an oscillating airfoil to understand the dynamic stall mechanism on the airfoil.

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

of boundary layer transition in a pitchsweep test using a carbon nanotube TSP,
18th International Symposium on Flow Visualization, Zurich, (2018).
2) International and domestic conferences, meeting, oral presentation etc.

F ) Fa2a—T TSP EHWEEDOY v F Ay ¢ — 7R ERICE T DR EERS OB A
b, % 46 [EI LR R T A, (2018), (A8H).

TR OB R ER R, 14 BIEEEEICBIT A DA A=V T T —T L,
(2019), (MEH).

Carbon Nanotube TSP for Dynamic Visualization of Boundary-layer Transition,
Proceedings of the 18th International Symposium on Advanced Fluid Information,
Sendai, (2018), CRF-81, pp. 168-169.

3) Patent, award, press release etc.
Not applicable.
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Project code J181086

Classification General collaborative research
Subject area Fundamentals

Research period | April 2018 ~ March 2019
Project status 1st year (progressing)

Development of Conservative Kinetic Force Method near Equilibrium

Vladimir Saveliev*t, Shigeru Yonemura**+{+
*Institute of Ionosphere, NCSRT, Kazakhstan
**Institute of Fluid Science, Tohoku University
TApplicant, T1IFS responsible member

1. Purpose of the project

For small Knudsen numbers near the equilibrium, difficulties of direct
numerical modeling of gas flow in the kinetic regime increase enormously. On the other
hand, near the equilibrium to reduce computational cost we can use differential
approximation for scattering operator and obtain simple equation for angular velocity of
rotation for quasiparticle pairs.

2. Details of program implement
The kinetic equation for the two-particle distribution function reads:

0 0 0 0 0 o
o o U o Ut gy U gy | F N )W (0) /()

f('ul,rl,t) = %fdgd%F (vl,rl,v2,r2), f(v2,r2,t) = %fdrldvlF(vl,rl,%,r?),

Instead of collision integral in the right hand side of the Boltzmann equation, the above

equation contains the scattering operator Y. After renormalization of the scattering

operator and presenting it in a divergence form, the two-particle kinetic equation
describes the interaction in pairs of quasiparticles in terms of their rotation around the
centers of mass with angular velocity Q, which depends on the velocity distribution
function.

Near the equilibrium angular velocity depends only on the covariance matrix
g, which, in turn, is determined by the first, and by the second-order velocity moments

of the single-particle distribution function f (v) .

@ t=0; b  t=0+05 © t=8:

Figure 1 : Velocities of 1000 quasiparticles in 3D velocity space.
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Figures 1(a), (b), and (c) illustrate that quasiparticles travel rather

short distances in the velocity space during the process of relaxation from their
initial positions to the final positions in the equilibrium.

3.

2)

3)

0.8
0.6
04 -
0.2

4 Time
2 4 6
Figure 2: Comparison of calculated moments (dots) with exact ones (lines)
Achievements

We presented a model scattering operator, obtained from the exact Boltzmann
scattering operator on the basis of clear physical assumptions:

.0 1 2 -1
X:g'[VXQ]’ Q(v,u):§<1—u >('u—u)><g (v —u)

The distribution function is entered into it only through the covariance matrix
g= <(v —<v>)(v— <v>)>. The model scattering operator explicitly takes into account

the two-particle nature of the molecular interactions and ensures the exact
conservation of energy and momentum. Our simulation shows very good agreement
between the relaxation of a covariance matrix ¢ and an exact result.

Summaries and future plans

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

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)

Using Quasiparticle Pairs and Velocity Moments, Proceedings of the Eighteenth
International Symposium on Advanced Fluid Information, Sendai, (2018), CRF-90,
pp. 186-187.

Patent, award, press release etc.
Not applicable.
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Project code J181089

Classification General collaborative research

Subject area Multi-scale mobility of humans and materials
Research period | April 2018 — March 2019

Project status 1st year

Development of Aerodynamic and Propulsion System for High Performance Mars
Exploration Aircraft

Shinkyu Jeong*t, Hiroki Nagai**{+
*Mechanical of Engineering, Kyung-hee University
**Institute of Fluid Science, Tohoku University
TApplicant, TIFS responsible member

1. Purpose of the project
The purpose of this project is to develop the aerodynamic and propulsion system of
mars aircraft. This year, the stability and controllability of mars aircraft are
investigated by using both CFD and wind tunnel experiment.

2. Details of program implement

To analyze the stability and controllability of previously designed mars aircraft,
XFLR5 code was used. According to the result, the aircraft showed longitudinal
instability. Thus, modification of aircraft shape was performed to increase the
stability. The area of control surface was determined by historical guideline of
sailplane data and aerodynamic performance analysis of control surface was
executed by using XFLR5. To verify performance of stability and controllability, the
wind tunnel test was performed using the 1/15.5 scale aircraft model at
low-turbulence wind tunnel in Tohoku University.

3. Achievements
As shown in Fig. 1, longitudinal static stability of KHU-3 aircraft which was
modified for the aircraft length, incidence angle, main wing twist angle, spanwise
length of horizontal tail wing was stable compared with that of the previously design
aircraft. (KHU-1).

0.04
|

—e— KHU-1
—&— KHU-3

002
|

C
0.00
|

-0.02

-0.04

Figure 1 : Cm-AoA graph of KHU-1 and KHU-3.
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The aerodynamic coefficients of each control surface are also shown in Fig. 2.
According to the result, the aircraft has a stable longitudinal performance and Cm is
linear to the 0. . To guarantee lateral stability, 3Cn@ 3 must be negative. Fig. 2
shows dCn/@ 3 1s negative and the graph of Cn and [ changes linear with §r where
6r 1s rudder deflection angle. Cl is almost independent of the « and J but
dependent of §a. Moreover, Cl is linear of da.

Elevator Aileron
g B i | — |
— 8,215 .
st ] — & L =&
) T —\_\_‘_\_‘_‘_‘_‘_\_\_\_‘_“ —_— =0 e | :‘-
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Figure 2 : Cm-AoA for elevator, Cl-8 for aileron, and Cn-B for rudder.

4. Summaries and future plans
Based on the geometry of previously designed Mars exploration aircraft, the control
surface was redesigned by referencing the historical guideline. The moment
coefficient was analyzed by XFLR5. To confirm the validity of the design, wind tunnel
test was also performed. The data of the moment coefficient is linear on each control
surface angle and the stability of longitudinal and lateral axis is achieved.
For the future plans, propeller design for propulsion system will be conducted.

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

Surface for Mars Exploration Aircraft, Proceedings of the Eighteenth International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-19, pp.38-39.

3) Patent, award, press release etc.
Not applicable.
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Project code J181090

Classification General collaborative research
Subject area Health, welfare and medical care
Research period | April 2018 ~ March 2019

Project status 1st year

Individual Effects of Plasma—Generated Electrical Field, Short-Life Species, and
Long-Life Species on Cell

Po-Chien Chien*, Chia-Hsing Chang**
Takehiko Sato**fF, Yun-Chien Cheng*¥
* Department of Mechanical Engineering, National Chiao Tung University
** Institute of Fluid Science, Tohoku University
TApplicant, $¥IFS responsible member

1. Purpose of the project

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

2. Details of program implement
Recently, some studies have shown that plasma treatments can eliminate the tu-
mors in vivo or selectively kill cancer cells, but the mechanism is still not clear yet. To
investigate the key factor which can induce cancer cells apoptosis, we treat cells with
three main factors of plasma, including electric field, short-life species and long-life
species. Our experimental setup is shown in Fig.1. Short-life species have limited pen-
etration thickness due to their life-span. Therefore, in order to treat cells with short-life
species, we will investigate the penetration thickness of short-life species, which we
defined as ¥. When the distance between cells and surface is less than ¥, the cell will be treated by
short-life, long-life species and electric field, as shown in Fig.1 (a). When the distance is
large than ¥, the cell will be treated by

(@ Plasma jet , long-life species and electric field, as
shown in Fig.1 (b). Fig.1 (c) shows an ex-
Holder (movable) “ perimental setup which is used to investi-
Cell-friendly gate the effects of electric field. Reactive
filter _¢r species cannot penetrate agarose gel
sl % = |7 and the agarose gel with proper

electrical permittivity will not
w change the electrical field inside the

PBS. Hence, adding an agarose gel
on PBS surface can treat the cells
with the plasma electrical field only.
Agarose gel _eam By comparing these three experi-
ments, we can get which factors have
the most significant impact on the
cancer cells.
Fig. 1 (a), (b), (c): An experimental setup was Fig.2 (a) shows that the relation
designed to investigate the effects of reactive ~ between the PBS thickness and pen-

radicals (Fig. 1 (a) (b)) and electric field (Fig.  etrated short-life species (OH) con-
1 (¢)) on cell. centration measured by terephthalic
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acid. The -OH concentration decreases as the
PBS thickness increases and goes far to 0.6mm.
Fig.2 (b) shows that adding an agarose gel on
surface can block RONS penetration. When
adding agarose gel, no H2O2 in PBS was meas-
ured. When we remove agarose gel, the H202
concentration will reach 30 pM with 80-second
plasma treatment. Fig.2 (c) shows the measured
voltage in PBS without agarose gel. The voltage
is close to 90 V. Comparing it with the voltage of
adding agarose gel (Fig.2 (d)), the voltage was
not changed by agarose gel.

3. Achievements

We built an experimental setup, which was
used to investigate the effects of plas-
ma-generated electric field, short-life species,
and long-life species on cell. The maximum
penetration depth of -OH is about 0.6mm. Aga-
rose gel can block reactive species passing
through and will not change the voltage inside
the liquid.

4. Summaries and future plans

We will perform the cell experiment to in-
vestigate the effects of electrical field, short-life
species, and long-life species on cells.

5. Research results (* reprint included)
1) Journal

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

pheric-pressure Cold Plasma Gener-
ated Short-life Species on A549 Cells,
Global Conference on Biomedical En-
gineering, Taoyuan, (2018).

Sato: The Effects of Atmospher-
ic-Pressure Cold Plasma Generated

3)

(Patent)
(Award)
(Press release)

Short-Life Species on A549 Cells,

Proceedings of the Eighteenth Inter-

national Symposium on Advanced

Fluid Information (AFI-2018), Sendai,

(2018), CRF-65, pp. 136-137.

Patent, award, press release etc.
Not applicable.

Not applicable.

Not applicable.
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between the PBS thickness and
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(d) show that agarose gel will
not change the voltage inside
the PBS.



Project code J181091

Classification General collaborative research
Subject area Environment and energy
Research period | April 2018 ~ March 2019
Project status 1st year (progressing)

Characterization of Fatigue Damage using Electromagnetic NDT Methods

Zhenmao Chen*{, Toshiyuki Takagi**{+t
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, §1IFS responsible member

1. Purpose of the project

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

2. Details of program implement

In this year’s project, the correlation of plastic deformation and fatigue damages
with the eddy current testing (ECT) and pulsed ECT (PECT) signals for the SUS304
austenitic stainless steel was investigated experimentally. Test-pieces with different
plastic strains and fatigue damages were fabricated through cyclic loads of different
amplitude and cycle numbers, and the corresponding ECT and PECT signals were
measured with the experimental equipment in both the XJTU and THU side. The
correlation between the NDE signals and the mechanical damages was summarized
based on the experimental results.

At first, experimental results for correlation between the pulsed ECT signals and
the residual plastic strains and/or fatigue damages are illustrated in Fig.1 a) and b) for
uniaxial test-pieces. Though there was a relative larger variation in signal values for
cases of fatigue damage, the tendencies of both the correlation curves for plastic damage
and fatigue damage are the same. These results reveal that there is a good possibility to
evaluate the mechanical damage including fatigue with the PECT method.
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Fig.1 Correlation of peak PECT signals with the residual strains and fatigue damages for
uniaxial TPs (a and b), and Correlation of ECT signals with the mechanical damage for
biaxial test-pieces (c and d)
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Second, the experimental results for correlation of the ECT and PECT signals with
the residual plastic strain for the biaxial test-pieces are shown in Fig.1 ¢) and d). The
correlation of uniaxial TPs for fatigue damages are also given in the figures for
reference. From these figures, it is clear that both the ECT and PECT signals get
increased with the plastic and fatigue damages and applicable to evaluate the changing
rate of residual plastic strain and fatigue damages.

3. Achievements

In this year’s project, the influence of mechanical damage on ECT and PECT was
studied experimentally for the 304 stainless steel. From experimental results, it is
found that both the plastic and fatigue damage give similar influence on ECT and PECT
signals, which reveals a good possibility to be applied for NDE of damage in 304
stainless steel. In addition, for case of biaxial TPs, though both the correlations of ECT
and the PECT signals with the mechanical damages depend on the measurement
direction, the correlations between the signals and the damage changing rates are
almost independent of probe orientation.

4. Summaries and future plan

Based on the experimental results of this year’s project, it was clarified that the
plastic deformation and fatigue damage in SUS304 austenitic stainless steel are
possible to be evaluated by using the PECT and ECT signals. The influence of fatigue
damages on the NDE signals of the MFL,, MBN and MIP methods are to be studies for a
ferromagnetic material such as the RAFM steel. In the future, the nondestructive
evaluation of fatigue damage in a ferromagnetic material will be studied by using the
integrated electromagnetic NDE method and a signals fusion approach.

5. Research results (* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
Plastic l_)_ez_f(;lrrhzit_i(;r_l_and_ivajci_g_ll_e_ D_a_r;lé_gé_on Electromagnetic Properties of 304
Austenitic Stainless Steel, JEEE Trans. Magn., Vol. 54, No. 8 (2018), 6201710.

Simulation method to evaluate electrical conductivity of closed-cell aluminum foam,
Int. J. Appl. Electromagn. Mech., Vol. 58, No. 3 (2018), pp. 289-307.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
damage on electromagnetic NDE signals, Proceedings of the 18th Int. Symposium
Advanced Fluid Information, Sendai, (2018), CRF-31, pp. 62-63.

deformation and deformation histories in reduced-activation ferritic/martensitic
steel, H AR 15 [BIFEHES, 1#Z%, (2018).

FEM-BEM hybrid method for simulation of nonlinear magnetic flux leakage signals,
Proc. ICMST2018, Sendai, (2018), pp. 1-2.

selecting pulsed eddy current testing method for detection of a certain depth range
of defects, Proc. ENDEZ2018, Detroit, (2018), pp. 1-2.
3) Patent, award, press release etc.
Not applicable.
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Project status 1st year

The Study on the Mechanism of Coupling Wall-Effect on Multidirectional Wings Based
on Multi-Objective Optimization

Chenguang Lai*¥, Shigeru Obayashi**{7¥, Yuting Zhou***, Qingyu Wang*
Xiaoli Leng*, 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

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

2. Details of program implement

The aerodynamic optimization design of LA203A is first carried out by using genetic
algorithm and numerical simulation method, and the influences of the ground clearance
and the attack angle on the drag, lift and lift-drag ratio of the unidirectional aero-train
were obtained. And then, CFD used to investigate the aerodynamic characteristic of the
aero-train model (AERO-1, as shown in Fig. 1) with initial wings and optimized wings
and the flow field characteristics around the front and rear wing. Finally, the force test
and flow visualization were carried out in Jilin University wind tunnel (as shown in Fig.
2) to verify the CFD results and observe the flow details.

LA :mm al ﬁ [.‘.\'& i .. = \ ML
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Fig. 1! The research model AERO-1 Fig. 2: Wind tun?lél test carried out in Jilin University

3. Achievements
As shown in Fig. 3 and 4, the lift-drag ratio of the airfoil optimized by genetic algorithm
method is higher than those of the initial airfoil in different attach angles and ground

clearances. The optimization effect is more obvious in the range of attach angle from 5
to 6.5 degree, when the When the lift-drag ratio can be improved by about 26%; because
the rear airfoils are immersed in the wake turbulence flow of the front airfoils, the
nonuniform incoming flow will bring unstable effect on the aerodynamic characteristic
of rear airfoils, which leads to the change of front and rear lifts, and may result in the
flutter of airfoil.
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This work revealed the change low of state aerodynamic load for the wings of aero-train
under different design proposal, and has important significance to build the theory
model of boundary layer flow for unidirectional wing.

4. Summaries and future plans

Summaries: an airfoil was optimized by using genetic algorithm and numerical
simulation method, and the optimized airfoil was installed in an aero-train model to
numerical and experimental evaluate the aerodynamic performance with different
attach angles and ground clearances. The results shows that the model with optimized
airfoil can largely improve the lift-drag ratio, and the rear airfoils may be largely
influenced by the wake flow of front airfoils.

