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Project code J15001

Classification General collaborative research
Subject area Fundamental

Research period | April 2015 ~ March 2016
Project status 1st year

1.

Development of Novel Multi-Layer Magnetorheological Elastomer Isolators

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

Purpose of the project

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

Details of program implement

We designed and fabricated four MRE isolators with multi-layer structures. Each
isolator consists of 10 MRE sheets boned onto 11 layers of steel sheets. A permanent
magnet was placed at each end of the laminated structure, which was placed along
the central axis of the solenoid with an appropriate gap between them. The
transmissibility of the isolator under various coil currents is shown in Figure 1,
which indicates that increasing the applied current decreases the natural frequency
and the lateral stiffness of the isolator. Specifically, the natural frequency decreased

from 16.8Hz to 5 Hz with a change percent of 70% when the current was changed
from 0A to 3A.
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Figure 1: Transmissibility of the MRE isolator.

A three storey building was built to verify the MRE isolators with implementing a
fuzzy logic controller. The reductions in acceleration of the third floor and second
floor and relative displacement between the third floor and first floor demonstrated
that the developed MRE isolators have better performance than passive ones.



3. Achievements
Novel MRE isolators were prototyped and their performance was experimentally
evaluated. The research collaboration has resulted in 4 journal articles and 4
conference papers. One research staff and two PhD students have got excellent
joint-supervision through this collaborative research project.

4. Summaries and future plans
Summaries: We have extended our successful research collaboration to a new topic
on the development of novel MRE isolators for structural control, which has resulted
in excellent results.
Future plans: In the second year of the collaborative research, the following two
major tasks will be conducted: (1) development of MRE isolators with enhanced
performance; and (2) joint-supervision of research students and junior research staff.

5. Research results (x reprint included)

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

[1] J. Yang, S.S. Sun, T.F. Tian, W.H. Li, H. Du, G. Alici and M. Nakano: Development
of a novel multi-layer MRE isolator for suppression of building vibrations under
seismic events, Mechanical Systems and Signal Processing, Vol.70-71, (2016),
pp.811-820 (10 pages).

[2] J. Yang, S. Sun, W.H. Li, H. Du, G. Alici, and M. Nakano: Development of a linear
damper working with magnetorheological shear thickening fluids, Journal of
Intelligent Material Systems and Structures, Vol.26, No.14, (2015), pp.1811-1817 (7
pages).

*[3] S.S. Sun, H. Deng, J. Yan, W.H. Li, H. Du, G. Alici, and M. Nakano: An adaptive
tuned vibration absorber based on multilayered MR elastomers, Smart Materials
and Structures, Vol.24, No.4, (2015), 045045 (13 pages).

[4] S.S. Sun, J. Yang, H. Du, W.H. Li, G. Alici, H.X. Deng and M. Nakano: Horizontal
vibration reduction of a seat suspension using negative changing stiffness
magnetorheological elastomer isolators, International Journal of Vehicle Design,
Vol.68, No.1-3, (2015), 104-118 (15 pages).

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

[5] T.F. Tian, G.R. Peng, W.H. Li, A. Moriana and M. Nakano: A Rotational Brake with
Shear Thickening Fluids, Proceedings of the 12th International Conference on Flow
Dynamics (ICFD2015), (Oct. 27-29, 2015), Sendai, Miyagi, Japan, Paper ID:
0S12-12, pp.520-521.

[6] S.S. Sun, J. Yang, W.H. Li and M. Nakano: Development of a Tuned Mass Damper
Working with MR Elastomers, Proceedings of the 12th International Conference on
Flow Dynamics (ICFD2015), (Oct. 27-29, 2015), Sendai, Miyagi, Japan, Paper ID:
0S12-15, pp.526-5217.

[7] J. Yang, S.S. Sun, T.F. Tian, W.H. Li and M. Nakano: Building Protection from
Earthquakes using Stiffness Softening MRE Isolators, Proceedings of the 12th
International Conference on Flow Dynamics ICFD2015), (Oct. 27-29, 2015), Sendai,
Miyagi, Japan, Paper ID: OS12-15, pp.532-533.

*[8] S.S. Sun, J. Yang, W.H. Li and M. Nakano: Development of a Compact Variable
Stiffness and Damping Isolator, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp.146-147.

3) Patent, award, press release etc.
Not Applicable.
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Subject area Fundamentals
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Project status 2nd year

1.

Numerical Simulation for Reducing Future Tsunami Damage

Shigeru Obayashi*¥, Fumiya Togashi**{¥
*Institute of Fluid Science, Tohoku University,
**Applied Simulations Inc.
TApplicant, ftnon-IFS responsible member

Purpose of the project

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

Details of program implement

We are developing the code to handle the object damage using the coupling
methodology of fluid dynamics and structured dynamics. The developed code will have
the capability of handling the building collapse, floating wreckages, and infrastructure
damage, which will be very effective tool to estimate real local damage by Tsunami. We
have been discussing the need from the society, future plan of the code development with
professors at Tohoku University during the ICFD conference.

Achievements

We developed a computational fluid dynamics code using the volume of
fluid methodology. We demonstrated the code by simulating the bridge
washout by flood water. The developed code considers a contact surface friction,
hence we could successfully simulate the realistic bridge washout, which was
presented at a poster-session of ICFD2015. We also presented our result at
3rd international conference on Violent Flows in Osaka. Figure 1 is a sample
snapshot of a car washout by flood water.



Figure 1 : Car washout by floodwater

4. Summaries and future plans
A state-of-art coupled code of computational fluid dynamics and structured
dynamics to handle tsunami simulation is being developed. The developed code
will be applied to assess the future tsunami damage and to develop protective
objects to protect people and buildings from a future tsunami disaster.

5. Research results (* reprint included)

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

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

*[1] F. Togashi, O. A. Soto, R. Lohner, M. Beppu, S. Obayashi: Numerical Simulation of

an Object Washout by Floodwater, Proceedings of 3rd International Conference on
Violent Flows, 9-11, March, (2016), Osaka, Japan.

*[2] F. Togashi, R. Lohner, O. A. Soto, M. Beppu, S. Obayashi: Numerical Simulation of
an Object Washout by Tsunami, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp.152-153.

3) Patent, award, press release etc.
Not Applicable.
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1.

Tornado Formation Research with Wind Tunnel

Rongjia Tao*F, Masami Nakano**¥f
*Department of Physics, Temple University,
**Institute of Fluid Science, Tohoku University
TApplicant, $¥IFS responsible member

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

Details of program implement

We will first use the wind tunnel at Tohoku University to carry out experiments to
examine the interaction between a vertical wall and air flow. The flow pattern
indicated in Fig.1 is from some theoretical estimation. We need to use the wind
tunnel to check if it is correct. If it is true, high walls will effectively reduce the wind
speed and eventually eliminate major tornado threats.
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Fig.1 The area protected by a vertical
wall is roughly a circle with the
wall as its diameter.

Fig.2 Violent clash creates a vortex.



Afterwards, we will use the wind tunnel to examine the vortex formation when two
air flows collide. As shown in Fig.2, when the south wind and north wind collide, a
vortex is created. We need to verify it with the wind tunnel. In addition, we need to
find the precise location of the vortex produced in the collision.

3. Achievements
We expect that the experiments will confirm the theoretical predictions and provide
more details about the tornado formation and how we can eliminate the major
tornado threats.

4. Summaries and future plans

After several pre-tests, we have made the wind tunnel ready for the experiment. We
plan to carry out the tests in summer 2016. In addition, our work has received much
attention in USA. The program of Smart Cities Innovation and Defense Energy &
Resilience Challenges has invited our project to present a show case at the Summit of
Smart Cities, Austin, Texas, June 13-15, 2016. We will analyze the inputs and
feedback from the Summit participants and US Government agencies to incorporate
them into our research.

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

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

*[1] R. Tao and M. Nakano: Eliminating Major Tornadoes in US Tornado Alley,
Proceedings of the Fifteenth International Symposium on Advanced Fluid
Information, Sendai, (2015), pp.154-155.

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

(Patent) Not Applicable.

(Award) Special Honor: The Program of Smart Cities Innovation and Defense Energy &
Resilience Challenges has accepted our “eliminating tornado” project for
showcase in Austin Convention Center, Austin TX, USA, June 13-15, 2016 at
the Smart Cities Innovation Summit.

(Press release)

CBS news station at Wayne, Indiana, USA, Tornado Wall, was reported in news,
on April 1, 2015.

Discovery Channel Canada, “Tornado Wall” was reported in program Force of
Nature April 30, 2015.
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1. Purpose of the project

Interfaces between materials become increasingly important due to the recent rapid
development in nanoscle engineering. When the systems reach the nanometer scale,
thermal boundary resistance (Kapitza resistance) of even atomistically flat interface
can become dominant because of significantly large specific surface area. Thermal
transport across a solid-liquid interface plays an important role in determining heat
conduction through materials and devices. One effective way to control thermal
boundary conductance (TBC), an inverse of Kapitza resistance, is surface
functionalization of the solid surface with self-assembled monolayers (SAMs). The
surface properties can be easily and flexibly modified by the designation of SAM
molecules. Therefore, it can be achieved to tailor the thermal transport across the
solid-liquid interface with the use of SAMs. This study aims to explore the thermal
transport across solid/SAM/liquid interface. To that end, non-equilibrium molecular
dynamics NEMD) simulations were performed to identify the effects of the chain
length and terminal group on the TBC. The temperature dependence of TBC was
also examined.

2. Details of program implement
This work sought to study the interfacial heat transfer at the water-SAM interface.
Two different terminal groups were adopted to study the effect of wettability, methyl
group for hydrophobic SAMs and hydroxyl group for hydrophilic SAMs, on interfacial
thermal transport. Three alkanethiol molecules with different hydrocarbon chain
lengths for each terminal groups were chosen to study the influence of chain length.
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Figure 1: (a)The molecular model system consisting gold, SAM surface of C16CH3
molecules and water molecules. (b) The temperature profile of gold/C16CH3/water
system at 300 K.

Gakd BAM  Watar



NEMD simulation with constant heat flux (one-dimensional) was performed. A constant
amount of thermal energy was added in the heat source region and the same amount of
energy was subtracted from the heat sink region, as illustrated in Fig. 1(a). The
magnitude of the heat flux imposed in the present study was 2.0 GW/m2. The local
temperatures were calculated from the kinetic energy of molecules inside the slab bins,
which were arranged in the direction perpendicular to the interface. Figure 1(b) shows
the temperature distribution of C16CHS3. TBC can be calculated by G= J/AT, where Gis
the TBC, Jis the magnitude of heat flux, and A7'is the temperature gap at the interface.

3. Achievements

The calculated values of TBC are in consistent with the previous MD study, 98
MW/(m2K) for CH3-terminated SAM and 1014 MW/(m2K) for OH-terminated SAM at
300 K. To clarify the temperature dependence of Gsam-water, the values of GsaM-water
were normalized to the values at 280 K, as shown in Figures 2(a) and 2(b). The
results reveal that the relation between Gsam-water chain length is slight for both
CH3-terminated and OH-terminated SAMs. The values of Gsam-water show
temperature dependence for CH3-terminated SAMs, while the temperature
dependence of GsaM-water 1s sight for OH-terminated SAMs.
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Figure 2: Normalized TBCs as a function of temperature. (a) CH3-terminated SAM; (b)
OH-terminated SAM.

4. Summaries and future plans
In this study, the effect of chain length, terminal group, and temperature on the TBC
at SAM-water interface were studied. The different temperature dependence for
hydrophobic (CH3-terminated SAMs) and hydrophilic (OH-terminated SAMs)
surfaces were observed. In future work, the further analysis will be performed to
realize the underlying mechanisms.
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Research on The Physical and the Tribological Properties of a Soft Metal Layer Originating
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Topology-based Multisensory Realization of Wake Turbulence

Vil HE, KBRSy, IR G
HORL TRRTFAT ¢ 75750, = aAR AR IR R P ERT,
w1 T o T EGERT
THEE, TITIcEE

1. BIREH
BUE, BUERIEREROBATII I AEUE RIS TS, LavL, ARG [Fik
IR TE DIEMEIIRADR DV, ZEET —F 7 EONTCIIT — 2 2k a2 KRBT 2013
WEECTH L. £ 2 TABZETIE, MAEEEE I TE 2% TILRIMOBIEI AT — & x5 &
L. FIRAE7E0 Tl < RALPRER A7 E OB R & O CHEERINC T — &2 29 2 715
DWTOIFEZATH . AU HTAL TIIEIET — 2 2 LD X9 ITBNE, BT Hn e
WO REBIBOBGET N EEN T2 > TL 5. JERE T, BTN =P 3RIE LT,
ZOYE, WUNITRERDN 2R SN0 E D T2 —FOEEICKREKFELTLED. £
ZT, AWETIE, WRT—FE2H00 U522 LICkY, TORBEER L TEEE
ANARERIRE G D AR ET 5. File LT, 7 —# 2RORIRH7e ik L O
AT 722 A b ATREZ O MARRE G S B35,