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

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

Motor Controller Based on Star-cem+, Journal of Chongqing University of
Technology (Natural Science), Vol. 32, No. 8 (2018), pp. 8-13. (Chinese)

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
Based on EGO, International Conference on Mechatronics and Intelligent Robotics:
Recent Developments in Mechatronics and Intelligent Robotics, (2018), pp. 379-385.
Vehicle Low Aerodynamic Drag and Noise Reduction. Proceedings of the
Fighteenth International Symposium on Advanced Fluid Information, Sendai
(2018), CRF-4, pp. 8-9.

3) Patent, award, press release etc.
Not applicable.
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Investigation of Nanoparticle Additives in Bio-Lubricants Using Molecular
Dynamic Simulation

Nasruddin*¥f, Rizky Ruliandini*
Takashi Tokumasu**}
*Mechanical Engineering Department, Faculty of Engineering, Universitas Indonesia
**Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

Purpose of the project

The project was submitted as a preliminary study in comprehending the
agglomeration phenomena in biolubricant-nanoparticle solution. Using molecular
dynamic simulation, we observed the dispersibility of nanoparticles through an MSD
and RDF graphs. In order to get a good prototype of nano-biolubricant we tried to
predict the most stable mixture.

Details of program implement

We spend nearly one month (26th October-24th November) in IFS to learn how to build
molecules using Moltemplate properly. We took part in the group meetings so we
have our work reviewed. We also tried their new developed AMBER FF for our fatty
acid molecule. Below are the visualization of our Moltemplate works:

(b)

(c)
Figure 1 : (a) Single trimethylolpropane trioleate, TMPTO (long fatty acid) chain; (b)

TMPTO system in 90A x 80A x 70A simulation box; (c) system is equilibrated in NPT
ensemble
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3. Achievements
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Figure 2 : (a) MSD graph (b) Density profile
4. Summaries and future plans

Table 1 : Kinematic viscosities

T[K] Vlﬁfé’f]lty Viscosity [cSt]
Simulation Reference
313 49.69 45-55
373 27.99 9-10

Continuing the previous work, using the same approach, next plan will focus on the
assessing the rheological properties of nano biolubricants under confined wall. By
knowing the properties we can understand the mechanism of how nanoparticles can
improve the anti-wear and reduce the friction. In most studies this mechanism is
predicted by experiment phenomena without sufficient fundamental theory. This
simulation is need to be done since rheological studies could not covered by experiments
because of its small scale lubricant film. Molecular dynamic simulation allows us to
study the micro flow beside its dynamic behaviour in atomic scale.

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)
Dispersion of hBN Nanoparticles in TMP Ester Based Bio-Lubricants Proceedings
of the Eighteenth International Symposium on Advanced Fluid Information, Sendai,
(2018), CRF-60, pp. 122-123.

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

1st year (progressing)

1.

NBE-Treated Triboelctric Energy Harvesters

Dukhyun Choi*t, Seiji Samukawa**+
*Department of Mechanical Engineering, Kyung Hee University
**Institute of Fluid Science, Tohoku University
TApplicant, 1IFS responsible member

Purpose of the project

Surface modification and control are most important techniques for enhancing
output performance of triboelectric nanogenerators (TENGs). To improving
performance, previously, the surface functionalization of triboelectric materials has
been conducted using plasma, self-assembled monolayer, ionized gas injection and
corona discharging methods. These techniques can dramatically enhance the output
performance based on formation of active surface charges. However, this means that
the surface is not stable and sustainable. In this project, therefore, we investigate a
new way for enhancing both output performance and durability using neutral beams
(NB). This project has three objectives: (1) Investigation of the effects of NB
treatment on performance of TENGs; (2) Characterization and Optimization design
of NB treated triboelectric materials; (3) Evaluation of NB treated TENGs
(NB-TENGs).

Details of program implement

NB treatment was proceed to modify the surface properties of two different
triboelectric materials. To understand the effects of NB treatment on TENG, the
following actions were progressed:

(1) Fabrication of NB and plasma treated polymers:

Surface of two different polymers (.e. Polydimethylsiloxane (PDMS) and
thermoplastic polyurethane (TPU)) were modified by O2 and N2 gases based NB. To
define the proper condition for modifying polymers, the beam energy was controlled
by changing DC bias. For plasma treated polymers, the same gases were used and
the beam energy was controlled by gas pressure.

(2) Triboelectric performance:

We controlled the contact area, frequency and load to be 300 mm2, 2.5 Hz, and 5 N,
respectively. Based on the material group, the individual performance was evaluated
and combination tests of NB treated polymers were conducted. Furthermore, we
compared the triboelectric performance between NB and plasma treatment based
TENGs.

(3) Characterization:

Physical and chemical properties of NB and plasma treated polymers were obtained
by XPS, KPFM and AFM. Chemical changes were analyzed by obtaining chemical
bonding and physical changes were defined by surface roughness, surface image
analysis, and surface potential measurement.
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Figure 1 : Power density of (a) pristine PDMS-TPU composed TENG and (b) NB treated
polymer based TENG, (c) aging issue of plasma and NB treated TENG

3. Achievements

Figure 1a and 1b show the power density of pristine PDMS-TPU based TENG and
NB treated TENG. The pristine TENG could produce electricity of 0.097 pW/cm?2 at
load resistance of 7 MQ. After NB treatment, the power density was measured as
19.2 pyW/ecm? at load resistance of 40 M, which is improved over 197 times than
pristine TENG. This enhancement can be achieved by change of surface
potential.vNz2 gas based NB treatment decrease the surface potential. This means
that positive tribo-materials can donate more electrons to others. Oz based NB
treatment makes large surface potential. Therefore, negative tribo-materials can
obtain more electrons on the surface. Figure 1c indicates the aging issue of NB and
plasma treated TENGs. Right after fabrication, the output performance of plasma
treated TENG was 1.4 times larger than NB treated TENG due to the additional
surface charges from active site. However, the performance was significantly dropped
during three months due to the loss of active site by air. Compared to plasma treated
TENG, performance of NB treated TENG slowly decrease due to low electrical defect.
In short time, thus, the plasma treatment has an advantage but the NB treatment is
valid for long-time targeted TENGs.

4. Summaries and future plans
We confirmed optimum NB process for improving triboelectric behavior of TPU and
PDMS. After NB process, the power density was enhanced over 197 times than
pristine PDMS-TPU based TENG. NB treated TENGs has an advantage of long-time
operation compared to plasma treatment. Based on these results, we will conduct an
interfacial engineering for improving TENG performance.

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)

Neutral beam treatment improved contact electrification for dramatically
enhancing triboelectric performance, Proceedings of the Kighteenth International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-47, pp. 96-97.
3) Patent, award, press release etc.
Not applicable.
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Project status 1st year (progressing)

Surface Pressure Measurement over Free Flight Object inBallistic Range Facility using
Motion-Capturing Pressure-Sensitive Paint Method

Hirotaka Sakaue *f, Hiroki Nagai **{+
*Department of Aerospace and Mechanical Engineering, University of Notre Dame
**Institute of Fluid Science, Tohoku University
TApplicant, §1IFS responsible member

1. Purpose of the project

The present study is aimed to extract research challenges to capture pressure
distribution of a free flight object in a ballistic range facility. There are mainly four
challenges to overcome: #1 to shoot an aerodynamic model in a ballistic range, #2 to
capture the free flight motion, #3 to capture luminescent images of the object during
the flight, and #4 to obtain pressure distribution from the luminescent images. When
successful, the measurement technique from the present study can be applied to
understand unsteady aerodynamic phenomena in free flight.

Within the project term, we were successful to achieve #1 thorough #3: a luminescent
image was successfully captured. The main challenge for the next step was extracted,
which will be to improve the uniformity of two-luminescent outputs. The results
obtained from the present study was valuable to continue to the next steps to achieve
challenge #4.

2. Details of program implement
To establish a pressure measurement technique over a free flight object, we focused
on a luminescent imaging technique. We can apply a chemical sensor called
pressure-sensitive paint (PSP) over an object. It is non-intrusive so that an
installation of mechanical and electrical instruments into an object can be avoided.
We applied a motion-capturing method to capture a pressure distribution over a free
flight object. It acquires two luminescent images to extract the pressure distribution
over an aerodynamic object [H. Sakaue, K. Miyamoto, T. Miyazaki, Journal of
Applied Physics, 113 (2013), 084901]. To apply this method for a ballistic range, it is
necessary to overcome four challenges as follows:
1. To shoot a free flight object
2. To capture a free flight object with imaging device
3. To capture a luminescent image from the free flight object
4. To extract a pressure distribution from the luminescent image
Fig.1 shows the implementation of the program. The ballistic range facility at
Institute of Fluid Science, Tohoku University, was used. The projectile was consisted
of a sphere with 30-mm in diameter covered by a sabot. The test chamber was
evacuated to 50 kPa, and the projectile was shot at Mach 1.5.
From an optical window of the test chamber, the luminescent images of the projectile
were captured by a high-speed color camera. Two UV LED pulses with 1 ms in
duration were given to illuminate the model trajectory. These LED sources were
mounted inside the ballistic range facility to increase the illumination power to the
projectile. The camera acquired the trajectory at the frame rate of 30,000 to 100,000
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FPS with the camera exposure time of 2.5 to 30 ps.
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of the program. article.

3. Achievements

A new two-color PSP based on pyrene was developed and used in the current study.
With the current setup described in the previous section, we could improve the signal
level of luminescent images to achieve the challenge #3: capturing luminescent
images of the object during the flight. Fig. 2 shows an a priori pressure calibration of
the developed two-color PSP. It was obtained by changing the pressure in the test
chamber from 40 to 80 kPa. From the calibration, it is shown that our two-color PSP
model has a good pressure sensitivity, given by the slope of the ratio curve in Fig. 2.
Fig. 3 shows luminescent ratio images of the free-flight model. The left image shows
an image using a 30 us exposure time, whereas the right image was produced with a
5 us exposure time. In both cases the model was moving at approximately 500 m/s,
meaning that for every us of exposure time the model moves approximately 0.5 mm.
By using shorter exposure times blurring is greatly reduced, in this case reducing the
apparent elongation by up to 25%. When the images are not blurred, a pressure
calibration makes it possible to extract pressure distribution data over the model.

4. Summaries and future plans
The current project proved that it is possible to capture a clear luminescent image of
a test model moving at Mach 1.5 in a ballistic range. In order to capture these images,
a combination of a short exposure time and fast frame rate were used.
The next challenge is to apply the two-color PSP more consistently to the model to
give a uniform coating. This would ensure more uniform emission intensity, allowing
for a quantitative surface pressure analysis.

. 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)
Surface Pressure Measurement over Free Flight Object in Ballistic Range Facility
using Pyrene based Two-Color Pressure-Sensitive Paint, Proceedings of the
Fighteenth International Symposium on Advanced Fluid Information, Sendai,
(2018), CRF-78, pp. 162-163.

3) Patent, award, press release etc.
Not applicable.
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Project code J181103

Classification General collaborative research
Subject area Fundamentals

Research period | April 2018 ~ March 2019
Project status 1st year

Stability and Nonlinear Dynamics of Stably Stratified Vortices with Hyperbolic
Stagnation Points

Yuji Hattori*t, Manish Khandelwal**{+
*Institute of Fluid Science, Tohoku University
**Department of Mathematics, Indira Gandhi National Tribal University
TApplicant, fnon-IFS responsible member

1. Purpose of the project

KRBIRROFHMAEB LRI BN TIROVIBO R TEEINER SN THWD. bithbitidx
IT, R RETR AR T O JE IR 22 A O SR TR E MERRAT IS 0 8T LW D ANEE TE M 2 5 L
L7c. ZAUEREh R L @RI NSRBI OAAE S 7 RN 5 2 & TRELT 537
A REERETH D, RFETIE, ZORRICESE | MnRIRZENE & B O FE
7 MR K DH L WO ARLEM (BEB R R E M) BAiRVIRD X A F I 7 |
BOWTREIHKEZMRAT S, RLEEBEET— R EZORERORERERTN, FERE
FEIRIC I T D REIE R, ELIR~DOEZBBWEZH O NICT 5.

2. Details of program implement
2.1 Plan of the Project

M X & i m & DE RSB I DOV T, TR 22 e & NS E ) O/~ b
ZhRNT K 0 BT 2 g W AL E M %2, (1) FEAT— NLEEWMENT, (2) EEKE Y
a2 b—a VX VNI 5. BRI fidrxige & LT, (a) 2 oo (2 RoeT A
F—7 =24, b)) 1 KoTAWWES (AF 27— Mg, IREEORLEENIT L0 RA
THMWMPNDOET V) H4]D.
2.2 Global stability analysis by Krylov method

B 2NN T AZZx LTI AL ERE— FET TRIERORLZEE— RERD
D7D, 7 Va7 ZEMEE TV ) VT VB KO AN ZEM A T D HE R E A E
RO DL FEZER LT

Fig. 1 (T 2 RITJAHNMGI DAL E T — R ORRRROWEWA 2R 7 A7 M 1
THMARNZEEDBEL2WEETHY, LA VXL 105TH 5. FERSE (Fhi=0)
DEGAEIIIBE PN AN TAZEE— X 1 HEZIL 2 HOATHLIN, EL TS
& (Fh1=5) [ZIIZHBDOARLZEET— RPN TWDE Z ERNbnd. RFTZEMNEENT T
IRENTZEHIZ, B ARZELDT— RRZEL S biv, MBI )50 72 Bk
PIARZEMEL Y IRV 3D 5.

F72, 1IRTTABEBINT DV T G RRRIC @ BRI A ZZEPE DT — RMFET D 2 & D3
MO LI, 72120, Z DA ITIIMAEIZ IR ) PR 72 W R AR EVED 38RV 2 & 2
Dot
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Figure 1 : Growth rate obtained by Krylov method. (Left) Fh'1=0, (right) Fh1=5.

3. Achievements

RRBG - BEKRR - FHEBARZICB W TEE CTH 2 EERE N RN OZEMEICLIFE
TR EMHT D Z ENRARMEEOHN TH -T2, 2k, BRSCEROZE) - K/
ETHORER LICEIRL, REORFEMIBOHERF A 1 =X LOMBAOZEM N 280 4 <
ZEEHEEE L. SBIC, BERBIRTOWMBEORLZEEE L THLRTWD Y 7
TAREZEEDOERZ BHONNITLH2ZEHLHMTH- 7.

SEFEDOIE T L EM O Z AT 5 Z LI Lc. 7 U v 7y ZE/E L
T VT (B L VEBRORLEBAE— RERZDZENTE, REEEOR L ZD
PEEDREORIIZE > TE YT HNEHLNIT LI ENTEZ. —T, HEK
By R 2 b—3 a3 K DI B O RILERE T D ORI E EFE o7z

4. Summaries and future plans

MR L & A pih b OB ERETRIC OV T, MEI AR L EME & NERE I OMFEY 7 K
RN L0 LA L pl g W AL e %, EAT— NEEMEMITIC L i~z 2 %o
JERRY S L OV 1 o ARSI ARG E L, BEORLZEBAE— ROH 6OV AE
DRSIZE>TEIZLT D EH LN LT,

St OREIIIEMIREM BB OMACTH S, SREEESELEY I 2 v—a kb,
IR BRI 35 1T D N E i Re - iR Ofafn - ELGER O 2 T 5.

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] Y. Hattori, S. Suzuki, M. Khandelwal, M. Hirota : Global Analysis of
Strato-Hyperbolic Instability of Stably-Stratified Vortices, 12th Furopean Fluid
Mechanics Conference, Vienna, Austria, 9-13, September (2018).

3) Patent, award, press release etc.

Not Applicable.
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Project code J181104

Classification General collaborative research
Subject area Fundamentals

Research period | April 2018 ~ March 2019
Project status 2nd year

The Development and Applications of Pressure-Sensitive Paint on the Investigations
of Gases Mixing in T-type Micromixers

Chih-Yung Huang*¥, Hiroki Nagai**{}
*Dept. of Power Mechanical Engineering, National Tsing Hua University
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

1. Purpose of the project
This project is a second year project and aims to investigate the design and
improvement of gas mixing in micromixers using pressure-sensitive paint technique.
Different designs of micromixers with boundary obstruction are applied to
understand the mixing enhancement and further application with different gases.

2. Details of program implement

This project is the continued collaboration project following the study of using
pressure-sensitive paint (PSP) technique on the flow visualization and mixing
quality measurement in micromixers. This year the continued research focuses on
optimization of using boundary obstruction for gas mixing enhancement. Triangular
structures were selected with different front and back angles and positioned at the
side wall of micromixers in the mixing channel. The micromixers is a T-type
micromixer with boundary obstruction. Numerical simulation with commercial
software ANSYS has been used for understanding the effect of boundary obstruction
and different gases mixing, as Fig. 1. The mixing qualities of oxygen and different
gases have been investigated and the optimal font and back angles have been
identified as Fig. 2. The triangular structure with front angle of 90 degree and back
angle of 50 degree has been selected for further study which can provide the mixing
quality over 90% at micromixer exit with less than 15 kPa drop between micromixer
inlet and exit. The distance between each triangular structure has also been
discussed and 1.8 mm was found as the best mixing quality improved to 97% and less
pressure drop of 11 kPa.

] .
=L

Figure 1 : The contours of oxygen concentration of oxygen and nitrogen mixing in
micromixers with different front and back angles.
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Figure 2 : The mixing efficiency of oxygen and nitrogen mixing at micromixer exit with
different front and back angles.

(a)
m I
0 ] [ [0 ] 1 '“

WL i

(b)

4 b e
0.3 —A8Smm{smperiment)
o2
Io 0.2 == lommisimulstion) N
z -.: ] L —
" | 0
500 300 100 100 300 500
ylpm)
L] (&) LT LT3 s 1
vl

Figure 3 : The comparison of PSP experiment and numerical simulation.
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3. Achievements
Detailed mixing efficiency and flow field with different gases mixing in novel design
of mixing channel with triangular obstruction have been studied with numerical
simulation of ANSYS. Preliminary PSP results have been acquired with good
agreement with simulation.

4. Summaries and future plans
In this project, the effect of triangular obstruction in micromixers has been identified
with detailed information of mixing profile and pressure loss. To further improve the
mixing efficiency and suitable for different kinds of gas mixing, the obstruction at
center of mixing channel will be examined. However, it will require more advanced
method using MEMS technology with precision fabrication.

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)
with different gases mixing in passive micromixers, Proceedings of the Fighteenth
International Symposium on Advanced Fluid Information, Sendai, Japan (2018),
CRF-88, pp. 182-183.

3) Patent, award, press release etc.
Not applicable.
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Project code J181105

Classification General collaborative research
Subject area Environment and energy
Research period | April 2018 ~ March 2019
Project status 1st year

Electronic Structure of Semiconductor Nanostructure Array for Thermoelectric
Applications

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

1. Purpose of the project

According to the achieved results of the collaborative research projects in years
2015-2018, we in this project successfully explore the electrical and physical
properties of neutral-beam-etching (NBE) fabricated nanodisks (NDs) by solving a
set of electronic transport and quantum mechanical equations. The key findings of
this project show promising characteristics of the explored nanometer-scaled
materials for advanced applications of thermoelectric materials and devices.

e N
i I SN
| Elastic constants (GPa)
b Materials Cn Cry Cor
Si 165.8 63.9 79.6
SiGeg s 154.6 59.2 75.8
(a) (b) (0)

Figure 1 : (a) A high-density array of SINWs with a 10-nm diameter embedded in SiGeo.3
using bio-template mask, NB etching, and thermal CVD techniques. (b) The SiNW
array with diameter of 10nm is simulated by the square superlattice with varied space 2
to 15nm. (c) List of parameters used in the simulation of phonic dispersion.
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Figure 2 : (a) Energy dispersion for bulk Si along with the specific symmetric k-points.
(b) Thermal conductance contributed from lattice dynamic for bulk silicon and SiNW.

2. Details of program implement

As shown in Fig. 1, we explore the electrical and physical properties of the NBE
fabricated high-density array of SINWs with a 10-nm diameter embedded in SiGeo.3
using bio-template mask by performing 3D numerical simulation of electronic
structure for the nanostructures. Fig. 2(a) is the calculated energy dispersion for
bulk Si; it approximates the experimental data well under the same order with only
three independent elastic constants. Fig. 2(b) shows the lattice thermal conductivity
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with a comparison between bulk Si and SINW. SiNW have reduction of thermal
conductivity only 80%, which is much smaller than the experiment results. Our
study benefits advanced applications in the field of thermoelectric devices.

3. Achievements

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

4. Summaries and future plans

In this work, we have applied the Landauer approach to investigate the quantum
effect on thermoelectric properties for SINW embedded in SiGeo.s. The impact of
SINW on thermoelectric from electron, such as power factor and electronic thermal
conductance, is less than that that from phonon, which is consistent with the
observation in the experiment although the reduction of the lattice thermal
conductivity is smaller than the experiment result. In the next project, we will
control the energy of advanced NDs for thermoelectric devices.

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

and Gold, IEEE Journal of the Electron Devices Society, Vol. 7 (2019), pp. 322-328.
[2] Daisuke Ohori, Takuya Fujii, Shuichi Noda, Wataru Mizubayashi, Kazuhiko Endo,

layer germanium etching for 3D Fin-FET using chlorine neutral beam, Journal of
Vacuum Science & Technology A, Vol. 37 (2019), pp. 021003-1-021003-5.

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

Transfer Characteristic Matching by Different Nanosheet Layer Numbers of
Vertically Stacked Junctionless CMOS Inverter for SoP/3D-ICs applications, /JEEE
International Electron Devices Meeting, (2018), pp. 504-507.
Nanowire Using Landauer Approach for Thermoelectric Application, Proceedings of
the 15th International Conference on Flow Dynamics, Sendai, (2018), OS1-3, pp.
198-199.

*[5] Ming-Yi_Lee, Yiming Li, and Seiji Samukawa: Electronic Structure of
Semiconductor Nanostructure Array for Thermoelectric Applications, Proceedings
of the 18th International Symposium Advanced Fluid Information, Sendai, (2018),
CRF-51, pp. 104-105.
Characteristic of AlGaN/GaN High Electron Mobility Transistors with Recess Gate
Structure, Int. Electron Devices and Materials Symposium, (2018), pp. 1-2.

3) Patent, award, press release etc.

Not applicable.
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Project Code J181108

Classification General collaborative research
Subject Area Fundamentals

Research Period April 2018 ~ March 2019
Project year 2nd year

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

Gaku Tanaka*f, Ryuhei Yamaguchi**, Makoto Ohta**{+¥
*Graduate School of Engineering, Chiba University
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

1. Purpose of Project

In the study of cerebral aneurysm, a lot of researchers assume to be rigid wall in CFD
(Computational Fluid Mechanics). However, few experimental approaches were carried
out for the elastic wall model. Particularly, there were few experimental studies with
respect to hemodynamics using cerebral aneurysm model with elastic wall. The effect of
wall elasticity on wall shear stress and the frequency characteristics was examined for
the comparison of elastic with non-deformable models in pulsatile blood flow wave in
vitro in CFD. In the present study, the authors have tried the fabrication of elastic
cerebral aneurysm model using several ways. The wall elasticity would realize a
specificity of human vessel hardening.
2. Details of program implement
2.1 Methods

Before fabricating the phantom model of cerebral aneurysm, it is necessary to select
the material of mold. It is normal way to make the mold based on stl data constructed
by DSA and MRA data from the patient. There are several materials of mold, i.e. wax,
plaster and ABS resin. In the present study, the plaster and ABS resin are selected as
the mold material.

2.2 Material

The typical materials used in 3D printer are as follows.

Plaster: The merit is cheap and easily dissolved in water. The demerit is prone to collapse.
ABS resin: The advantage is tight and is easy to construct the support structure for
cerebral aneurysm. The demerit is difficult to remove the mold after coating by thin
elastomer. When removing the mold consisting of ABS resin, the special chemicals such
as xylene, 2-pro-panol need to apply.

2.3 Fabrication of phantom model

In fabrication of phantom model, the important factors are the material of phantom
elastomer, temperature and keeping time in thermostatic chamber. First, it is important
to fabricate the mold by media material which is based on stl data. As described above,
it is easy to fabricate the mold using the plaster. Also, the it is easy to fabricate ABS
resin. After dipping and then resolving mold inside of silicon elastomer, the geometry
may be a little smaller than original morphology. The authors tried both materials. The
model of plaster mold was suitable to fabrication using auxiliary support column as
shown in Figure 2. After dipping, it is easy to remove the plaster of mold in water and
the wall of aneurysm model is very smooth.

2.4 Phantom model

The phantom model from the plaster model is shown in Figure 3. This model was
fabricated in same way except for the difference of rotation after dipping, 1.e. vertically
and horizontally.
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Figure 3 Phantom model

Figure 3 was obtained in horizontal rotation. There is a tip in left side outlet vessel.
This tip came from the liquid of extra silicone elastomer covered mold. The morphology
is very smooth, and this fabrication has reproducibility. However, “how to rotate the mold”
depends on mold morphology. The axis direction of mold rotation needs to try the several
ways.

3. Achievements

According to the current study, the full-scale patient-specific phantom model was
established with thin aneurysm wall simulating real aneurysm. Using this full-scale
phantom model, we can clarify the effect of wall elasticity on flow behavior and flow
instability globally.

4. Summaries and future plans

There are two another important factors. One is the elastic modulus and the other is
the elongation ratio. Naturally, silicone elastomer has small elongation ratio, i.e. it is
prone to rupture. So, thin wall silicone elastomer is prone to rupture.

The velocity vector in semi-symmetric plane inside the elastic and non-deformable
aneurysms is measured in PIV. The distribution of WSS along the bleb wall from velocity
vector will be estimated. In summary, the elasticity of the aneurysm wall may attenuate
the absolute temporally- and spatially-averaged WSS and absolute WSSG.

5. Research Results (xreprint included)

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

*[1] R. Yamaguchi, T. Kotani, G. Tanaka, S. Tupin, K. Osman, N. Shafii, Ahmad Zahran
wall shear stress in patient-specific aneurysm of cerebral artery, Journal of Flow
Control, Measurement & Visualization, Vol. 7, No. 2, (2019), pp. 73-86.

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

Characteristics of elasticity on flow behavior in middle cerebral aneurysm model,
Sth World Congress of Biomechanics, Dublin, (2018), #01699.

Anzai, M. Ohta: How to Fabricate an Elastic Patient-Specific Aneurysm Model in
Full-Scale, Proceedings of the 18th International Symposium on Advanced Fluid
Information, Sendai, (2018), CRF-68, pp. 142-143.

3) Patent, award, press release etc. Not applicable.
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TEERUEREN TR U CTd D 12D D) ) R~ DRB NS S =728, BlEa FR o
Y, PEGERGELL T DT /A EEREE CIL PEG J@23 )/ kiR 2 e L, PEG &L L
DT A RERIRETIIT A BT b -EEE 2 95 2 & NSRRIz, 708K
PR S T B DFERA~DWIEILXT X LRAETHHZ EH T I ab—T 3 EERED SEM
BN OHER S LTz,

4 FLHESHDEB
RIS Ry F U T A7 OF 7 R EEERIEEN SRV T, o A — MVERE
DOEFAVIERRIR & o 77 B DAV EES PEG 7y T-EIC K 0 il &, REEECIIA A RE
TOT A EHIEPENTHD. AH%ITaaA NEREO S ERAES LD FEE2BRRT 25
VBN .

5. BIRAE IRIRIHY)

1) Fiiies &R OEERRE MBRFEZET)
Seiji Samukawa: Role of Doped Nitrogen in Graphene for Flow - Induced Power
Generation, Advance Engineering Materials, Vol. 20, No. 11 (2018), 1800387.
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*[2] Ichiro Yamashita, Naofumi Okamoto and Seiji Samukawa: Artificial Cage-shaped
Proteins for Nano-process, Proceedings of the 18th International Symposium on
Advanced Fluid Information, Sendai, Japan, (2018), CRF-45, pp. 92-93.

Seiji Samukawa: Electricity Generation by Water Flow on Nitrogen-doped Graphene,
Proceedings of the 15th International Conference on Flow Dynamics (ICFD2018),
Sendai Japan, (2018), OS1-8, pp. 208-209.
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H-NIA 72 EITRER SN D WesE L AKFEZHEEAR & 52 KRR -~ b2 ¥ U OBRBEERIZ DU
T, ZOWEREALD CFD FEEE M) B2 M T 7 iR ) 73 L OO LAl I B S v T &
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DM EHAE U TR RIR AR OB IET — 2 13522 U <, CFD fRlT CIIARMRED SR
HI7RRRE HFERC (EOS) CEMEIREET N2 VTV D ONRERTHDH. £ 2 TRIETIE, =
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WCHEE SN TR T oy VERWE 3 F oI ab—ra AR DHER L, Boni-fbE
ERMEISERE S LT, BIfTO EOS ORERGELZ XS Z L2 BE LT 5.
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SEEFET, ETRBRRT vy L ERAWE S FEI: (MD) R alb—va ik,
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T 6NN TH VR L W—E A mT 2 ERbhote. —F, KEFEORENE L 251251,
EOS & MD OFHOZER N ENT HHEM DGR Sz, £, TiUdE USEkocstchbigd 5
&, BFE L LKBEORERENNE L, FHIEEFE DI IS EOSETIEE 7O EOS 73
p-V-T BR () - IR - B 3 SORR) ZEMMIIC LS HHTERWEHTHDL Z E0vb
Mol=. WIT, Kz 25y REEE L 2y FECENCRT 2 0 FEUER R 21TV, 2 OF ST A Sk
U7 mG 72l de — KB MR T v v V& BRI B SURBIC L VS L, ARART v i A
WY T e (MC) vRal—rvara EELE. £72, 20 MC 2T, @RS
D p-V-T B & EEHENC DN T, BT EOS OREERGEETT 72, ZOFEE, EOS & MC D7
FUIK 5%LINTH Y, LW —EE Rk Z L3 bo-o7=. K1 13ES) 10MPa, {7 200K O3
REAHTIBT D p-V-T Bk & EEHEADESER 2/ R LTI b DO TH DD, FEFICIN—BERL
TWD I EDHERTE S,
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L151F, VEEERE AT U & T ABEMIEICOWT S, [AEEOF — R e LB TH 5.
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B R 72 TR T X WSk D 2SI TEAE D IEF M 2 L b d 0, Meta 3T
HIRELE 7o TV A,
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*[1] R. Takahashi, N. Tsuboi, T. Tokumasu and S. Tsuda: Validation of classical mixing rule
coupled with a van der Waals—type equation of state for supercritical mixture system of
oxygen and hydrogen using molecular simulation, Mechanical Engineering Letters, Vol.
4 (2018), 18-00369 (8 pages).
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[2] R. Takahashi, N. Tsuboi, T. Tokumasu, S. Watanabe and S. Tsuda: Validation of classical
mixing rule coupled with van der Waals type equation of state for sound speed of
non-ideal gas mixture, American Physical Society March Meeting 2019, Boston, America,
March, (2019), R18.00010.

*[3] R. Takahashi, N. Tsuboi, T. Tokumasu and S. Tsuda: Statistical mechanical evaluation of
thermophysical properties of oxygen-hydrogen mixture system based on the differential
hierarchy of a complete thermodynamic function, Proceedings of the FEighteenth
International Symposium on Advanced Fluid Information, Sendai, Japan, (2018),
CRF-58, pp. 118-119.

[4] EfEmE —, PERSE, AL, HEEEMR—  BKRIREROEHITT 5 i ARG I ORSEE
WRRE,  HAEIR 2 2018 AFEEAERR S, KR, (2018), J0530401.
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*[1] Takashi Misaka, Shigeru Obayashi : Comparison of Data Assimilation Methods in Flow

3)

Problems, Proceedings of the 18th International Symposium on Advanced Fluid
Information, Sendai, Japan, (2018), CRF-6, pp. 12-13.
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Study on the Aerodynamic Designs of Wingtip Device Based on Biomimetic Technologies and
[ts Feature Extraction of Dominant Flow Modes
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AMFZE CIEFES M 2~ v N M= 0.8, LA J/VA$Re=625x10° & L, CFD % i
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*[1] S. Morizawa, K. Tokura, H. Kawazoe and S. Obayashi: CFD Study on a Wing Grid for
Improvement of Aerodynamic Characteristics, Proceeding of the 18th International
Symposium on Advanced Fluid Information, Sendai, Japan, (2018), CRF-9, pp. 18-19.