2. HIREEODAR
BABFRNTT — 2 ORI B KO REFIHT57-0120F, o OEEEERORG % £
DEATODWNEEL 0D, AL TIE, 1EROFRITERAMN A BT D720, RRT
— A N LINDONAIREE I ZFE SN T, (R ORGH 21T O . WOMARETTIL, R
Ho7efiis & U CERSLADS, KIBH7eiid & U TR i &b, 3 koeT —XIZBiT 5
BESR SIS (Ca), M (Co), ¥ (Cr, C2) D 3 DIZ/MASN, FEFUSJE Y O%E
ONFIZAGIEX 1™ T 10 @0 [ER SN D, B, X1 OSEE, WHEENAKE VT
MBE/INEIWNEI N TN o7z L EDOLET D, RFRLEIEOIRE DK & ST NS %2
WH L, WREAERTG, BE%E 2 SOMPFEET 28, MR ZRsSEET 288 A2 L,
{RERIBOBG 21T o 72, AIHEIZB W T, 2 L CERT 572012, MR LN
FAEORGEHEZ @< RE L. 77, 3:C0)B LU 3-CiIzBWTIE, ZEEs AN+
WIHFET D728, ZRTHEEREEE AV, SMUOZMER O RBHEIMEL 725 X 9 IR EE
L7z, DRABIZBWTE, 73 ZAZ|PICE & 55 0, MEICL L TRIiE 5251
ERSAEER L. ZHUCKD, RIRBXOIIREHACT, BFILAMRT —% O 21T 2
ENTED. v MA T T, IS P22 RO A ARE R AR Y a— L L o4
Vo7 EFML, JIRfbicix 3 BEEDNRILT /31 A PHANToM OMNI % Hu e, Zofk
B, BWRNPLETTIERL, HRENPLBOMS 2G5 LT



c 4
c,. | e,
i } } 4
-leloo]--ela]o

® vy
fa)  (b) | (e) (d) (a} (b]' {C] (d) "

—— solid hollow
1: 3 RoTT — X BT DRSO FE

3. WIRBROZERINR
AU E W 2T O ik &, BT & R OSRETE 2RI LT 7k % bolged %
&, HREZT TRESCABEHEN SBIEON M 2T 20 ER R H 505, NRLHHTLZL
G’ L0, EOMEBTIMATRNDR EL AL A TANDEI TR LD Z LN TE S, 212L, A
CAESTC AR ] F%&%Tﬁzé k INTERNZ LD, AMEORGRER & 21T 5 LEN

L. NRET A AN D Z LIk, M2 RITELRIICZRA LIz L & S LTz
LD XD ;T%ékﬁzflﬂé.

4 FLHESHDERB
AR 1 Bt & L C, BIFELKTBITOT2 0O DZERER S AT 2D7' 1 hH A T O
&%ﬁok.%@%%,ﬁﬁti%ﬂﬁbtmﬁin%,;@@@%K%@ﬁé%@Eé:&
NTEZ. AN, FUREOKRE S 2HRE X O RARERSEEHIR A L. A5t
BRML, ZEBOTCHLT-0, R L NRICERDT =25 %ﬁzt%%#z%kﬁ
L. 12170, ANBEOIRITIRIE EMi e 2R A U5 2 LR TE e, EOT—H sy
ERR L NRICEID Y CHMMTEENETH D, F72, BRFOT v N7 A T TEEICER
SISV 2Bl L RIS R DI IRAFIH LTV AR, A%, RS ONELZZE LT s
BMGEERHZ DWW T LB ET DM ENH D.

5. WARAE XHRIHY)
1) ZFiiEsE EEOTEESE MREES)
L

2) ER=E - ERNFER - IR% - QERRSF
*[1] Y. Takeshima, T. Misaka, and S. Obayashi: Topology-Based Multisensory Realization of

Wake Turbulence, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 32-33.

3) Fih (4FF ZE, YRXIIHERH)
L



B Seriass J15020

X5 — i EIFSE
RS B TRLF—E
WFFEHA 2015.4 ~2016.3
LS TR 14-H

1.

EEEKETEEIE(CET S ERMEN
Coupled Analysis of High-Density Hydrogen Safety Management

A 5%, Alain Combescure™*ff, IAJH —ir*, gy —fioeees ruff g
*HALKFRARAFZERT, **INSA de Lyon LaMCOS, *** &4 K% T244,
R TEREE LA, o BRI 2R A

HE, HIISIZE

HMEEM

KFL, NRFAEEEHT D-DICKRWVICHENT 2 B2 50T 5 L ODOWE N VE L
SND TIRZFILF—=THY, MNOFETOTRNLX—EBE IR AN L~ TIER 12
NS, EEEREKFEE UCITRIE AT O MER DS, FT, RIEICKEISNIKFEL
RITEHT 720101, KBOFIKEFIRESZ ML BB LT KEAT— a VikE
72 B ONTAREMAL0 0 IR LIS S DI IS S MR (b DB B 5 218 U T-m EKFEZ
DOFRFINWIEE 72D, & 2 TARIFGETIE, mEKERIRIOMEE S N7- & S CET 5
KRBT ADIANBRETERR E U, MEFOREMRT & AT 2 RIRH ) O BRI ik
DR Z R E TS, £7-, EERLOIREED & SRR 4+ 5 KFEOIR 2\ W IEEER S %
AT DR TEE BT 2 2 L2k D, BelOm KERIHORGHIERT S L%
BHET 5.

AR EINIAES

2015 FZIE FCV OGN & AME LSRG S i, VAT TEARA Y "2 b NTH=FR L
AT L D EBEEKERLE - ok - IRk - Fo3E - ETICRED D b= LU 2T LDRIK
WD LIENEER SN T 2 b0 EEX BNDT, LLTFORK—EREER AT 7 e
—F N RD I R EE L=, £, TOMPa & KEREEATE U 2 V&S 2T A
DRI ZE BRY & LI2LL T OMFe 2 i L7z, .

£, 3 IR FSHELERRT > AT AOBFEZITV, T0MPa 5 /KFE EE eSS 2B
LFR—FEh#A 2 v BT ¢ T B FE N L, KERRIRAE & BEHES F15545 O [T 23 FTHE
72> 7=(Fig. 1).

R BIZDZERIRTR
BRI 80% TH L. mHAKFES 7 OSERTEHBR AN 5 L TRE & 72 28k )

PRI, WA F R O RS, B 71EO—FETH D Peridynamics €7 /LD ERILE Fit

L.



(a) Mises stress profile of Ha vessel (b) Gaseous H> Temperature profile

Fig. 1 Computational results of the flow characteristics and pressure vessel’s strength of
material are analyzed at the same time in 70MPa high-pressure and high-speed H, filling
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*[1] S. Takagi, Y. Konishi and S. Obayashi: Control of Karman vortex street behind a thin
airfoil at low Reynolds number, Proceedings of the Fifteenth International Symposium
on Advanced Fluid Information, Sendai, (2015), pp. 170-171.

[2] S. Takagi, Y. Konishi, N. Itoh, M, Asai and S. Obayashi: Detection of a logarithmic
singular point behind an airfoil model at low Reynolds numbers, Proceedings of the
Twenty-fourth International Congress on Theoretical and Applied Mechanics, Montreal,
(2016).
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Quantitative Visualization of Unsteady High-speed Fluid Phenomena in Nature
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*[1] T. Mizukaki, K. Otani, and S. Obayashi: Quantitative Visualization of Unsteady High-

speed Fluid Phenomena in Nature Environment, Proceedings of the Fifteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp. 156-157.
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Thermodynamic Effect on Tip Leakage Vortex Cavitation
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*[1] D. Nakai, T. Furusawa, D. Kang and Y. Iga: Experimental Study of Thermodynamic
Effect of Tip Leakage Cavitation in Hot Water, Proceedings of the International
Symposium on Transport Phenomena and Dynamics of Rotating Machinery, Honolulu,
(2016), No. 196.

*[2] D. Kang, D. Nakai, T. Furusawa, and Y. Iga: Thermodynamic Effect on Tip Leakage
Vortex Cavitation, Proceedings of the Fifteenth International. Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 26-27.
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Aerodynamic Characteristics of a Silent Supersonic Biplane Model Using a New Force Balance
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*[1] S. Miki, H. Kawazoe and S.Obayashi: Aerodynamic characteristics of a silent supersonic
biplane model using a new force balance, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp. 2-3.
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Study of the Unsteady Flow at Near Mach Number 1.0
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*[1] T. Kikuchi, S. Baba, H. Nishihara and K. Ohtani: Study of the unsteady flow at near

Mach number 1.0, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 4-5.
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Development of MHD Energy Conversion Device for Efficient Wind Energy Utilization
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Purpose of the project

Neutrophils are known to roll on endothelium of post-capillary venules as the very
early event in their immune response. Numerous studies have been performed on
the rolling characteristics of the neutrophils for the fundamental understanding of
their behavior in the response. Most of those former studies have focused on
contribution of binding of selectins on the endothelium and their ligands on the blood
cells to the rolling. In the post-capillary venules, however, axially accumulated red
blood cells which displace neutrophils toward the vessel periphery and surface
topography of the endothelial surface would also affect the rolling characteristics of
the cells. Then, in this study, we focused on the correlative effects of the pressing
force from the red blood cells and the surface topography of the endothelium on the
rolling characteristics of neutrophils.

Details of program implement

To elucidate the correlative effects of the pressing force and the surface topography
on the cell motion, we introduced the inclined centrifuge microscope system. With
this system, we can apply a well-controlled pressing and driving forces to the cells to
quantify contribution of the forces on the motion of the cells. Motion of HL-60 cell
line, widely accepted model cell of neutrophils, was observed under a variety of the
pressing force on a PDMS substrate which has a hexagonal pattern which mimics
surface topography of the endothelial cell layer (design and silicon mold realized in
Lyon, France). Figure 1 shows an example of trajectories of the HL-60 cells on such a
substrate (the width of the line is 12 pm and the depth is 2.3 pm). The substrate also
has a stripe pattern for the comparison of the motion of the cells with the hexagonal
pattern. As shown in this figure, most of the cells move along hollow part between
the patterns of the substrate. We examined influence of the pressing force to the
traceability of the cells on the patterns. Here, the hexagonal pattern was designed
considering the apical cell surface of HUVECs.

Achievements

We measured velocity of the HL-60 cells on the substrate under a variety of pressing
force of 23.5 to 70.5 pN while a constant driving force of 30 pN was applied. Figure 2
shows influence of the pressing force on the mean cell velocity in the direction of the
driving force. The velocity was normalized by that of the cells moving along the stripe
pattern. The velocity is 1 if all the cells move straight overtaking the hexagonal
pattern, and is 0.4 if the move along the hollow part of the pattern. As shown in this
figure, the normalized velocity decreases with the increase in the pressing force to



Figure 1 : Trajectories of HL-60 cells on the
PDMS substrate at 47 pN of the pressing
force and 30 pN of the driving force. The
pressing force was applied perpendicular to
the figure and the driving force was applied
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Figure 2 : Mean velocity of HL-60 cells in
the direction of the driving force on the
hexagonal pattern normalized by that on
the stripe pattern. The normalized
velocity is 0.4 when all the cells trace
hollow part of the hexagonal pattern.

upward.

approach 0.4. Since it is known that P-selectin which dominates the rolling of
neutrophils on the endothelium predominantly expresses along border of the
endothelial cells, this result indicates that the pressing force by the axially
accumulated red blood cells and bumpy surface topography of the endothelium
enhance possibility for the neutrophils to contact with the P-selectin.

4. Summaries and future plans

We observed behavior of HL-60 cell line on a PDMS substrate on which hexagonal
pattern was molded to mimic surface topography of the endothelium. Obtained result
implies that the pressing force by the axially accumulated red blood cells, together
with the bumpy surface topography of the endothelium, helps neutrophils to bind
with selectins which express along border of the endothelial cells. It is known that
the endothelial cells are elongated and oriented in the direction of blood flow. We
plan to observe motion of the HL-60 cells on an elongated hexagonal pattern to
compare with the present result for discussing influence of the elongation of the
endothelial cells on the rolling characteristics of neutrophils on blood vessel.

. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)
Not Applicable.
2) International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)
*[1] A. Shirai and J.-P. Rieu: Rolling characteristics of neutrophils on PDMS surface
mimicking the endothelial topography, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp. 76-77.

3) Patent, award, press release etc.
(Patent) Not Applicable.
(Award) Not Applicable.
(Press release) Not Applicable.
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Investigation on Behavior of Particles in MR Fluid Flows
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Aerodynamic Performance Improvement of Small UAV
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Characteristic Analysis of Mucus of Crawling Locomotion in Gastropods and Its Application
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to a Wall Climbing Robot
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Study on Flow-Induced Vibration of Soft Fins
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Table 1
Material PET
Length L [mm] 250
Width of soft fin W [mm] 50, 60, 70, 80, 90, 100, 120, 140, 160, 180
Thickness # [mm] 0.15
Density p [kg/m?] 1390
Young modulus £ [GPa] 39

Fig.2 (ZJEJRAORNEBOBEEE & A7~ KON T ¢ > OIRBBIZE D 1A TIR O
DTHD. OFRDT 4 A ENSFTNITFENIENS D L—P v — N 2K 5. @fthoF
TOT 4 OFBNV AN D ERED A 7 T 5. @22 a—% TS LiEigRT—
B EARHREAE L, TROT 4 o ORREE A —V T, BRI S IEA BTG,

7 4 v OIREMBIEERFO FIRSRY, S EEE 1.7, 2.4, 3.0, 8.7, 4.3 m/s, LA/
JLRHE 2,76, 3.91, 4.88, 6.02, 7.00 (X109). RIZT 1 > D&FED A LRFO FERSAFIT,
S FEFREE 8.0, LA /L A% 4.88X 104, 7 L—2%8 3000 fps, #EEHHM 1/3000 s, I
TEWFE 1s, fH4IE 512X 512 pixel TH 5.
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Fig.1 Soft fins Fig.2 Coordinate of test section in wind tunnel
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Fig.3 Vibration state of soft fin Fig.4 (a) 3.2m/s Fig.4 (b) 3.5m/s
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Fig.4 Reynolds stress in wake of soft fins
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*[1] A. Rinoshika, Shunya Suzuki and M. Nakano: Study on Flow-induced Vibration of Soft
Fins, Proceedings of The Fifteenth International Symposium on Advanced Fluid
Information, Sendai, (2015), pp.160-161.
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Electronic Band Structure and Optical Properties of Quantum Dot Structures for Extremely
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[1] D. Ohori, A. Suzuki, C. Thomas, A. Higo, S. Samukawa, A. Fukuyama, and T. Tkari: Light
emission from GaAs/AlGaAs nanopillars fabricated by neutral beam etching and
bio-template, £-MRS Spring Meeting 2015, (2015), I-IX-6.