[2] K. Tokura, S. Morizawa, H. Kawazoe and S. Obayashi: Optimum Design of Nonplanar
Wings for Minimum Induced Drag at Low Reynolds Number, Proceeding of the Fifteenth
International on Flow Dynamics, Sendai, Japan, (2018), 0S18-55, pp. 964-965.
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*[1] T. Ishide, M. Kimura, R. Fuijii, T. Kaerivama, K. Shimoyama, S. Obayashi: Aerodynamic
drag reduction using a coating material in flapping wing, Proceeding of the Eighteenth
International Symposium on Advanced Fluid Information, Sendai,(2018), CRF-7, pp.
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Link between Tracer and Microseismic Analysis to Comprehensive Understanding
of Hydraulic Feature of Fractured Geothermal Reservoir

Anna Suzuki *{, Roland N. Horne **+
Michael Fehler ***§f, Peter K. Kang ****{+, Takuya Ishibashi ***¥*{{
*Institute of Fluid Science, Tohoku University
**Department of Energy Resources Engineering, Stanford University
*** Karth Resources Laboratory, Massachusetts Institute of Technology
**** Department of Earth Sciences, University of Minnesota
*#%%% Fukushima Renewable Energy Institute, AIST (FREA)
TApplicant, Tfnon-IFS responsible member

1. Purpose of the project

Geothermal energy would provide sustainable energy systems and is abundant in
the US and Japan. To assess the amount of resources and to design sustainable
utilization of fields, it is crucial to estimate how water flows within reservoirs.
Generally, tracer testing has been conducted to obtain the hydraulic properties between
the two wells, such as connectivity, velocity, permeability. Microseismic monitoring
observes fracture creation due to water injection and water movement to extract
fracture properties (i.e., position, number, scale, etc.) in the whole reservoir. The results
from tracer testing are influenced on connectivity of the fracture networks that can be
apparent in micro seismic analysis. Both results should have correlations between each
other. In this research, a new approach integrating tracer and microseismic analyses to
evaluate comprehensive hydraulic properties is proposed for designs of sustainable
geothermal development.

2. Details of program implement

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

Stanford group and Suzuki have conducted (1) tracer analysis using field data, (2)
characterization of tracer transport in fractured media using 3D printing networks and
direct simulation, and (3) flow experiment nano- and microparticle tracers using
micromodel.
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A. Tracer and micro seismic date analyses

Tracer data Acoustic emission(AE) data
[Applicant] [MIT group]

B> B. Links of hydraulic properties d

Numerical simulation [Stanford group)

Geothermal power plant
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Figure 1: Overview of this study.

3. Achievements
3.1 Col laborative seminar
We held a seminar with 10 Ito lab members from IFS, Prof. Roland Horne, Dr. Adam

Howkins, Ms. Ayaka Abe from Stanford University, Dr. Kyle Bahr and Mr. Aoi
Yamaguchi from Environmental Studies at Tohoku Univ on Dec 20 and 21.

Figure 2: Photos of seminars: Prof. Roland Horne and Dr. Adam Howkins from Stanford
University.

3.2 Journal paper

We conducted flow experiment for tracer analysis with Horne group at Stanford
University and submitted our collaborative paper for a peer-reviewed journal: Suzuki A,
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Cui J, Zhang Y, Li K, Horne RN, Ito T, Estimation of Fracture Apertures in Fractured
Porous Media Using Nano-/Microparticles, Rock Mechanics & Kock Engineering, under
review.

Results

Water with nanoparticles was injected into the micromodel. The microscope could
detect 500 nm nanoparticle movement. Figure 2 shows an image of the micromodel in
the microscope during tracer injection test. Video was also recorded, which visualized
the particle movement clearly. Fast flow was created in the fracture in the direction of
flow, while some particles migrated to the pore spaces in the matrix. In the matrix,
there were not only vertical flows from the fracture to the matrix but also horizontal
flows between the inlet and the outlet. The patterns of pore space in the matrix give rise
to complex nanoparticle transport behavior. More detailed analysis of nanoparticle
movement will be done in further study (e.g., using Particle Image Velocimetry).

Figure 2: Image of the micromodel under microscope during flow experiment.

Tracer was collected in a tubing connected to the outlet at 46 moments in time.
For preliminary analysis, concentration was calculated based on the images taken with
SEM. Five droplets obtained at 6.7h, 13.4h, 20.2h, 26.9h, and 33.6h after the onset of
the particle injection were used. The SEM images of the five droplets are shown in
Figure 3. The concentration was calculated as the ratio of area of the particles to the
total area where liquid would have existed in the SEM images, as shown in Figure 4(a).
The temporal change of the concentration is plotted in Figure 4(b). High concentration
was found at 13.4 h. A long tail was observed at late time. Some non-nanoparticle
chunks were observed in the image at 26.9h. Because they were probably contaminant,
the concentration at 26.9h is of low reliability. If the concentration at 26.9h is an outlier,
the tracer response shows a long tail, as plotted in the dashed line in Figure 4(b). From
direct observation under the microscope, some particles were seen to migrate into the
matrix. They might have detoured through the pore space in the matrix leading to the
retardation in the tracer response curve.
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TIME: 18 h

TIME: 36 h
Figure 3: SEM images of droplet obtained at (a)(b) 13.4h, (c)(d) 20.2h, and (e)(f) 33.6h

after injection.
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Figure 4: Temporal change in concentration of nanoparticles at the outlet of the
micromodel, measured by TRPS. (a) Size-independent tracer response and (b)
size-dependent tracer responses for large particles (diameters > 1700 nm, cross) and for
small particles (diameters < 1700, circle).

Particle concentrations were also measured by TRPS. The TRPS counts the number

of particles in liquid while measuring the size of the particles. The particle diameter had
a wide range between 400 nm and 2400 nm. Here, the maximum particle diameter
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before the injection was 1500 nm. However, the maximum particle diameter measured
after flowing in the micromodel was 2300 nm, which was larger than that of the injected
particles. This suggests that some particles may have aggregated or been contaminated
by attachment. 46 samples were collected at the outlet over time. Although SEM image
analysis shows higher concentration around 14.4 hours after the injection, the
concentration obtained from TRPS does not include any clear peak.

Thanks to the TRPS, particle size distributions at each time point can be obtained.
We can divide the particle distributions into two groups by a certain threshold. The
threshold is defined as a value below which significant differences can be observed in
the concentration curves. In this study, the threshold was set to be 1700 nm. The
temporal changes of the particle concentration with diameter larger or smaller than
1700 nm are shown in Fig. 4(b). The response curve for the particles with diameter
larger than 1700 nm had a peak around 14 hours after the injection and no
concentration was detected at late time. In contrast, the response for smaller particles
was detected at early time and at late time.

Discussion

The micromodel we used consisted of a single fracture and matrix. Because
particles at the microscale travel along higher velocity streamlines, most particles were
expected to flow with the fast-moving in the center of the streamlines within the
fracture (Zvikelsky and Weisbrod, 2006). The fracture aperture was 50 pm, while the
injected particle size was in the range between 500 nm and 1.5 pm. The fracture
aperture was wide enough for all of particles to flow. According to Fig. 4(b), the tracer
response for larger particles shows a peak at early time. These larger particles can be
considered to flow through the fracture. On the other hand, the larger particles did not
arrive after 20 hours, but the smaller particles arrived continuously before and after 20
hours. The particles arriving after 20 hours might have been delayed due to passing
through the matrix. Then, the particles had to flow through the pore throats in the
matrix. The range of the pore throat diameter was from 10 nm to 40 pm. The matrix in
the micromodel included larger pore spaces, and spaces can be seen over 10 pm. Throats
can be seen with sizes around 1 pm. We divided the tracer response into two response
curves for different particle sizes in Fig. 9(b) and set the threshold of particle size to
1700 nm, which was defined as a value below which significant differences can be
observed in the concentration curves. If particles flowed through the matrix, the
streamlines had to pass through the throats with the size of the threshold, and the
particles flowing through the throat should be smaller than the threshold. Thus, the
threshold is expected to be the narrowest width of the throat in the streamline passing
through the matrix.

By evaluating the particle sizes, we could estimate the two flow paths in the
micromodel. One is characterized as a streamline that flowed only through the fracture,
and the other as a streamline that flowed through the matrix at least once. In addition,
the travel times corresponding to each streamline can be determined from the tracer
responses. These data would provide useful information not achievable in conventional
tracer testing.

We hereby propose a method using particle tracers to estimate critical apertures, as
illustrated in Figure 11. Particles with a wide range of sizes are injected into an
injection well, and the temporal changes of the size distributions are observed at the
production well. The tracer response curve for each particle size may be different. As
shown in Figure 5, path 1, path 2, and path 3 have the critical aperture b1, b2, and bs,
respectively (b1 > bz > bs). Let us assume that adsorption/desorption and diffusion of
particles do not occur and that clogged particles do not affect other particles’ movements.
Some interactions between particle and rock surfaces (van der Waals forces) are
neglected. If particles are larger than b1, they cannot pass through any of the paths. The
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Figure 5: Schematic of estimating fracture aperture and lengths using
nano-/microparticles. (a) example image of flow paths between injection and production
wells, (b) Enlarged image of inside of the flow path, (c) perspective of size-dependent
tracer responses, and (d) estimates of flow path lengths.
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upper tracer response curve in blue in Figure 5 is for the particles with size between b2
and M. Particles with size between b2 and b migrate through path 1 but not through
path 2 and path 3. The tracer response curve includes a single peak at #. The first peak
is an indication of the tracers passing through path 1 with a critical aperture of bi.
Although other particles that ranges from bs to bz (green line) or smaller than b3 (red
line) were also detected at #, those are neglected. Next, only the particles with size
smaller than bs (red line) shows the second peak at #i. The second peak is an indication
of the tracers passing through the path 3 with a critical aperture of bs. The particles
with a size between bs and b2 (green line) showed a third peak at t;, suggesting tracers
passing through the path 2. We consider that the time when each peak appeared G.e.,
ti, and ti) is the representative travel time of particles for each flow path. In this
example, the travel time ¢ is for the path 1, the travel time ¢ is for the path 3, and the
travel time zi;1s for the path 2. The permeability can be estimated according to the cubic
law by using estimated critical apertures. The flow velocity for each path can be
obtained from the Darcy’s law. Because the particles in the same flow path may have
distinct velocity and travel time, it is possible to estimate the length of each actual flow
path. Each length of flow paths can be useful to characterize fractured rocks.

This study used particles in the range between 500 nm and 1500 nm to confirm
whether or not the particles can pass through the porous medium. In the next step,
particles with a wider size distribution (e.g., 50 nm — 50000 nm) will be used. The
fracture aperture in the micromodel will also vary. Further experiments would provide
more obvious relationships between particle sizes and fracture structures. Although we
assumed particle size does not affect flow speed, several studies reported that particle
properties (e.g., size, materials, shape) affect the flow properties (Vilks and Bachinski,
1996). It has been widely observed that particles transport faster than conservative
solutes in fractured media (e.g., Champ and Schroeter, 1988; Zvikelsky and Weisbrod,
2006; Tang and Weisbrod, 2009). We will investigate how the particle properties depend
on flow by direct observation of the microscope.

4. Summaries and future plans

Nano- and microparticles are expected to have several functionalities, and the
ability to control size and shape is an advantage of using nano-/microparticles. Our
study showed that evaluation of particle size distributions may provide estimates of the
sizes of the narrowest pore throats and minimum fracture apertures in the flow path.
The tracer response curves for different particle sizes are expected to determine each
travel time and to estimate each length of flow path, which is not obtained in
conventional tracer tests. Fluid flow experiments using micromodels will clarify
mechanisms of particle transport in fractured and porous media, which will help us
analyze tracer response curves more thoroughly.

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

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

— 177 —



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

5. Research results
1) Journal (included international conference with peer review and tutorial paper)
[1] AN Z M FERBAICEB T D e & eniv) OHE, 7eh3i, Vol. 38, No.
1, (2019), pp. 21-25.

printed fracture networks to development of flow and transport models, Transport
in Porous Media, (2018), DOI:10.1007/s11242-018-1154-7.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
tracer and microseismic analysis to comprehensive understanding of hydraulic
feature of fractured geothermal reservoir, Proceedings of the 18th International
Symposium on Advanced Fluid Information, Sendai, (2018), CRF-R1, pp. 66-67.

[4] $oARB A T VXV - T 7 ) v — & BME U IR @A st O Bk, A ARHIE RS
MBI JE | B3 D AR 4, Tokyo, Japan, November 14, (2018), Invited talk.

[5] A. Suzuki : 3D printing of controllable fracture network and evaluating of flow
characteristics, 2018 Flow and Transport in Permeable Media (GRS), Newry, ME,
USA, July 7-8, (2018), Invited talk.

3) Patent, award, press release etc. (patent, award, press release, note should be
[isted here if applicable)
(Patent)

Not applicable.
(Award)

Fracture network created by 3-D printer and its validation using CT images”, Oct
30, (2018), Water Resources Research.

(Press release)
Not applicable.
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(3) Proton Transport Mechanism in a Carbon Nanotube (CNT) (University of Washington,
IFS)

Proton transport and electroosmosis of water molecule in a carbon nanotube is
faster compared with bulk water. We analyze the mechanism of proton transport in a
carbon nanotube by both simulation and experiment. IFS perform molecular dynamics
simulations of proton transport in a carbon nanotube and UW perform experiment to
measure proton conductivity of membrane made of carbon nanotubes. Now we discussed
about the simulation system and determined it.

(4) Micromagnetic modeling for nondestructive evaluation (INSA, IFS, ELyTMaX)

Magnetic Incremental Permeability (MIP) being highly stress dependent proves to
be very effective to evaluate materials non-destructively. In this article, modelling
technique based on Jiles-Atherton model has been proposed to simulate the signature
MIP butterfly loop for the 12 Cr-Mo-V-W creep test samples. Jiles-Atherton parameters
imply physical interpretations. From these butterfly loops, a physical relation, based on
the values of the J-A’s parameters, with the microstructure such as precipitations,
dislocations, Kernel Average Misorientation (KAM) has been investigated with
experimental as well as simulation validations. It is especially observed that J-A’s
parameters are well correlated to the precipitation quantity and KAM.

2.2 =023y TBLUHYIT—R I —)LDRME
(1) UW-TU:AO0S-Planning Workshop 2018-Spring

The UW-TU:AOS-Planning Workshop 2018-Spring is held on April 23 and 24 at
University of Washington, Seattle, USA. 6 IFS researchers and 2 researches in
mechanical engineering division attended the workshop and discuss about their
respective collaborative researches. After discussion, we visited e-science section in
University of Washington and we have a seminar about data mining. over 30 researches
including IFS and UW attended the seminar and present their research about data
mining.

(2) ELyT School 2018

Since 2009, ELyT School is organized every year (alternating between Lyon and
Sendai) with the aim of presenting the partner institutions to students from the other
country (mainly Masters students, to encourage the creation of jointly-supervised Ph.D.
research projects, and undergraduate students to promote Masters double-degree
programs). School includes academic lectures, lab tours, industrial tour, student project
work, cultural activities (cultural trip, social activities, photo contest, and some events
are organized by local students. 10th ELyT School was held in Sendai from August 26th
to September 5th, 2018, and 22 students from France, 2 students from Washington
University and 23 students from Tohoku University joined.

(3) ELyT Workshop 2019
In the framework of the cooperation between Université de Lyon, CNRS and

— 180 —



Tohoku University, materialized by the existence of a LIA (International Associated
Laboratory) since 2008 and an UMI (International Joint Unit) from 2016, the 10th
ELyT (Engineering Science Lyon / Tohoku) workshop was held from 8 to 11 March 2019.
This annual workshop (alternatively in France and in Japan) gathers both researchers
and students whose research projects, with the support of the LIA ELyT Global, are
developed jointly in Lyon and in Tohoku. Thanks to the support of CNRS, INSA Lyon,
Ecole Centrale de Lyon, Université de Lyon, Tohoku University, but also of French
Embassy in Japan and French region Auvergne Rhone Alpes, about 80 researchers and
students presented their work on Saturday March 8th on Katahira campus of Tohoku
University, and from Sunday March 9th to Tuesday March 11th in Naruko in Japan.
This year, in addition to the scientific presentations (43 oral presentations and 32
posters), a dedicated session devoted to industrial partners (Nippon Steel, Michelin,
Blue Practice) and also institutional partners (Miyagi Prefecture, French embassy) and
to key projects in Tohoku University was successfully organized. This event sustains the
Lyon / Tohoku partnership in a long-term scientific excellence approach, but also proves
the strategy of being fully involved in the economic and societal stakes of both
metropoles.
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5. Research results

1) Journal (included international conference with peer review and tutorial paper)
hysteresis lump model, based on Jiles-Atherton quasi-static hysteresis model
extended with dynamic fractional derivative contribution, /EEE Transactions on
Magnetics, Vol.54, No.11, (2018), 7301605.