[2] A. Fukuyama, D. Ohori, A. Suzuki, C. Thomas, A. Higo, S. Samukawa, T. Ikari:
Photoluminescence study of quantum levels in GaAs/AlGaAs quantum nanodisks
fabricated by bio-template and neutral beam etching, E-MRS Spring Meeting 2015,
(2015), I-10-4.

[3] D Ohori, K. Kondo, T. Fujii, T. Okada, S. Samukawa, T. Ikari, A. Fukuyama: Quantum
Levels in Ge Nanodisk Array Structure Fabricated by Nano-protein-mask and Neutral
Beam Etching Investigated by A Photoluminescence Technique, 5 34 [FIFEfA1£FS 7R
T L, (2015), pp. 135-136.
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*[5] D. Ohori, K. Kondo, C. Thomas, A. Higo, S. Samukawa, A. Fukuyama, T. Ikari:
Photoluminescence Study on GaAs Quantum Nanodisk Array Fabricated by
Bio-nano-template and Neutral Beam Etching, Proceedings of the Fourteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp. 98-99.
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Development of Magnetic Coil to Stimulate a Peripheral Nerve
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Numerical Analysis of In—flight Sprayed Particles in Plasma Jet for a Thermal Plasma Spray
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*[1] H. Saito, Y. Nakane, T. Fujino, H. Takana, and J. Mostaghimi: Three-dimensional
Simulation of a Non-transferred DC Plasma Torch with a Mixture Gas of Carbon Dioxide
and Methane, International Conference on Advanced Téchnology in Experimental
Mechanics 2015, Toyohashi, (2015), p. 269.
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Magnetic Field, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 50-51.
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Particle Synthesis Using Vortex Plasma Jet
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Working gas (Flow rate) Ar (0.5 I/min.)/ N, (2 /min.)
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Discharge power 25V, 100 A
Deposition distance 20 mm
Feedstock C,H;sOH diluted TTIB* solution
Feedstock quantity 20 ml
2) Front view b) Side view Feedstock feed rate 0.1 ml/sec.
Substrate (Size) 304 stainless steel (15*15*1 mm)
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*[1] D. Kindole, Y. Noda, Y. Ando, S. Uehara, T. Nakajima, H. Nishiyama, O. P. Solonenko:
Rapid Deposition of Photo-catalytic Titanium Oxide Film by Atmospheric SPPS using
Ar Vortex Plasma dJet, Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp. 52-53.
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Twelfth International Conference on Flow Dynamics, Sendai, (2015), pp. 182-183.
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[1] K. Tanaka, S. Robson, H. Kobayashi, M. Takasaki, M. Nakano, and A. Totsuka:
Simultaneous observations of microgap flow behavior and microstructure of
electro-rheological nano-suspensions based on titanium dioxide nano-particles, Colloid
Polym. Sci, Vol. 293, No. 9 (2015), pp. 2531-2541.
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Nano-Suspensions, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 136-137.
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Proceedings of the 12th International Conference on Flow Dynamics, Sendai, (2015), pp.
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*[1] T. Ishihara, Y. Hattori: Analysis of Complex Spatiotemporal Structures of Vortices in
High Reynolds Number Turbulence, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp. 172-173.
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Fig. 2 Variation of the most dominant
peak tone frequency with jet speed w

g

(a) =0 (b) =0. 16Lm/uo (© £=0. 32Lm/u0
Fig. 3 Experimental visualization of jet between the nozzle exit and the end plate for =12

m/s, flow direction is from left to right.

(@) =0 (b) t—O 252Lm/uo

Fig. 4 Visualization of vortex structures by the iso-surfaces of the second invariant of the

velocity gradient tensor @4+=14.5, and iso-surfaces of w=0 showing backflow regions, =12

m/s. Lim' impingement length
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*[1] K. Matsuura and M. Nakano: Direct Computation of a Hole Tone Feedback System with
a Tail Pipe, Proceedings of International Gas Turbine Congress 2015 Tokyo, Tokyo, Paper
MoAME.1, (2015), pp. 61-64.

(2] i —kf, EFBcEy 2 ) A RhE OEMEIEEAG R, MAEEEIN, % 54 & 4 5, (2015),
pp.40-44.
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[3] K. Matsuura and M. Nakano: Experimental and Direct Computation Study on
Flow-Acoustic Interaction of a Hole Tone with a Tail Pipe, Proceedings of the Twelfth
International Conference on Flow Dynamics, Sendai, (2015), pp. 506-507.

*[4] K. Matsuura and M. Nakano: Researches on the Active Control of Hole Tone Phenomena,
Proceedings of the Fifteenth International Symposium on Advanced Fluid Information,
Sendai, (2015), pp. 174-175.
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Fig. 1 Hole tone system with a tailpipe
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Study on Improvement of Aerodynamic Performance for an Airborne Projectile
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Fig.1 Schematic representation of flow field
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Characteristic Simulation of Neutral Beam Etching Fabricated Nanodisks for New
Material Applications
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1001 Ta-Hsueh Rd., Hsincuh 300, Taiwan
**Institute of Fluid Science, Tohoku University
tApplicant, TIFS responsible member

1. Purpose of the project
In this project, we study the electrical, mechanical and photonic properties of
NDs-based nanomaterials by solving a set of electronic structure, classical, and
quantum mechanical equations.

2. Details of program implement
We perform calculation of electronic structure for system of NDs firstly. We combine
classical and quantum mechanical descriptions and the statistical distribution of
NDs’ arrangement to simulate the electrical, mechanical, and photonic properties of
the synthesized material. As shown in Fig. 1, we consider miniband formation
conditions with process parameters from experiments. Furthermore, the appropriate
operation condition is optimized for the fabrication of specific nanodevices.
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Figure 1: Band structure along symmetry point I'-X-M-I" and the DoS for Ge/Si QDs
square superlattice with QD radius 3.2 nm, thickness 4 nm, and varied interdot space.
(a) 3.3 nm. (b) 2.3 nm. (¢) 1.3 nm. (d) 0.3 nm.

3. Achievements
According to the expected results stated in the application form, we develop physical
model for ND-based material simulation. Characteristic verification is conducted by
the project responsible member of IFS. We have reported interesting studies and
have joint publication from both universities.

4. Summaries and future plans
The 3D advanced finite element method by a unit cell with the consideration of
translation symmetry and appropriate boundary condition was developed to
efficiently and accurately calculate the miniband structure and DoS for an
1dealistical QDs array with realistic geometrical parameters. In the next project, we
will explore the electronics structure of NDs for energy harvesting devices.
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Fig. 1. Average inception fields acquired by changing the gap Fig. 2. Threshold electric fields for the
distance, the capacitance, and the water conductivity. inception of a primary streamer and a
secondary streamer in water.
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compressive wave against the distance
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pressure of the reflected expansion wave
against the distance from the water
surface.
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1. Purpose of the project
The objective of the proposed project is elaboration of tractable reduced models of
pre-mixtures ignition in the turbulent flow and understanding of the main physical
processes governing the turbulent ignition.
2. Details of program implement

The ignition of turbulent flames is one of the most important problems in the
combustion theory. It is relevant to many combustion engineering applications such
as investigations of various modes of engine operation required for a better control of
fuel efficiency and idle stability of the engine operation. For example, lean premixed
turbulent combustion has great potential for fuel economy and NOx emissions
reduction in spark — ignition engines. Frequently, the ignition occurs in flows that
are highly turbulent and, therefore, involve a wide range of time and length scales.
The deep understanding of ignition processes in such conditions is crucial for
optimization of ignition systems. Ignition energy is an important property for devices
require combustion events to be initiated at a predetermined location and time.

The ignition process in time-independent ABC-flow field modeling turbulent flow
was investigated numerically in the frame of 3D thermal-diffusion model in confined
domain with nonadiabatic boundary conditions. The influence of velocity amplitude,
vortex size and Lewis number on ignition energy were studied. Dependencies of
ignition energy on flow intensity calculated for different wave numbers and Le= 1.0
are shown in Fig. 1. Lines with solid markers correspond to the ignition in confined
domain with nonadiabatic boundary conditions (case 1) and the lines with open
markers correspond to the case with periodic boundary conditions (case 2).
Numerical results show that in large—scale eddies flow, the ignition energy is almost
constant until the turbulent intensity exceeds some critical value, then the linear
increase of ignition energy is observed (see Fig. 1 k = 0.1). Such behavior resembles
previous experimental observations. At small flow intensity, the ignition energy for
the two cases of boundary conditions are the same. In the range of high flow
intensities the ignition energy calculated for case 2 is significantly higher than that
one for case 1. This is due to the mixture cooling in the near-boundary region. Fig. 2
shows dependencies of minimum ignition energy on wave number calculated for
different flow intensities and Le = 1.0. For the both case it was found that for the
fixed value of flow-intensity U there is a critical wave number corresponding to the
maximal ignition energy, but in the case 2 this energy is larger. In addition, the
dependencies of the ignition energy on Lewis number were obtained numerically. It
was found that ignition energy is changing very slowly in the range of Lewis
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numbers from 0.3 to 1.1, and rapidly increases for Lewis numbers larger than 1.2.
Such behavior resembles previous results obtained for the spherical flame initiation
in the quiescent mixtures with high Lewis numbers. It may be concluded that the
reduced thermal-diffusion model combined with prescribed flow field is reasonable

for qualitative investigations of the ignition in the turbulent flow.
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ignition energy on flow-intensity ignition energy on wave number

In the course of project implementation Russian project members (R. Fursenko and E.
Sereshchenko) visited Institute of Fluid Science, Tohoku University. During the visit
Japanese and Russian groups had discussions on the results obtained in the frame of
the project and formulated plans of the future research. Project members took part in
the 15th International AFI conference and presented the results of the project.

3. Achievements

All results which have been expected in the submitted project were achieved. It was
shown that theoretical results obtained within reduced thermal-diffusion models
combined with prescribed flow field allows us to qualitatively explain some
experimental results on the ignition in the turbulent flow.

4. Summaries and future plans

The influence of premixed gases properties on ignition energy in the ABC — Flow
modeling 3D turbulent flow was investigated numerically in the frame of thermal —
diffusion model. Analysis of time-dependency of maximal gas temperature allow us
to give qualitative explanation of ignition energy behavior under variation of
different parameters. Reduced mathematical model allows us to decouple
thermal-diffusive and hydrodynamic processes for better understanding of
dynamical behavior of the flame after its initiation by hot spot.

5. Research results (x reprint included)

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

[1] Evgeniy Sereshchenko, Roman Fursenko, Sergey Minaev, Shenqyang Shy:
Numerical Simulation of Ignition in ABC — Flow Modeling 3D Turbulence using a
GPU - based approach, Proceedings of The International Colloquium on the
Dynamics of Explosions and Reactive Systems, Leeds, UK, (2015), (6 pages).

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

*[2] Evgeniy Sereshchenko, Roman Fursenko, Sergey Minaev, Shenqyang Shy, Kaoru
Maruta, Hisashi Nakamura: Numerical Studies of Ignition in ABC-Flow in
Confined Domain with Nonadiabatic Boundary Conditions, Proceedings of the
Fifteenth International Symposium on Advanced Fluid Information, Sendai, (2015),
pp. 40—41.

3) Patent, award, press release etc.

Not Applicable.
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Project code J15056

Classification General collaborative research
Subject area Nano/micro technology
Research period | April 2015 ~ March 2016
Project status 2nd year

Cavity Formation Mechanism in a Cavitation Process

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

1. Purpose of the project

Cavitation bubble dynamics i1s still a major issue for a variety of industrial
applications, including hydraulic machines, marine propellers and space rocket
inducers among others. We plan to continue our research with a focus on the last stage
of the bubble collapse to clarify peculiar phenomena that may occur within
sub-microsecond time scale. State-of-the-art instrumentation will be deployed. We
strongly believe that the complementary skills developed by the research groups led by
Prof. Farhat (EPFL) and Prof. Sato (Tohoku University) will greatly help achieving the
project goals.

2. Details of program implement

Figure 1 shows the schematic diagram of the experimental setup. An underwater
shock wave was generated by a spark. A pulsed high-voltage circuit was composed of a
DC power source, a spark gap switch, registers and capacitors. A trigger signal from a
function generator was sent to a delay generator and it controlled to synchronize the
timings of the spark and the back light laser. The applied voltage was measured by a
high-voltage probe with an oscilloscope. The trigger signal to an ultra-high-speed
camera was sent from the oscilloscope.