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

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

[8] MAFE : A 4 IRIKFFTEETE ORI FHVRHERAT & B bR 585 BRI~ DS,
%1 [EEGAR T 4+ — T &, (2018), 2018 45 5 A 19 H, HFF#HTH.
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(Patent)

Not applicable.
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Purpose of the project

The study is targeted to perform fundamental and applied research, as well as
design work aimed at creating compact, environmentally friendly and efficient
microchannel matrix burners and new micro-burning technologies. On the basis of
microchannel burners, effective infrared sources of radiation with controlled power
can be developed for various industrial applications, as a replacement for electric
heat sources, as well as burners for burning lean and extremely lean gas mixtures
that will be used as gas afterburners or as devices for utilization of oil or mine gases.
Creation and improvement of a new generation of microchannel radiating burners
requires additional fundamental studies related to a deep understanding of the
processes of micro combustion or gas combustion in micro channels. The purpose of
these studies is to create models and numerical algorithms for determining of flame
stabilization region in microchannel matrix burners, as well as experimental
facilities aimed at verification of theoretical calculations, which are necessary for
design and optimization of microchannel matrix burners. The complementary
researches were performed by four Russian teams and team from IF'S.

Details of program implement

The complementary researches were performed by four Russian teams and one
team from IFS. The participants discussed current scientific problems related with
project at the international conferences such as 37th International Symposium on
Combustion held in August 2018 in Ireland and ICFD 2018 conference held in
Japan in November 2018. The Russian teams discussed scientific problem of the
project at the conferences and workshops held in Russian research Institutes
involved in the project. The on-line seminars using internet were organized for
discussion and approbation of the scientific results obtained by all teams involved in
the project. The tasks of the project distributed among the teams and the all tasks
will form complementary study. Generally, the teams from IFS and FEFU conducted
experimental research of gas combustion in micro channels systems and
investigations of flame structure in micro channel. The team from Moscow
developed theoretical approach to create reduced chemical kinetics model of
combustion of practical fuels. The team from Novosibirsk dealt with development of
effective numerical algorithms for modeling of gas combustion and heat radiation in
micro channel systems. The Tomsk team developed special materials for micro
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channel matrix using by self-propagating high temperature synthesis methods.

Achievements

The following results concerning gas combustion in microchannel were obtained by
team from Far-Eastern Federal University in collaboration with ITAM SB RAS.
The new configuration of slot-jet burner which allows investigation of stretched
flames structure at very low flow rates was proposed. In this configuration two
opposite gas flows from slot-jet burners are formed between two quartz parallel
plates as it is shown at Figure 1. To get flow characteristic inside microchannel the
particle image velocimetry (PIV) is used and the burner allows measurements of gas
temperature by thermocouples using the small gap in quartz plates. The advantage
of the proposed burner over the conventional counter current burners is the
possibility to get information about stretched flame at small flow rates in the
normal gravity conditions [1]. Experimental and theoretical investigations of the
premixed flames in counter-flow slot-jet configuration reveal existence of the various
stationary combustion modes including normal flame, near-stagnation plane flame,
weak flame and distant flame. For the flames stabilized in the vicinity of stagnation
plane at moderate and large stretch rates the effect of channel walls is basically
reduced to additional heat loss. For distant flame characterized by large flame
separation distance and small stretch rates intensive interphase heat transfer and
heat recirculation are typical. It is shown that in mixture content / stretch rate
plane the extinction limit curve has e-shape (see Figure 1), while for conventional
counterflow flames it is known to be C-shaped. Analysis of the numerical results
makes possible to reveal prime mechanisms of flame quenching on different
branches of e-shaped extinction limit curve. Namely, two upper limits are caused by
stretch and heat loss. These limits are direct analogs of the upper and lower limits
on conventional C-shaped curve. Two other limits are related with weakening of
heat recirculation and heat dissipation to the burner. Thus, the study provides a
satisfactory explanation for the experimental observations of stretched flames in
narrow channel.
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Figure 1: Scheme of the counterflow flames in planar microchannel (left) and stretch
rate/mixture content diagram with e-shape curves evaluated for different distances
L between slot-jet burners (right) [1].

To examine the effect of Lewis number on the extinction boundary, flame regimes,
and the formation of sporadic flames, microgravity experiments on counterflow
flames for CH4/02/Kr (Le~0.7—0.8) and CH4/02/Xe (Le ~0.5) mixtures, and three
types of computations, which are one-dimensional computations with a
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PREMIX-based code using detailed chemistry, and three- and one-dimensional
computations with the thermal-diffusion model using an overall one-step reaction
were conducted by FEFU’s and IFS Tohoku teams [2]. In the microgravity
experiments, planar flames, planar flames with propagating edges, planar flames
with receding edges, star-shaped flames, cellular flames, and sporadic flames were
1dentified, and their regions of existence in the equivalence ratio-stretch rate plane
were obtained. Sporadic flames were formed for mixtures diluted by Xe gas but the
same 1s not observed for mixtures diluted by lighter Kr gas. Similarly, sporadic
flames were formed at Le=0.50 but not at Le=0.75 in the three-dimensional
computations with the thermal-diffusion model. Also, the flame regime of sporadic
flames extended far beyond the extinction boundaries obtained in the
one-dimensional computations in both experiments and the three-dimensional
computations. Furthermore, a comparison of the sporadic flames and flame balls in
the three-dimensional computations showed that sporadic flames are intermediate
combustion modes that segue flame balls to propagating flames.

Laminar flame of low-Lewis-number premixtures are known can exist in two
stationary combustion modes that are flat flame propagating with constant velocity
and unmovable flame ball. The existence of others intermediate flame
configurations between flat flame and the flame ball are still remains open
theoretical problem. The theoretical study conducted by FEFU team is an attempt
to find universal solutions within frame of diffusion-thermal model which describe
the class of flame stationary modes that are transient between flat flame and the
flame ball. The method of evaluation of propagation velocity and the shape of
ball-like flame was proposed. In the limiting cases the obtained solutions transform
into solutions describing flat nonadiabatic flame or unmovable flame ball.

Power generation usually requires removal of thermal energy from the system. The
impact of the heat removal on the dynamics of a premixed flame in the case of a
simple, but representative, counter-current micro burner was evaluated in paper [3]
by theoreticians from FEFU and ITAM SB RAS. In this configuration, two opposed
streams of fresh gases with the same equivalence ratio ¢ are introduced, at the
same velocity Ur, in the burner through narrow, infinitely long channels. The
channels are separated by the common wall from which the heat used for power
generation is removed. A flame-sheet chemistry model and a realistic, specifically
developed, one-step Arrhenius kinetics are used and compared in order to explore
the importance of finite-rate chemistry effects. Finite-rate is found to play a
significant role especially near the extinction limit (low velocities) and at high
temperatures (high velocities) where distributed reaction can lead to autoignition.
The changes in the flame stabilization position and operation limits of the micro
burner are analyzed. Significant variations in combustor operation were found when
energy is extracted from the system. Power generation efficiency is also studied, to
conclude that an optimum level of energy extraction exists for each equivalence
ratio and also that an optimum equivalence ratio exists.

Experimental and numerical results on premixed flame penetration and subsequent
propagation in a multichannel burner are presented [4]. The burner consists of the
set of planar straight quartz channels which transverse sizes can be varied. It is
found that, depending on mixture flow rate, equivalence ratio and channels
transverse sizes a big variety of combustion regimes can be observed. These regimes
include burner-stabilized flames, upstream propagating flames, and flames
stabilized under the burner external surface. The placement of different combustion
regimes in equivalence ratio/flow rate plane is plotted by means of experimental and
numerical studies. In wide range of parameters, the flame pulsations consisting of
repetitive stages of flame ignition, upstream propagation, and quenching take place.
Results of numerical simulations obtained in the framework of simplified
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thermal-diffusion model are found to be in a good qualitative agreement with
experimental data and allow to explain experimental findings.

Confignration IIT

Figure 2. Photograph (a), assembly model(b) and scheme of examined configurations
of the multichannel burner (c).

Experiments and numerical simulations demonstrate a big variety of combustion

regimes in the multichannel burner including burner - stabilized flames, upstream
propagating flames, and flames stabilized under the burner external surface (see

Figure 3.).
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Figure 3. Temperature, concentration, and chemical reaction rate distributions for
different combustion modes in configuration I.
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The placement of different combustion regimes in equivalence ratio/flow rate plane
is plotted on the basis of experimental observations and numerical simulations.

It is found that in the wide range of moderate flow rates and equivalence ratios, the
flame penetration and subsequent upstream propagation are accompanied with
pulsations. These pulsations consist in repetitive flame ignition, upstream
propagation and extinction, in perfect analogy to FREI phenomenon (Maruta et al.,
2005). Flame pulsations are the origin of noticeable sound produced by the
multichannel burner. Despite fast motion of oscillating flame fronts, the average
propagation velocity of the combustion wave is typically of the order of mm/s. This
fact points to the strong thermal coupling between gas and solid phase which is
typical for filtrational gas combustion. Thus, presented results on FREI-type flame
oscillations may provide possible explanation of the noise frequently appearing in
porous burners. All these results have been obtained by FEFU’s, ITAM SB RAS and
IFS Tohoku teams.

The radiative micro channels burners made of SHS porous materials were created
in TSC SB RAS. This study has been motivated by the previous experimental
findings on temperature and radiative characteristics of cylindrical porous burners
made of Ni-Al alloy [5]. The findings reveal a significant improvement in the
radiation efficiency of the burners operated in an internal combustion mode. In this
combustion mode, the flame stabilizes in an internal cavity of a cylindrical burner
that allows achieving the radiation efficiency of about 60%. The burners convert the
combustion heat into an IR flux with the efficiency close to the maximum possible
[5]. The radiation and NOx emission characteristics of new type of radiative burners
were investigated. The novelty of the burners is the combination of conical steel
reflector and cylindrical Ni-Al porous burner. Two operation modes have been
investigated: with fuel-air mixture preheating by means of heat recuperation, and
without preheating. The optimal operation regimes were found which allows rich
65-75% radiation efficiency and NOx emission less than 50 ppm in the range of
firing rates of 50-400 kW/m2.
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Figure 4. (a) Radiation burner configuration: 1 -housing; 2 - flow distributor; 3 -
cylindrical emitter. (b) - Burner in operation. (c) - Porous matrix. Dependencies of

the maximal radiation efficiency on the firing rate for different types of fuel-air
mixtures are shown at the right diagram.
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A global kinetic model which includes fuel, oxygen, products and two radical species
involved into the reversible chain-branching, chain propagation and
chain-termination reactions was proposed in paper [6] by LPI RAS team. The model
extends the Zeldovich-Lin"an and the Zeldovich-Barenblatt-Dold models and can be
applied to describe the deflagration wave of the hydrocarbon fuel/air mixture with
arbitrary equivalence ratio under the simplifying thermal-diffusive approximation.
This is probably the first global chain-branching reaction model, which has two
active radicals: chain-branching and chain-propagating radicals with the additional
inclusion of reverse reactions to describe the flame equilibrium products. It is of
interest to mention that such a simplified approach with only inclusion of backward
processes and a more accurate equilibrium description allows one to obtain the shift
of maximum temperature. The dependence of equilibrium downstream species
concentrations on the mixture composition qualitatively agrees with the
corresponding behavior of the concentrations of reaction species in the products of
the hydrogen—air flames. The equilibrium characteristics are shown to be strongly
affected by the rates of the reactions: as a rule the forward reactions promote, while
backward reactions inhibit the flame propagation. The generalized model facilitates
numerical simulations gas combustion in complex flows and geometries of the
combustion chambers. The developed model allows to use it in future work to
investigate the effect of addition of chemical inhibiting agents and other factors
(electric discharge or field, flame-wall interaction etc.) on the structure and the
characteristics of premixed and diffusion flames.

Summaries and future plans

The results obtained by all teams give new fundamental knowledge on combustion
in the porous media and micro channels that will facilitate the development of new
eco-friendly combustion technologies. The outlined research plan was fulfilment in
generally. The all obtained results will be presented at ICFD 2018 and submitted for
publication in reviewed journals.

The future plan of the project proposes for the first time to use gas combustion
technologies in small-sized flat channels to obtain fundamental knowledge of the
combustion waves structure. Studies of combustion in flat channels will allow to
create inhomogeneous gas flows in the space between parallel plates with specified
characteristics, and the flame localization in the gap between the plates will allow
optical and thermocouples measurements of the characteristics of the reacting gas
mixture. Heating the walls of the channel with an external heat source will allow
maintaining the specified temperature profile in the walls, which will make it
possible to investigate the characteristics of the combustion waves at elevated
initial temperatures. In addition, the relative simplicity of the organization of
combustion at elevated initial temperatures and pressures and the convenience of
visual and temperature measurements create advantages in the study of the flame
structure in flat channels, compared with traditional methods. Particular
importance for advanced gas combustion technologies is the development of global
and reduced models of chemical reactions and the acquisition of data on the
parameters of simplified models near the flammability limits and lean gas burning.
To date, a large amount of kinetic data and models of different levels of complexity
have been accumulated: from a detailed description (including thousands of
elementary stages) to global phenomenological models that include a small number
of stages. Note that even within the framework of one-stage kinetics, there is still no
generally accepted phenomenological model describing the dependence of the
normal flame velocity on the local curvature of the front and the flow stretch
parameter. The absence of global kinetic models of the dynamic behavior of the
flame in a wide range of physical parameters makes it ineffective or even impossible
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to perform engineering calculations using conventional computational tools due to
the large number of phenomena with a wide spread of characteristic times and
spatial scales. For many reaction systems, reliable detailed kinetic models are
missing, and the development of global kinetic models is probably the only way to
model combustion in practical devices at the present time. The proposed project will
allow verification of existing and newly created global flame propagation models for
engineering calculations of gas combustion in practical devices.
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1. Purpose of the project

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

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

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

2. Details of program implement

2.1 Plan of the research project

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

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

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

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

2.2 Generalised helical vortex pairs

New solutions describing the interaction of helical pairs of counter-rotating vortices
are obtained using a vortex filament approach. The vortices are assumed to have a
small core size allowing the calculation of the self-induced velocities from Biot-Savart
law using the cut-off theory.

ke
Rea:t

Figure 1: Parameters defining the generalized helical vortex pairs.

These new vortex structures do not possess any helical symmetry but they exhibit a
spatial periodicity (figure 1) _
F(r,0+¢,z+ L) = F(r,0,z)
and are stationary in a rotating and translating frame.
Their properties, such as radial deformation, frame velocity (figure 2) or induced flow,
are provided as a function of the four geometric parameters characterizing each

solution:
* Rint h* o hemt . hint . a
R = I =7 o= T €= Terl’
exrt ext exrt ext

Approximate solutions are also obtained when the mutual interaction is weak. This
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allows us to provide explicit expressions for the rotation and translation velocities of the
structure in this limit.
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Figure 2: Angular velocity (right) and axial velocity (right) of the frame where the
solution is stationary as a function of a and h* for R*=0.5 and £=0.03. Both quantities
have been normalized using the external radius Rext , and the vortex circulation I'.

The variation of the vortex core size induced by the helix deformation is also analysed.
We show that these variations have a weak effect on the shape and characteristics of the
solutions, for the range of parameters that we have considered.

The results are finally applied to rotor wakes. It is explained how these solutions
could possibly describe the far wake of a helicopter rotor in vertical flight (figure 3).

h*

Figure 3: Diagram of the different rotor flow regimes. White regions: windmill brake
regime or wind turbine regime (both vortices are going upwards as the external wind).
Light gray regions: ascending regime (both vortices are going downwards as the
external wind). Dark gray regions: slow descending regime and vortex ring state (both
vortices are going downwards while the external wind is going upwards). Close to the
line F =0, there exists a small region where one vortex is going upwards while the
other is going downwards: such a solution cannot describe the (far) wake of a rotor.
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2.3 On the pairing instability in helical vortices

Single or multiple interlaced helical vortices, as found e.g. in the wake of rotors, are
known to be unstable with respect to displacement perturbations, whose wavelengths
are large compared to the characteristic vortex core size. Recent experiments have
clearly shown the corresponding instability modes; examples can be seen in figure 4.

Figure 4: Experimental dye visualizations of unstable helical vortices in the wake of
a one-bladed (a2)and a two-bladed (/) rotor of diameter 16 cm.

The long-wave perturbations are characterized by a local pairing of consecutive helix
loops, as can be seen at the top of figure 1(a) and the top and bottom of figure 4(5). The
pairing instability of an infinite array of point vortices, representing straight parallel
vortices in three dimensions, is a well-known phenomenon and the analytical treatment
establishing the growth rate can e.g. be found in Lamb (1932). The most unstable
perturbations involve an out-of-phase displacement of neighboring vortices. The
analysis was extended in Robinson and Saffman (1982) to include three-dimensional
perturbations, where the vortices are not only displaced, but can also deform in a
sinusoidal way along their axes. The growth rate is still highest for out-of-phase
perturbations between neighbors, but its value decreases with decreasing wavelength of
the three-dimensional perturbations.