Oscill
Function generator sj’jrg; éap scilloscope
Delay pulse generator R1 (20 MQY) C1 (12 nF) |j R2 (20 kQ) BT _/_\f"""
T 1g1|1ﬂvoltage probe
Lt
L

1

DC power supply —

High speed camera

532 nm Laser

N 3 E— o

Microscope lens
Fig. 1 Schematic of experimental setup

Secondary cavitation bubbles were produced as the spark-generated primary
compression wave reflected from a near free surface as an expansion wave, making
these micro-bubbles grow. We also observed micro-jets forming from these bubbles.
Figure 2 shows the relationship between the angles of these microjets and the
propagation direction of the primary shockwaves. The directions of microjets showed
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3. Achievements

We found that directions of cavitation bubble micro-jets induced by the expansion
wave correspond to the propagation direction of the secondary compression wave, which
is the compression wave produced as the expansion wave reflects from the surface of the
expanding bubble and experiences yet another phase inversion. We show this by using
developed visualization system through the collaborative research.

4. Summaries and future plans

In this year, the secondary cavitation bubble micro-jets were visualized and the
directions of micro-jets were dictated by the secondary compression wave produced by a
series of shock wave reflections from near surfaces. In the following year, we will clarify
the mechanism of this phenomenon by aiming to control the direction of the
compression wave.

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

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

*[1] T. Minami, T. Sato, K. Ohtani, T. Nakajima, T. Kaneko and M. Farhat: Microjet
Formation Mechanism in a Cavitation Process, Proceedings of the Fifteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp.
140-141.

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

(Award)
Not Applicable.

(Press release)
Not Applicable.
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Project code J15057

Classification General collaborative research
Subject area Energy

Research period | April 2015 ~ March 2016
Project status 2nd year

Characterization of Plastic Deformation Using Electromagnetic NDT Methods

Zhenmao Chen*¥, Shejuan Xie*, Tetsuya Uchimoto**, Toshiyuki Takagi**f+
*School of Aerospace, Xi’an Jiaotong University, Xi’an, China
**Institute of Fluid Science, Tohoku University
TApplicant, +7IFS responsible member

1. Purpose of the project

The purpose of this project is to investigate the feasibility of electromagnetic NDT
methods for evaluation of biaxial plastic deformation. In practice, biaxial tensile
test-pieces of different plastic deformation are fabricated, and correlation of the biaxial
plastic deformation and the PECT signals is experimentally investigated to clarify the
feasibility of PECT to evaluate the biaxial plastic deformation.

2. Details of program implement

Figure 1 shows the probe and a biaxial test-piece for PECT measurments. Plastic
deformation of different levels were introduced to the testpieces with a MTS biaxial
tensile machine and the corresponding PECT signals are measured by using the probe.
The expeimental reults of Figure 2 reveals that the dependences of PECT signals on the
uniaxial and biaxial tensile plastic deformations are almost the same.

Figure 1: PECT probe (left) and biaxial test-piece of SUS316 stainless steel (right)
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Figure 2: Comparison of peak signals for uniaxial and biaxial strain test-pieces

— 117 —



3.

5.
1)

2)

3)

Achievements

The feasibility of NDE for biaxial plastic deformation in stainless steel using pulsed
ECT method has been validated. The coil distance of the PECT probe of 40 mm and
50 mm has better sensitivity to evaluate the biaxial residual strain. In addition, the
evaluation results of uniaxial and biaxial plastic deformations show that their
sensitivities are comparable. The final conclusion is that the PECT method for
uniaxial strain evaluation is also promising for application to biaxial ones.

Summaries and future plans

In this year project, the feasibility of electromagnetic NDE for evaluation of plastic
deformation in a structure of biaxial strain state has been investigated and found
suitable in case for the typical stainless steel used in nuclear power plants.

As future work, concerning the plastic deformation occurred in the structures of
RAFM steels which are important for new generation nuclear structure, to propose
and validate electromagnetic NDT methods for its quantitative evaluation will be
conducted. With experiments and numerical simulation, the correlation and
influence of the plastic deformation on the NDT signals will be investigated for
typical RAFM steels.

Research results (x reprint included)

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

[1] S. Xie, Z. Chen, T. Takagi and T. Uchimoto: Sizing of pipe wall thinning using
pulsed ECT method based on inverse analysis, NDT&FE International., Vol.70,
(2015), pp. 87-95.

[2] S. Xie, H. Chen, W. Cai, Z. Chen, T. Takagi, T. Uchimoto: Feasibility
Investigation of NDE for plastic deformation in biaxial specimen using PECT
method, Studies in Applied Electromagnetics and Mechanics, Vol.40, (2015), pp.
43-50.

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

international conference without peer review)

*[3] C. Pei, S. Zhao, S. Xie, Z. Chen, T. Uchimoto, T. Takagi: Characterization of
plastic deformation using EMAT, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp.54-55.

[4] W. Cai, S. Xie, C. Pei, Y. Li, Z. Chen, T. Uchimoto, T. Takagi: Characterization of
local conductivity of SCC with DCPD method, Proceedings 3rd International
Symposium on Smart Layered Materials and Structures for Energy Saving, 5-6,
Proceedings 10th ICFD, Sendai, (2015), pp.846-847.

[5] S. Xie, W. Cai, M. Tian, L. Wu, Z. Chen, T. Takagi, T. Uchimoto: Numerical
Method for Nonlinear Simulation of Magnetic Saturated Pulsed Eddy Current
Testing Signals and Its Application to Evaluation of Wall Thinning in Carbon
Steel Piping, Proceedings of CompumagMonteral, 2015.

[6] H. Li, D. Zhang, W. Cai, Y. Li, Z. Chen, T. Uchimoto, T. Takagi: Effect of phase
transformation on the damage induced magnetization of 304 austenitic stainless
steel, Proceedings of Twelfth ENDE, Sendai, (2015), pp. 97-98.

Patent, award, press release etc.

“A Measurement method for local conductivity based on 4-probe DCPD method”, Z.

Chen, W. Cai, S. Xie, Y. Li, T. Huang, H. Li, L. Wang, September 1, 2015,

71.20141019354.8, China Patent, approved.
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Project code J15058

Classification General collaborative research
Subject area Fundamentals

Research period | April 2015 ~ March 2016
Project status 3rd year

Numerical and Experimental Research on Active Control of Self-Sustained Flow
Oscillations with Sound Interaction

Mikael A. Langthjem*t, Masami Nakano**§t
*Faculty of Engineering, Yamagata University,
**Institute of Fluid Science, Tohoku University

TApplicant, T1IFS responsible member

Purpose of the project

The project has been concerned mainly with flow-sound interaction; particularly
with flow-induced sound that acts back strongly on the flow that generated it in the
first place, to cause a lock-in of the flow-oscillations to the sound field. We have
obtained a good, analytically-based understanding of how the flow field and the
sound field are connected, and of how they modify each other.

Details of program implement

The system that has been investigated, a cavity (expansion chamber) followed by a
tailpipe, is shown in Fig. 1. A uniform air flow is entering the system via the
short pipe-segment on the left. A jet, bordered by a shear layer, is formed in
the cavity. Emphasis is on the understanding of how flow oscillations can
generate acoustic standing waves in the tailpipe and interact with them; in
particular how the flow oscillations can lock-in to the tailpipe acoustic
resonance.