In the present work, we establish a link between the three-dimensional pairing of
arrays of straight vortices and the long-wave instability of helical vortices. If one
considers the developed plan view of the perturbed helical system (figure 5), its
structure appears indeed as an array of (initially parallel) sinusoidal vortices. The

(a) (b)

Figure 5: Idealized representation of the two-helix system undergoing the pairing
instability. Three-dimensional view (2) and developed plan view (5). Pairing occurs
locally at the gray circles.
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condition of periodicity in the azimuthal direction of the helix (vertical direction in
figure 5b), and the geometrical relations in the developed plane, allow formulating a
correspondence between the parameters characterizing the helical system (radius, pitch,
perturbation wave number %) and those used in Robinson and Saffman (1982) for the
analysis of straight vortices (separation distance, deformation wavelength). The growth
rate can then be predicted from the considerably simpler second analysis.
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Figure 6: Non-dimensional growth rate ¢* of the pairing instability in a two-helix
system, as predicted from (a) the three-dimensional pairing of straight vortices and (5)
the full stability analysis of the double helix. In-phase (red) and out-of-phase (blue)
perturbations between the two vortices.

The result for a two-helix system is given in figure 6, where it is compared to the one
from the complete analysis, which takes the helical geometry fully into account. It is
quite striking that both are nearly identical. The same is observed for the frequency
spectrum of the perturbations for all cases with moderate helix pitch. These results,
which are based on the assumption that the helical vortex system behaves locally like
an array of straight vortices, are expected to become invalid for large helix pitch, for
which the two-helix system locally tends towards a vortex pair configuration,

The present analysis shows that the growth rate of the long-wavelength
displacement instability of interlaced helical vortices with moderate pitch and small
core size can be predicted surprisingly well from the characteristics of
three-dimensional pairing of arrays of straight vortices, which demonstrates once again
that pairing is the underlying mechanism for this instability.

2.4 Current vortex sheets

Reduced-order models in vortex dynamics are an important tool in understanding
fundamental processes, particularly in the case of inviscid flows where singular
structures such as point vortices, vortex sheets and vortex patches keep their identity.
One particular advantage of such models is their ability to reduce the dimensionality of
the system, since the dynamics occur on zero- (point vortices) or one-dimensional (vortex
sheets and patches) structures.

A natural further step is to add further physics to the starting point of inviscid fluid
dynamics, including density differences, buoyancy (density differences with gravity)
and magnetic fields. Llewellyn Smith et al. (2018) outlines a number of different models
that are possible in this regard.

Matsuoka et al. (2017; hereafter MNS) present a set of equations for the evolution of
two-dimensional MHD flows using current-vortex sheets. In these equations the
vorticity and current density are supposed to be concentrated on sheets and absent off
them in the bulk. We discuss these equations and point out an oversight that renders
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them inapplicable.

The vorticity ® and current density j are taken to vanish initially in the bulk. The
critical question is then whether this property is still true at later times, so that the flow
is irrotational and current-free in the bulk for all times. The equations for
two-dimensional MHD flow in the (x,) plane can be written as

@ = lBij, Q =A(Bxu)

Dt p Dt

where D/Dt is the Lagrangian derivative, A is the Laplacian. and the magnetic
permeability p has been scaled out of the equations. The right-hand side of the
induction equation is a product of two terms that are not localized on current-vortex
sheets, but are rather obtained from the Biot—Savart law and exist in the bulk.

This means that the equations of MNS are missing the contributions of bulk current
density and vorticity, so that the evolution of the system cannot be obtained from the
dynamics of quantities on the current-vortex sheets alone.

We can derive an explicit solution to the governing equations that satisfies the initial
condition localized on the current-vortex sheets, but is non-zero in the bulk. This is a
perturbative solution, but shows the present of non-zero bulk terms that will appear in
a full solution. The fields are related to the linearized surface Alfvén waves of MNS.
We consider an initial condition with a magnetic field parallel to the interface y=0
separating fluids 1 (below) and 2 (above), an irrotational velocity field and no currently
density. Take the velocity to be small of O()and expand quantities in &

B=(B,,0)+ b, + b, +L ,u=du, + Su, +L ,
and so on. The leading-order quantities are satisfied automatically. Taking a wave
solution and carrying out the expansion shows that

kB
by vy — by uy = —-sin 2wt 67,
2v,,

2 2
where v, =28 /(p, + p,) is the Alfvén wave velocity in the present two-layer
system. The quantity b,,v, — b, Sy is not harmonic, so its Laplacian does not vanish

and acts as a forcing that generates current density in the lower layer. Similarly current
density is generated in the upper layer. This solution can be used to generate an
arbitrary initial condition using Fourier synthesis.

To summarize, the evolution of the two-dimensional MHD cannot be reduced to the
dynamics of quantities on current-vortex sheets. However, the numerical results of
MNS indicate that this approximate model can still be useful as it matches the full
simulations reasonably well.

2.5 Short-wavelength instabilities in helical vortices

Extending the methodology used for long wavelength instabilities, we have been able
to simulate the linear growth of short wavelength instabilities in a helical vortex of
fixed reduced pitch L=0.13. We have focussed on the instabilities arising from the
resonant coupling of some azimuthal modes m1 and m2 with the elliptical deformation
of the vortex core due to 3D effects. Following Blanco-Rodriguez et al. 2016, we have
investigated three cases with different axial velocity magnitudes WO inside the vortex
core, for which three different mode structures are expected by the theory:

(1) a mode called (-1,1,1) involving azimuthal modes m1=1 and m2=-1 (first branch)
around W0=0;

(2) a mode called (-2,0,2) involving azimuthal modes m1=-2 and m2=0 (second branch)
around W0=0.2;

(3) a mode called (-2, 0, 1) involving azimuthal modes m1=-2 and m2=0 (first branch)
around W0=0.4.
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For the three cases, the unstable modes have been found exactly in the range of
wavenumbers predicted by the theory (see figure 7), with a growth rate at the right
order of magnitude. The analysis of the DNS data has also revealed a mode structure
almost identical to what was predicted by the theory (figure 8).

Perspectives are:
- systematically scan other WO values since other unstable modes might occur,
overlooked by the theory;
- find the curvature instabilities arising from a coupling with a non-elliptical
deformation of the core;
- extend to nonlinear effects and more general cases (several vortices...)
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Figure 7 : linear growth rate vs wavenumber k for the elliptical instability of a helical
vortex of pitch 1=0.13 and core size a=0.15. (a) Mode (-1,1,1) at WO = 0 and Re = 5000; (b)
mode (-2,0,2) at WO = 0.22 and Re = 10000; (c) Mode (-2,0,1) at WO = 0.4 and Re = 5000.

Red continuous: theory. Black with dots: present numerical simulations.

Figure 8 : strucure of the above mode (-1,1,1) at k = 52, respectively from left to right:
2D helical vorticity structure obtained in the present study in a plane perpendicular to
the vortex cross-section; corresponding 3D structure; structure expected from the theory

(Blanco-Rodriguez et al. 2016).

2.6 Self-organization and stability of horizontal shear flow driven by inverse
stratification

If an inversely stratified fluid is restricted to two-dimensional dynamics and the
Rayleigh number (Ra) is sufficiently large, the temperature gradient drives not only
thermal convection but also horizontal shear flow. Such the self-organized shear flow
has a role to suppress thermal convective turbulence and is likely stable at least in a
certain time scale. This fundamental phenomenon is related to the so-called zonal flows
observed in planetary atmosphere and magnetized plasma. Although the thermal
conductivity is greatly affected by the presence or absence of the shear flow, theoretical
understanding and prediction for it are very limited.
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In this research, we performed a direct numerical simulation of two-dimensional
thermal convection, which is periodic in the horizontal direction (x) and is bounded by
two isothermal, free-slip walls at z=0 and 1. For Ra=107 and Pr=1, a Rayleigh-Taylor
instability first occurs and nonlinearly saturates at t=250 (Fig. 9, left). Subsequently, a
horizontal shear flow is generated spontaneously, whose structure at t=1000 is similar
to the zonal flow (Fig. 9, right). Whereas the Nusselt number (Nu) becomes maximum
when the convection cell is formed at t=250, it is significantly reduced when the zonal
flow is present at t=1000 (Fig. 10, left).

The local Richardson number, denoted by ¢/, is often an important index for the
stability of stratified shear flows, where <0 means inverse stratification. For example,
the Couette flow is known to stabilize inverse stratification if -3/4<J<0. Figure 10 (right)
shows the horizontally averaged profiles of temperature 7, horizontal flow U and the
corresponding J=(g/ 1)(d71dz)(d Uldz)2. Although </ becomes -0 at the places where
d Uldz=0, it is not so negatively large in the most part of the domain and partly above
-3/4. This result indicates that the shear of zonal flow is strong enough to suppress the
thermal convection (or the Rayleigh-Taylor instability). We have obtained a similar
result even for the case of no-slip walls and hence the viscosity may not play an
essential role for generating shear flow, given that Ra is large enough.

We expect that the aspect ratio of the domain would be the key parameter. We plan to
survey the dependence of the generated shear flow on the aspect ratio and apply the
linear inviscid stability theory by solving the Taylor-Goldstein equation.
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2.7 Organized Session in ICFD2017

An organized session closely related to the present project was held in ICFD 2018
with Prof. Yuji Hattori and Prof. Stefan G. Llewellyn Smith as co-organizers. The
name of the session was Vortex Motion. There were 17 talks including four invited
talks from Profs. Crowdy, Le Dizes, Delbende and Leweke.

2.8 Satellite meeting on Instability and Nonlinear Dynamics of Curved Vortices

A meeting of the present project was held just after ICFD as a satellite meeting in
Matsushima from 10th to 11th of November, 2018. Six project members gave talks and
discussed a future plan of the project.

3. Achievements

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

This year the numerical method established previously was used to explore the linear
stability of helical vortices with continuous vorticity distribution and nonlinear
evolution. Numerical simulation of a buoyant vortex ring was performed by the
numerical method for contour dynamics taking account of buoyancy established last
year. The project has achieved the goal.

4. Summaries and future plans

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

Application of the results obtained by the present project is planned. In particular,
further study of helical vortices, which appear in the wake of wind rotors and helicopter
rotors, will be performed in a General Collaborative Research Project (J191075).

5. Research results (x* reprint included)

1) Journal (included international conference with peer review and tutorial paper)
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Stability Analysis of a Vortex Ring with Swirl, submitted to /. Fluid Mech.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

and Nonlinear Dynamics of Curved Vortices, Proceedings of the FKighteenth
International Symposium on Advanced Fluid Information, Sendai (2018), CRF-R4,
pp. 190-191.
3) Patent, award, press release etc.
Not applicable.
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Model ing of Mixing of Plasma Species in Atmospheric—-Pressure Argon-Steam Arc
Discharge

Jiri Jenista*f, Hidemasa Takana**{¥, Hideya Nishiyama**, Milan Hrabovsky¥*,
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1. Purpose of the project
Numerical simulation of inhomogeneous mixing of plasma species in the
hybrid-stabilized argon-steam electric arc for broad range of operational parameters.

Comparison of the calculated results with our former calculations and available
experiments.

2. Details of program implement
Further elaboration of the existing numerical code and its necessary testing for currents
higher than 400 A. Investigation of the influence of the upstream argon mass fraction

boundary condition on the plasma characteristics, double-peak radial velocity profiles in
the downstream plasma region, and behavior of plasma plume.

3. Achievements

ST :lﬁ ¥ Ar 087 4Art vwar

1 ks eh ] anr eoH ;

] abr % 150A,325sim | AB+ ®H  500A,325sIm
064 Xe  *OH 61 Xe  xOH
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radial distance from the arc axis (mm) radial distance from the arc axis (mm)

Figure 1. Radial profiles of dominant plasma species for 150 and 500 A and 32.5 slm of
argon at the nozzle exit (slm = standard liters per minute).
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Figure 3. Temperature and enthalpy contours for 150 and 600 A and 27.5 slm of argon.
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Figure 4. The combined temperature and ordinary diffusion coefficients DXB and
DXs for 150 and 600 A and 27.5 slm of argon.

4. Summaries and future plans
Mixing of plasma species in argon—steam arc discharge with the combined stabilization
of arc by gas and water vortex has been studied in this research. The principal results
can be summarized as follows:
(a) Mixing of water and argon plasma species is inhomogeneous under all the studied
conditions (150-600A, 15-40 slm of argon). Argon species are dominant in the central
regions of the arc, water ones in arc fringes. The maximum amount of argon mole
fraction at the outlet reaches up to 0.4.
(b) The results show a principal qualitative difference between lower and higher
currents for argon mole fraction, mass flux of argon species and enthalpy within the
discharge. It was numerically clarified that argon and steam must be premixed to some
extent at the inlet region of the vortex-stabilized arc section in order to obtain a relevant
agreement with available experiments. A model function for the inlet argon mass
fraction profile has been found providing the best fit between simulation and
experiments for currents higher or equal to 400A. A double-peak in the radial velocity
profile under some operational conditions occurs due to a steeper radial gradient of
argon species towards the discharge axis.
(c) All the combined diffusion coefficients exhibit highly nonlinear distributions of their
values within the discharge, depending on temperature, pressure, and argon mass
fraction in the plasma. Values of the combined diffusion coefficients are higher for
temperatures below 15 kK.
(d) Reabsorption of radiation in the discharge is higher for low currents due to thicker
low-temperature arc fringes. The dependence of amount of reabsorption on argon mass
fraction for a given current is insignificant.
(e) The dominant chemical species in the discharge at the exit nozzle are the atoms and
ions of hydrogen, oxygen, argon, and the OH molecule.
(f) Comparison with our former calculations based on the homogeneous mixing
assumption showed the following facts:
e There is a difference in temperature distribution: Below 350 A the arc is slightly
squeezed with higher temperatures at the axis and arc fringes are thicker, i.e. the
regions with low temperatures are wider. For higher currents the opposite is true.
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e The mixing model provides higher reabsorption of radiation at low currents
(below ~350 A), and slightly lower at high currents.
e Enthalpy shows a qualitatively different distribution with maximum values
shifted from the arc axis for currents higher than 400 A.
e Velocity at the outlet region does not exhibit a simple dependence, it can be higher
or lower, depending on the conditions. The principle difference is appearance of a
double-peak in the radial velocity profile for 500 and 600 A, but only for some
argon mass flow rates, as a result of high radial gradient of the argon mass
fraction towards the discharge axis. The Mach number is lower (higher) below
(above) 300 A.
(g) Comparison with our former experiments was presented for the radial temperature
and velocity profiles 2 mm downstream of the exit nozzle for 400-600 A. It shows very
good qualitative and quantitative agreements for temperature with the maximum
difference of about 1-2 kK. Velocity profiles calculated using the combination of
experimental and calculated data (the so called “integrated approach”) provide much
better comparison than those obtained from the original experiment, with nearly
overlapping peak velocity values but still larger differences in arc fringes. Calculations
carried out under the assumption of zero premixing of species in the upstream
discharge region for currents higher than 400 A provide the velocity profiles far from
experimental values.
(h) The results of the present simulation elucidated our better understanding of mixing
and diffusion of argon-oxygen-hydrogen species in atmospheric pressure plasmas under
extreme radial temperature and mass density gradients. The validity of the obtained
results can be generalized and adopted to other highly-radiating arc plasmas, especially
to those using argon-oxygen and argon-hydrogen mixtures in a configuration with
externally positioned anode when the plasma jet flows in the direction parallel to the
anode surface.
(i) A paper to The European Physical Journal D (EPJ D) with the latest achievements is
currently under preparation.

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.

Modeling of inhomogeneous plasma-species mixing in atmospheric-pressure
argon-steam arc discharge for broad range of currents and argon mass flow rates,
Proceedings of the 18th International Symposium on Advanced Fluid Information,
Sendai, (2018), CRF-R2, pp. 126-127.

Modelling of diffusion of plasma species in argon-steam arc discharge for subsonic
to supersonic flow regimes, Proceedings of the 15th International Conference on
Fluid Dynamics, Sendai, (2018), USB Flash Disc, 0S5-13, pp. 508-509.

Murphy : Modelling of plasma-species mixing in argon-steam arc discharge for
broad range of currents and argon mass flow rates, 7th International Conference
on Microelectronics and Plasma Technology (ICMAP 2018), Incheon, Korea, July
24-28, (2018).

[4] J. Jenista : Experimental and numerical research of plasma gas decomposition
and gasification at IPP, 7th International Conference on Advanced Plasma
Technologies ICAPT-7), Hue, Vietnam, February 24 - March 1, (2019).

3) Patent, award, press release etc.

Not applicable.
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Multiscale Flow and Interfacial Transport Phenomena at Phase and Material Boundaries
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1. Purpose of the project

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

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

The optimal design of an aircraft is expected to achieve an extremely low viscous drag from the
surrounding flow. About a half of the total drag of an aircraft is due to the air's friction, which is
dramatically increased by the laminar-to-turbulent transition of boundary layer. Our goal is to
propose a feasible method of delaying the transition and reducing viscous drag especially on the
main swept wings, by utilizing the super high-performance computer of IFS. In this project, a direct
numerical simulation (DNS) is performed by Tohoku University in collaboration with linear and
nonlinear stability analysis by JAXA and practical advises by Mitsubishi Heavy Industry Co., LTD.

By using an immersed boundary method, arbitrary shapes of micron-size roughness on a wing are
modeled in our DNS code and we have evaluated how much they can suppress the crossflow
instability which is the main trigger of the transition. By optimizing the roughness shape, we found a
new sinusoidal roughness shape that can delay the transition much more efficiently than the
conventional discrete roughness elements (DRE). Recent surface processing technology would be
possible to manufacture it on the real aircraft's wing.

2.2 Electricity generation from flowing water and graphene interface

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

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

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

2.3 Characterization of phase transition at hydrogen-metal material interfaces

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

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

Each specimen made of type 304 austenitic stainless steel was put in a high-pressure hydrogen
container for 336 hours that was kept at a temperature of 300 °C and a pressure of 100 MPa. Next, a
tensile test with the strain rate of 5.0x107° s™! was performed. The hydrogen charged specimen was
ruptured at the strain of 25% which is less than half of the uncharged material due to HE.

Eddy current testing was carried out and the relative permeability was estimated. In both cases
with and without hydrogen charged, the amount of o' phase increases with the increase of plastic
strain. Focusing on the signals of 0% strain specimens, relative permeability is increased by
hydrogen charging, which indicates that magnetic phase appears by hydrogen charging. Phase
analysis by EBSD confirmed that increase of relative permeability is due to the martensite formation
both for with and without hydrogen charged specimens.

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

4. Summaries and future plans

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

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

doped nitrogen in graphene for flow-induced power generation, Advanced Engineering
Materials, Vol. 20, (2018), 1800387 (6 pages).

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

[2] H. Yamamoto, T. Uchimoto, T. Takagi, H. Enoki, and T. lijima: Characterization of phase
transition of hydrogen charged austenitic stainless steels under tensile test condition using
eddy current testing, 15th Int. Conf. Flow Dynamics, Sendai, (2018), 0OS18-90, pp. 1034-1035.

[3] M. Hirota and Y. Hattori: Suppression mechanism of crossflow vortices in a three-dimensional
boundary layer by triggering less unstable modes, Proc. of the 15th Int. Conf. on Flow
Dynamics, Sendai, (2018), OS15-8, pp. 818-819.

[4] T. Hayashida, M. Hirota and Y. Hattori: Suppression of instability in boundary layer on swept
wing by DRE, Proc. 15th Int. Conf. on Flow Dynamics, Sendai, (2018), OS15-7, pp. 816-817.

[5] A. Yakeno and M. Hirota: Three-dimensional global stability on Stuart vortex of free shear
layer, iTi conference on turbulence, Bertinolo, Italy, (2018).
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L. Udpa, Y. Hattori, H. Nagai, K. Shimoyama, M. Hirota, A. Yakeno, G. Kikugawa, A. Komiya,
T. Okada, J. Ishimoto, T. Uchimoto, and H. Kosukegawa: Multiscale Flow and Interfacial
Transport Phenomena at Phase and Material Boundaries, Proc. of the 18th Int. Symp. on
Advanced Fluid Information, Sendai, (2018), CRF-J1, pp. 192-193.

3) Patent, award, press release etc.
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Numerical Study on Gas Lubrication System Using Micro/Nanoscale Dimples

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

1. Purpose of the project

Surface texturing has been studied for improvement in tribological performance of
sliding surfaces. In the case where liquid is used as a lubricant for microhydrodynamic
bearings, the pressure cannot be lower than the pressure at which cavities are formed
in the liquid. Therefore, the pressure rise will be greater than the pressure drop, and it
has been explained that this asymmetric pressure distribution may make the pressure
averaged over the 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, the applicant clarified the
mechanism of high gas pressure generation induced by a textured surface in
micro/nanoscale. Up to now, we mainly investigated high pressure generation due to one
dimple surrounded by periodic boundaries. Namely, it was assumed that the dimples
were repeated periodically. But, considering the practical use of surface dimples for
lubrication, the collective function of a group of dimples for pressure generation and the
influence of inner edge region connecting to the atmospheric air on pressure generation
are important. And hence, we investigate those in the present study by 3D numerical
simulations and by theoretical analyses.

2. Details of program implement

The lubricated surface of the slider is given by the grid of 5x4 dimples cut out of the
repeated dimple pattern. The lower counter surface is sliding in the x direction.
Considering the bisecting plane along the x-axis as a symmetry plane, we only needed to
simulate the flow field in the half of the lubricated region, as shown in Fig. 1a. Each
dimple has the same shape of a rectangular parallelepiped. The dimensions of pattern
are named as shown in Fig. 1. The dimensions /1, Is and 4 were set as L1=10um,
Ls=Ls=1pm. The two values, 1 and 10pm, were considered as the distance /s between
the outer column of dimples and the side edge of the slider. The three values, 10, 20, and
40um, were considered as the distance 2 between neighboring dimples along the
sliding direction. The maximum clearance d between the slider surface and the counter
surface was fixed at 1um. The minimum clearance A between the surfaces was varied as
0.1, 0.05, 0.02, and 0.01pm. Temperature of ambient atmospheric air and temperature
of all walls are set at 300K. Mean free path of air molecules is A=0.065pum. The Knudsen
numbers calculated with A are Kn=A/h =0.65, 1.3, 3.25, and 6.5 for each A. Gas/surface
interaction is modeled by the diffuse reflection model. The software program SMILE++
was used for computations.

The pressure distributions along the dimple columns are shown in Fig. 2. The solid
lines show the pressure on the counter surface along the symmetry plane. The dashed
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lines show the pressure along the outer dimple column. In the case of narrower side flat
region of Is=1um, the pressure along the outer dimple column is much smaller than
that along the inner dimple column. The high average pressure successfully appeared over
the first dimples next to the inlet of the lubrication system. But, in the second and latter
dimples, the minimum pressure became lower and the pressure depression relative to the
atmosphere at the position of the minimum pressure became as much as the pressure rise
relative to the atmosphere at the position of the maximum pressure. Therefore, the average
pressure over the region of the second and latter dimples became much smaller than the
average pressure over the region of the first dimple. This pressure decline may be caused by
the leakage of gas from the side of the lubrication system.

1.44
— Innerdimples. L, =10pm
1.354 — - Outerdimples. L, =10um
— Innerdimples. L, =1um
1.3 4 — - Outerdimples. L. =1um

0 O 10 20 3 40 50 60 70 80 9O
X, pm

Fig. 1 Geometry of surfaces Fig. 2 Pressure distribution

3. Achievements

We demonstrated that the side leakage leads to decrease of the average pressure
distribution between the slider and counter surfaces by performing 3D simulations
considering the side exit to the atmosphere. This is the important first step to solve the
problem of side leakage to obtain the high pressure preferable for lubrication system.

4. Summaries and future plans

In 3D simulation of the lubrication system, the pressure generation and the side
leakage were reproduced successfully. In the next year, we will investigate the side
leakage to the atmosphere in detail for practical use of this lubrication system.

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)
3D Flow in Textured Micro/Nano Channel, Proceedings of the FEighteenth
International Symposium on Advanced Fluid Information (AFI-2018), Sendai,
(2018), CRF-89, pp. 184-185.

3) Patent, award, press release etc.
Not applicable.
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Application of a Data Assimilation Methodology
to a Numerical Simulation of Pedestrian Flow

Fumiya Togashi*{, Takashi Misaka**
Rainald Lohner***, Shigeru Obayashi ****{+
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**National Institute of Advanced Industrial Science and Technology
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1. Purpose of the project

A data assimilation methodology has been proactively developed in atmospheric
modeling. Since atmospheric conditions change drastically over time with even a
tiny change of initial conditions, it is inevitable to utilize measurements to improve
the accuracy of a prediction. The methodology must be useful in the prediction of
pedestrian flow that shares common difficulties such as a sensitivity of the initial
conditions and difficulty in the prediction of human motion. The objective of this
project 1s to apply a data assimilation methodology that has been developed at IFS,
Tohoku University to our numerical simulation code to improve the accuracy of
pedestrian flow simulation

2. Details of program implement

Ensemble Kalman Filter (EnKF), which is a type of the data assimilation
methodology, was applied within a computational pedestrian and crowd dynamics
simulation tool. The co-author at IFS has developed the EnKF source code, while the
computational pedestrian and crowd dynamics code has been developed by the
co-author at George Mason University. The codes have been incorporated by the
author.

The real observation data of pilgrims around the Kaaba was utilized to improve the
accuracy of the numerical simulation. Figure 1 shows the snapshot of the numerical
simulation of pilgrims at the Kaaba. Pilgrims enter from a gate on the left, walk
around the Kaaba 7 times, and, after Sunna prayer, exit at the gate on the right.
EnKF was applied to improve 11 parameters: desired pedestrian velocity, variability
of velocity, relaxation time to achieve desired velocity, variability of relaxation time,
variability of pedestrian radius, pushiness (min/max), comfort zone, the pilgrim’s will
force, and tolerance to high densities. 32 parameter sets were prepared as the initial
ensemble members. The total computational time was about 20 hours using 576
cores of the SGI ICE X system. Figure 2 shows the comparison of the pilgrim density
along the distance from the Kaaba for the observation, the computed result using the
original parameter set, and the computed result using the estimated parameter set.
The computed result using the estimated parameter sets by the EnKF shows an
excellent agreement with the observation.
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3. Achievements
EnKF was applied to estimate the empirical parameters required by the pedestrian
and crowd dynamics simulation code PEDFLOW. The new runs using the estimated
parameter set provided much closer results to the experimental data than the results
using the original parameters. The application of EnKF to pedestrian flow
simulation will be a useful approach for future pedestrian flow simulations.

4. Summaries and future plans

A numerical simulation code for pedestrian flow which has a data assimilation
capability has been developed. The demonstration on unidirectional experimental
pedestrian flow was performed in the first year. In second year, the methodology was
applied to realistic pedestrian flow prediction. In both scenarios, the new runs using
the estimated parameter set provided much closer results to the observed data than
the results using the original parameters. The advantage of the EnKF is the
capability of dynamically utilizing the observation data. Parameters, initial
conditions, and boundary conditions are updated whenever the new observation data
is available. Thus the accuracy of the numerical simulation keeps improving along
the environmental conditions such as season, weather, time, temperature, etc.

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

ensemble Kalman filter to determine parameters for computational crowd
dynamics simulations, Engineering Computations, Vol. 35, No. 7, (2018), pp.
2612-2628. https://doi.org/10.1108/EC-03-2018-0115.

2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
to Computational Crowd Dynamics Simulation, Proceedings of the Fighteenth
International Symposium on Advanced Fluid Information (AFI-2018), Sendai,
Japan, (2018), CRF-2, pp. 4-5.

3) Patent, award, press release etc.
Not applicable.
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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. Considering the environment of an
airport, it is possible that a pair of vortices is generated in the atmosphere where
another pair of vortices from the preceding aircraft still exists. For example, runways
are parallel so that a pair of vortices from an aircraft moves to another runway path due
to crosswind. Also, the flight paths may cross each other. In such cases, the vortices of
the following aircraft are influenced by interacting with the other vortices remained in
the atmosphere. Therefore, it is necessary to clarify the transport and decay mechanism
of the vortices considering the interaction with another pair of vortices.

2. Details of program implement

This study analyzes wake vortex transport when multiple wake vortices are located in
close proximity to find out issues associated with wake vortex interaction. The issues
are mutual induction for transport of multiple wake vortex, vortex linking and decay
process, vortex lifespan, and finding the characteristics of multiple wake vortex
interaction cases. The two wake vortex pairs are located in the same lateral position
except for vertical displacement. Vertical displacement was set from 0.5 to 3 times the
initial vortex spacing. This is arbitrarily set by assuming that the aircraft wake vortices
move to other places because of various factors such as crosswind, or the crossing of the
flight path resulting in the interaction among vortices. The wake vortex circulation
strength is 530 m2/s and 360m?2/s considering heavy and medium size of aircraft. The
vortex spacing is set to 47.1m. and the core radius was set to rc = 2.8 m. The statistical
steady state isotropic turbulence was generated using the SNGR and artificial external
forcing. The velocity profile of multiple wake vortex was added to pre-calculated
turbulence field.

3. Achievements

During the interaction of two pairs of wake vortices, instability develops and
transports and decays. Therefore, analysis of the energy spectrum according to the
wave spectrum can be used to quantify and analyze changes in long- and short-wave
instability over time. Figure 1 a-c) shows the wave spectra of longitudinal mode
energy over time. The dashed line represents the rigid motion, which means
average longitudinal averaged flow, and the initial 64 modes from wavelength 8 to
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0.125 times the initial vortex spacing were analyzed over time. Crow, Crouch, and
Widnall type instability were visualized and compared according to the previous
studies in each wave component. The development of long-wave (Crow type)
instability, a key feature of single wake vortex interactions, develops when
Interactions between counter-rotating vortexes in wake vortex pairs are suppressed.
When interactions between two wake vortex pairs occur, medium-wave (Crouch
type) instability increases when interaction between wake vortices occurs
somewhat away. The short-wave (Widnall type) instability increases dramatically when
co-rotating vortices interact with each other in close proximity.

a) case la ("1 = 0.68, h/by = 2.0) b) case 3b (71 = 147, hfby = 1.0) ¢) case 10 (11 = 0.68, hyby = 3.0)

o
Figure 1 : a-c) Longitudinal modal energy evolution according to non-dimensional time;
d) Classification for two-vortex-pair wakes

Behavior characteristics of wake vortex interaction cases can be classified into merging,
strong interaction and forced interaction, and weak interaction. The behavior
characteristics according to the initial parameters of the wake vortex interaction cases
are classified and shown in Figure 1 d). In the wake vortex interaction analysis, the
behavior characteristics are dominantly influenced by the vertical distance, and the
vertical distance by which the behavior characteristics are classified according to the
circulation ratio is changed.

4. Summaries and future plans

Among vortices generated from different aircraft, the interaction can happen for various
reasons such as overlapping routes or due to crosswind. Three different characteristics
depending on the distance between two pairs of wake vortices are found. The upper
wake vortices were initially moved toward each other and showed a fast descending
speed, while the lower wake vortices were initially spread to both sides and showed a
slow descending speed. The upper wake vortex was dissipated faster by the effect of the
wake vortex below. Two pairs of vortices are merged into single strong vortex when the
distance is half of initial vortex spacing. The positions of upper and lower vortex pairs
are switched without being merged and rapid decay by formation of vortex ring when
the vertical displacement is up to twice of initial spacing. When the vertical
displacement is three times the initial spacing, rapid dissipation of the upper wake
vortex occurs, and the lifespan of lower wake vortex increased because the spacing
becomes distant.

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.
Flowfield reconstruction from surface pressure using data assimilation method,
Proceedings of the FEighteenth International Symposium on Advanced Fluid
Information (AFI-2018), Sendai, Japan, (2018), CRF-5, pp. 10-11.

3) Patent, award, press release etc. Not applicable.
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Development of Accurate Temperature Measurement Method by Infrared Camera
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FIF 0
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2 : BEESER AR L7 BB D5 RO AIIROTZN B2 7R )
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5 HWAEEE IEAEIRIHY)
1) 2 EROTERERE BRHFZE0)

[1] T. Kogawa, E. Shoji, J. Okajima, A. Komiya, S. Maruyama: Experimental evaluation of
thermal radiation effects on natural convection with a Rayleigh number of 108-10° by
using an interferometer, Int. J. Heat and Mass Trans., Vol. 132 (2019), pp. 1239-1249.

2) EFRE - ERER - IR% - OERRF

*[2] T. Kogawa, J. Okajima, A. Komiya, S. Maruyama: Development of accurate temperature
method by infrared camera, Proceedings of the 18th International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-26, pp. 52-53.

3) i (FEF ZE YR IHERFH)
oL

— 2562 —



AR J18L069

X5 U —4—y Z IR
RS B TR By
WFFEHAH 2018.4 ~2019.3
LS TRy 1FH GB®)

KP TS5 XRITLHMMTBDER - REICHE

Mechanism of Generation and Stabilization of Fine Bubbles Generated by Plasma in Water
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Z LALLM 5.
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AR 30 AEEEE, KHA R Y —~vERZOKIAT ¥ RV ORKE « BGERRERTRIZ OV TR
FEE T-72 R 1ICA N —~5J8F ¥ RAVER DA E ToOFE /R, GHET
7 L— AR 1 ps CElfe 265 Ay Lz, A b U —<ERITEERINE 2 us BRE TR T
D03, 9us FTIEA MY —~ApFORCIEEAHt T 5. D%, A M) —<&JdF v /L
VXSG & AR ORREE 2 hhsD 528, TBRITEED A R Y —< ORLSEN TlE, KIIEEORIRT

O
\

(9)75 ps (10) 135 ps (11) 195 ps (12) 255 ps

Fig.1 A series of shadowgraphs of positive streamer propagation taken using alaser backlight with an
exposuretimeof 50 nsat 1 Mfpsat an applied voltage of 13 kV.
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Upper Surface Blowing Z#IF L71= VS-TOL #MDIRE L F D ZE HiFHE:
Proposal of VS-TOL Aircraft Concept using USB and its Aerodynamic Characteristics
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*[1] So Nishimura, Taiki Okumura, Kenichi Sakamoto, Seiichiro Morizawa, Hiromitsu
Kawazoe, Shigeru Obayashi: Feasibility Study on a V/S-TOL Aircraft with Upper
Surface Blowing, Proceedings of the Eighteenth International Symposium on Advanced
Fluid Information, Sendai, (2018), CRF-8, pp. 16-17.
3) T (FFEF, FE, YRIIERH)
oL
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Development of Hydrogen Production Process by MHD Mixing
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*[1] H. Mi, Y. Iwamoto, Y. Ido and H. Takana: Distribution of Electric Potential Around a

3)

Spherical Bubble Considering Electric Double Layer, Proceedings of the Fifteenth
International Conference on Flow Dynamics, Sendai, (2018), 0S18-83, pp. 1020-1021.
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The Quantitative Density Measurement of Unsteady Flow around a Projectile
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[1] M. Ota, K. Kurihara, K. Ishikawa, Y. Ishimoto, T. Nagashima, T. Inage, T. Ukai, K. Ohtani,

H. Nagai: Three-Dimensional Density Measurement in the Ballistic Range, Proceedings
of the Eighteenth International Symposium on Flow Visualization, Zurich, (2018), No.
196, pp. 1-6.

*[2] K. Kurihara, K. Ishikawa, Y. Ishimoto, T. Nagashima, M. Ota, T. Inage, H. Kiritani, K.
Fuyjita, K. Ohtani, H. Nagai: Quantitative Density Measurement of Unsteady Flow Field
around the Projectile, Proceedings of the 18th International Symposium on Advanced
Fluid Information, Sendai, (2018), CRF-72, pp. 150-151.

*[3] KHER], B, a)Fs, A, KEHC, FVEE, BRE, ey,
By, EEENE, KAVEM, KR BUERATIEE SIS 2 3 RoTE EERHAI, PRk 30 4F
FERLZETFTH 22 ) AR T A, (AR, (2019), No.2L7, pp. 1-2.
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Project status 1st year

Mathematical Modelling of Nanoparticles Production in Thermal Plasmas

Pierre Proulx*¥
Hidemasa Takana** {¥
*Université de Sherbrooke, Canada
**Institute of Fluid Science, Tohoku University
tApplicant, ¥1IFS responsible member

Purpose of the project

The objective is be to compare different moments methods (QMOM, EQMOM, and
others) that enable to condense nanoparticles in the tail of a plasma and further
include the circulation of these nanoparticles including possible evaporation of some
nanoparticles when they recirculate in the flow separations, a problem which was
not solved in our previous models.

Details of program implement

The result of the collaborative work has been presented at the ICFD 2018, Sendai by
Maxim van Cappellen and here von Karman Institute supervisor Silvania Lopes in
collaboration with the Takana and Proulx. Among the difficulties that are frequent
in the modelling of nanoparticle nucleation and growth in a thermal plasma reactor
is that the presence of recirculations in the flow fields entrains nanoparticles from
colder regions where they grow through surface growth to hotter regions where the
clusters may experience evaporation. Such a situation frequently leads to
instabilities due to non-physical moments distributions. The model proposed in this
work used a technique where the order of the moments was selectively chosen in
order to satisfy a physical moments distribution. One of the important results of the
collaborative work is shown in the following figure.
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Figure 1 : Comparison of the nanoparticle production in a thermal inductively coupled

3.

plasma using the novel method for taking into account condensation during the
recirculation of the flow.

Achievements

A novel method for controlling the numerical convergence of the model for predicting
the nanoparticles size and morphology in a thermal plasma has been proposed and
implemented and shows very stable numerical properties.

5.
1)

2)

(2]

3)

Summaries and future plans

The applicant’s group presented a second talk at ICFD-2018 in Sendai than could
result in further collaborations between the applicant and professor Takana. The
contribution of the applicant’s group in the use of open-source CFD developments, in
particular for multiphase flows and Population Balance Modelling is clearly of
interest for both groups since Takana’s group at the IFS has a very strong
background in the development of technologies where multiphase flows are involved
and are not limited to the application of thermal plasmas or nanoparticles. The use
of OpenFOAM for fluid dynamics and OpenQBMM for Population Balance
Modelling has been discussed thoroughly during the period of the collaboration.

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

Synthesis in an ICP Reactor Using QMOM, Proceedings of the FEighteenth
International Symposium on Advanced Fluid Information (AFI-2018), Sendai,
Japan, (2018), CRF-84, pp. 174-175.
St-Pierre-Lemieux _G., Askari_E., Groleau D., Proulx P. : Modeling of
Non-Newtonian Flow in Inverted Cone Foam Breaker, Proceedings of the 15th
International Conference on Fluid Dynamics (ICFD2018), Sendai, Japan, (2018),
0S5-2, pp. 486-4817.

Patent, award, press release etc.

Not applicable.
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Project code J18L.088

Classification Discretionary collaborative research
Subject area Fundamentals

Research period April 2018 ~ March 2019

Project status 3rd year

Aeroacoustics of Low Reynolds Number Flows Via Dynamic Hybrid RANS/LES and Stochastic
Noise Generation and Radiation

Adrian Sescu*t, Xiao Wang**, Joshua Blake*, Shanti Bhushan***, David Thompson*
Yuji Hattori****+
*Department of Aerospace Engineering, Mississippi State University
Center for Advanced Vehicular Systems, Mississippi State University
***Department of Mechanical Engineering, Mississippi State University
****nstitute of Fluid Science, Tohoku University
tApplicant, TFIFS responsible member

1. Purpose of the project

The progress on the application of the coupling between hybrid RANS/LES method and
stochastic modeling to aeroacoustics calculations is reported here. Within this approach,
the low frequency content of the acoustic source is predicted via hybrid RANS/LES
approach, while the high frequency content, representing contributions from unresolved
flow scales, will be modeled using stochastic modeling. The research was focused on two
sets of simulations: the sound generation by a cylinder at low Reynolds number, and the
prediction of noise from an axisymmetric jet. The numerical results from the former test
case were compared to results obtained from direct numerical simulations at different
Reynolds numbers.

2. Details of program implement

The acoustic signature of a cylinder in flow at different Reynolds numbers have ben
studied extensively using a number of hybrid RANS/LES methods and DNS. As an
example, the sound directivity plot in figure 1 shows that the pressure fluctuations peak
in the wake at 6 = 0. The fluctuations are lowest upstream of the cylinder. Least-Square
scheme seems to be the least effective in capturing the correct sound directivity among
different models, especially when applied in the framework of MILES, HRL and DHRL
that show a considerable under-prediction. The results obtained using the OGRE
scheme are much closer to the DNS data. The MILES solution matches the DNS solution
very well. The HRL model underestimates, while SST and DHRL overestimate the
sound directivity. Note that numerical scheme has limited impact on the propagation of
sound pressure predicted by SST model.

Progress on the validation of the linearized Euler equation solver was also achieved;

4e.04 T . T . 4e-04 , : - : . T

| Least squdre ] [ OGRE
304~ — SST H—— —s SST
== HRL i
~— DHRL
2604~ o MILES | 2004
r % DNS [
1e-04 4 le0af
0c+00 B
de04f H te0al
2e04|- < 2c04f
04| BN
y . | . | . | . [ . | . | . I .
Aeeor 2e04 0+00 204 404 UGy 2e04 0c+00 204 4004

Figure 1: Directivity of sound pressure at r=80D for A3 = 15° obtained using different
turbulence models.

— 263 —



this solver will be used to predict the radiation of sound generated by a jet to the farfield.
The case of a co-rotating vortex system was investigated numerically by Bogey et al. [1]
with the same LEE formulation and source terms as our current implementation,
allowing a better comparison. Figure 2a shows the setup of the initial velocity
distribution; conceptually, the co-rotating case produces a quadrupole sound
distribution. Figures 2b and 2c show the dilatation field from Bogey et al. [1], with
levels from -15 to +15 and preliminary results obtained from the current LEE
formulation.

T2

50 100

-100 -50

xfr
a) b)
Figure 2: a) 2D Co-Rotating Vortex Setup; b) Dilatation Contours from Bogey et al. [1];
c¢) Dilatation Contours from our LEE solver.
[1] C. Bogey, C. Bailly, and D. Juve, “Computation of Flow Noise Using Source Terms in
Linearized Euler’s Equations,” AIAA, vol. 40, 2002, pp. 235-243.

3. Achievements

In the third year, some momentum has been achieved in both research topics. Two
conference papers have been presented at international conferences, and one abstract
was presented at the most popular fluid dynamics meeting. One journal article was
submitted, and there is currently effort on preparing the second article.

4. Summaries and future plans

As part as this project, one PhD student, residing at Mississippi State University, and
one postdoc, residing at the Institute of Fluid Sciences, were involved in the research.
The PhD student is currently working on his dissertation, with the topic being one of
the research topics that were undertaken under this project. The PhD student will
publish his work in two journal articles.

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

Walters: Dynamic Hybrid RANS/LES Assessment of Sound Generation and
Propagation from Flow of a Circular Cylinder, 2018 AIAA/CEAS Aeroacoustic
Conference, (2018), AIAA Paper 2018-3592.

Dynamic Hybrid RANS/LES Simulation of the Flow and Acoustic Fields of a
Circular Cylinder, AIAA Journal, (2018), submitted.

2) International and domestic conferences, meeting, oral presentation etc.
Acoustics via a Coupled LES - Stochastic Model, Proceedings of the 15th
International Conference on Flow Dynamics, Sendai, (2018), OS14-4, pp. 780-781.

Coupled LES-Stochastic Approach to Jet Noise Prediction, 77st Annual Meeting of
the APS Division of Fluid Dynamics, Atlanta, GA, (2018).
3) Patent, award, press release etc. Not applicable.
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Project code J18L095

Classification Discretionary collaborative research
Subject area Environment and energy

Research period April 2018 ~ March 2019

Project status 1st year (progressing)

Molecular Dynamics Simulation of Droplet Shearing

Akinori Fukushima*+, Takashi Tokumasu**++
*Faculty of Engineering, University of Fukui
**Institute of Fluid Science, Tohoku University
TApplicant, TTIFS responsible member

1. Purpose of the project

The phenomenon of momentum and energy transfer between two different kinds of
material 1s an important issue for both theoretical and applied fields. The transfer of
momentum and heat between liquids and solids is a particular focus in a variety of fields
of study. Moreover, as a result of developments in microfabrication, nano-scale
mechanical devices can be realized, and the transfer of heat and momentum between
liquids and solids on the nano-scale can therefore be studied. Among the various
phenomena, we focused on liquid bridge shearing by solid walls. The dynamics of a liquid
bridge is more complex than that of filled liquid, which has no liquid-vapor interface. In
this study, we focus on effects of liquid-vapor interface onto the momentum and heat
transport phenomena seen in the interface region. In the last year, we focus on the
droplet shearing along the parallel direction of the interface and improve the channel
size dependence of the shear stress on the wall. In this year, we focus on the argon droplet
shearing phenomena by the solid walls as shown in next section and evaluate the shape
of the interface.

2. Details of program implement

54 [nm]

Figure 1: Simulation condition and its schematic image

In this study, we evaluate the dynamics of the liquid-vapor interface by micro scale
and macro scale methods. The first one is molecular dynamics (MD) simulation and the
later one is the simulator based on the Navier-Stokes (NS) equation and Cahn-Hilliard
(CH) equation. Comparing results obtained by two methods, we will clarify whether the
macroscopic scale method can be applied to the micro scale situations or not. The
simulation procedure is shown as follows. At the first step, by changing the channel size,
we make the droplet sheared condition and evaluate the shape of the interface by the
function, @), defined as follows,

Q(2) = cos Oz (z) — cos 0,4(2)

Where zis the coordinate along the perpendicular direction of the solid wall, 6k and 6a
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are the advancing and receding angles defined in figure 1. The channel size is changed
in 6 patterns, 5, 6, 7, 8, 9, and 10 nm. The liquid droplet is constructed by argon atoms.
At the next step, parameters for NS and CH equations are set by adjusting the shape of
the interface in the case that the channel size is in 10 nm. Using these parameters, the
channel size dependence of the function, @, by NS and CH equations is clarified.

3. Achievements

25 5nm e 25 ' 5nm e 5 Cahn-Hilliard equation @
6om = 6nm = Molecular Dynamics ¥

20 7om o4 20 7om 4

8nm 8nm

9nm 9nm

s 1onm v 7 15 100m v 1 v N

<0

-05 -0.5 0

/ [nm]
(a) (b) (c)
Figure 2: Simulation results of the shape of the interface. (a)NS and CH equations
(b) MD simulation (c)Channel size dependence of the characteristic value, @..

Figure 2(a) and 2(b) show the shape of the interface normalized by the channel size W
and the the value of @, which is @ at the position where z is zero in each cases.
Normalized shapes obtained by NS and CH equations don’t depend on the channel size.
In the case of the MD simulations, normalized shapes are almost same and thus it can
be said that results don’t depend on the channel size. Moreover, both normalized results
agree well, and the values of @ are almost same between two different simulations and
increase with the channel size as shown in figure 2(c). From these results, it can be
concluded that the dynamics of the liquid-vapor interface depend on the channel size and
can be normalized by the channel size.

4. Summaries and future plans

In this study, we consider the condition that droplet shared by solid walls which moves
along the perpendicular direction against the liquid-vapor interface and evaluate the
shape of the interface by macroscopic and microscopic methods. As a result, the shapes
of the interface obtained by two results agree well and can be normalized by the channel
size and the characteristic value. In the future work, we will clarify the slip length and
the static contact angle dependence of the shape of the interface and the effects of the
interface dynamics on the friction force between the solid wall and the droplet.

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 etoc.
(included international conference without peer review)
a nano droplet in a nm-order channel, Proceedings of the 18th International
Symposium on Advanced Fluid Information, Sendai,(2018), CRF-52, pp. 106-107.

3) Patent, award, press release etc.
Not applicable.
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*[1] Mizukaki, T., Ohtani, K., and Obayashi, S.: Attitude Control of a Supersonic Projectile by
Pulsation of Bow Shock, Proceedings of the Fighteenth International Symposium on
Advanced Fluid Information, Sendai, (2018), CRF-73, pp. 152-153.
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*[1] J. Kanamori, T. Adachi, J. Okajima: Correlation of Rotation Rate, Viscosity and
Immersed Diameter on the Threshold of Pumping-up Phenomena using Rotating
Cones, Journal of Mechanical and Production Engineering (IJMPE), Vol. 6, No. 10,
(2018), pp. 51-55.

2) ERRE - BNFEER - RS - OBERREF

*[2] J. Kanamori, T. Adachi and J. Okajima: Transition of pumping-up flow patterns with
high viscosity in a centrifugal force field by rotating cones, Proceedings of the 18th
International Symposium on Advanced Fluid Information, Sendai, Japan, (2018),
CRF-27, pp. 54-55.

[3] J. Kanamori, T. Adachi and J. Okajima: Correlation of rotation rate, viscosity and

immersed diameter on the threshold of pumping-up phenomena using rotating cones,
397th International Academic Conference on Development in Science and Technology;
Taipei, Taiwan, (2018).
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Flow Diverter /3% (Pipeline #{&1f7) #JitifT L7z 22 BB (22 Bh]IE) % retrosepctive
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61.7 65
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Saccular/Fusif 10/0 12/0 22/0
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scale D TEI- 720, AEZEITE 72 - 7-(OKM scale D=22.54, OKM scale B=19.69,
p=0.0662).
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