The unstable shear layer of the jet is modeled via a discrete vortex method,
based on axisymmetric vortex rings. Modeling of the sound generation is
based on the Powell-Howe theory of vortex sound. The overall, compound
acoustic problem is solved analytically (although approximately), in terms of
matched asymptotic expansions.

Self-sustained flow oscillations ) .
.l Acoustic feedback Pipe acoustic modes

-\\‘._\_ e (standing waves)
L= = e L3

Tailpipe

Fig. 1. Sketch of the cavity-tailpipe system. The black arrow indicates the direction of
the flow. The red arrows symbolize acoustic feedback from the tailpipe to the
self-sustained flow oscillations in the cavity.
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3. Achievements

Lock-in of the self-sustained flow oscillations in the cavity to resonant acoustic
oscillations in the tailpipe has been simulated successfully based on the method
outlined in section 2. The solution method applied to solve the acoustic problem gives
analytical expressions for the sound pressure and the acoustic feedback velocity.
These approximate expressions are simple enough to provide a good understanding
of the flow-sound interaction. We have also analyzed — and implemented in our
computer program — how the shear layer (modeled by the discrete vortex method) is
modified by the acoustic feedback.

4. Summaries and future plans
The main achievements are (i) successful simulation of flow-sound interaction
phenomena, including lock-in of the flow field oscillations to the sound field
oscillations, and (ii) a good theoretical (analytical) understanding of this interaction
process.

As to future plans, there are several interesting topics that merit further, detailed
investigation, such as (i) the stability of the flow and (ii) the existence of localized
sound modes in the cavity. These topics will be dealt with in a new project starting
April 2016.

5. Research results (* reprint included)

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

[1] M. A. Langthjem and M. Nakano: Flow-acoustic interaction in an expansion

chamber-pipe system, XXIV ICTAM, 21-26 August 2016, Montreal, Canada, (2016),
extended abstract; accepted, (2 pages).

[2] M. A. Langthjem and M. Nakano: Asymptotic and numerical analysis of resonance
and lock-in by flow-acoustic interaction in an expansion chamber-pipe system,
JSME Journal of Fluid Science and Technology, submitted, (2016) (15 pages).

[3] M. A. Langthjem and M. Nakano: A combined analytical and numerical analysis of
the flow-acoustic coupling in a cavity-pipe system, Theoretical and Computational
Fluid Dynamics, submitted, (2016) (39 pages).

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

*[4] M. A. Langthjem and M. Nakano: Flow-acoustic interaction in an expansion
chamber-pipe system: solution by the method of matched asymptotic expansions,
Mechanisms and Mathematical Aspects of Nonlinear Wave Phenomena, RIMS

Kokyuroku 1946, Kyoto, (2015), pp. 125-135.

[5] M. A. Langthjem and M. Nakano: Resonance and Lock-In by Flow-Acoustic
Interaction in an Expansion Chamber-Pipe System, Proceedings of the Twelfth
International Conference on Flow Dynamics, Sendai, (2015), pp. 498-499.

*[6] M. A. Langthjem and M. Nakano: Numerical and Experimental Research on Active
Control of Self-Sustained Flow Oscillations with Sound Interaction, Proceedings of
the Fifteenth International Symposium on Advanced Fluid Information, Sendai,
(2015), pp. 176-177.

3) Patent, award, press release etc. (patent, award, press release, note should be

listed here if applicable)
Not Applicable.
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Project code J15059

Classification General collaborative research
Subject area Energy

Research period | April 2015 ~ March 2016
Project status 1st year

Investigation of Inhomogeneous Mixing of Plasma Species in the Hybrid-Stabilized
Argon-water arc Discharge for Subsonic-Supersonic Quasi-Laminar Plasma Flow Regimes

Jiri Jenista*}, Hidemasa Takana**, Hideya Nishiyama**§{, Milan Hrabovsky*
*Institute of Plasma Physics ASCR, v.v.i., Czech Republic
**Institute of Fluid Science, Tohoku University
tApplicant, T1IFS responsible member

1. Purpose of the project

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

2. Details of program implement

1) Further elaboration of the existing numerical code for the calculation of mixing of

hydrogen, oxygen and argon plasma species within the discharge region of the

hybrid arc by the combined diffusion coefficients method:

a) Generation of new boundary conditions at the discharge chamber inlet.

b) Dependence of transport and thermodynamic properties, diffusion coefficients,
particle masses and radiation losses on argon mass fraction (except for their
temperature and pressure dependencies).

¢) Many other changes in the code — correction of signs of some terms in the
equations, data prints, etc.

2) New calculations have been carried out for currents 150—400 A and for argon mass
flow rates between 15-22.5 slm (standard liters per minute). The obtained results are
now being prepared for publication in a peer-reviewed journal. The set of calculation
for 500-600 A has been also carried out and the results have to be further discussed
and explained.

3. Achievements
Mixing of plasma species has been studied in detail so far for 150—400 A and for 15 and
22.5 slm of argon. The principal results of the project can be summarized as follows:

e Mixing of water and argon plasma species is inhomogeneous under the all studied
conditions.

e Argon species are dominant in the central regions of the arc, water ones in arc
fringes. For higher currents argon mass fraction in the central arc region
increases.

e Temperature and concentration (ordinary) diffusions are the most dominant
contributions in the argon mass diffusion flux. Diffusion due to pressure gradients
is lower and due to the electric field is nearly negligible.

o These first results agree with our former experiments carried out 2 mm
downstream of the nozzle orifice: calculated radial temperature profiles exhibit
very good qualitative and quantitative agreements with the measurements.
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Figure 1. Isopleths of argon mole fraction for 150 A (left) and 300 A (right) discharges.
Water mass flow rates are 0.111 g-s1 (150 A) and 0.228 g-s1 (300 A); argon mass flow
rate is 22.5 slm for both currents. The increase of argon mole fraction in the centre of
the arc for higher current is obvious. Contour increments are 0.05.

4. Summaries and future plans

The results of the project confirm inhomogeneous mixing of argon and water plasma
species in the discharge calculated by the combined diffusion coefficients method.
Diffusion of species is influenced by highly nonlinear dependence of the combined
diffusion coefficients on temperature, pressure and argon mass fraction.

Our future plans include further simulations for higher currents (500-600 A) and argon
mass flow rates (22.5-40 slm) and comparison with available experiments for the
temperature, velocity and argon mole fraction profiles. Some peculiarities observed now
in the simulations for 500 and 600 A have to be explained (i.e., asymmetric temperature
and velocity profiles in the discharge). Also, the validity of experimental radial argon
mole fraction profiles near the exit nozzle, based on the optical emission spectroscopy
measurements of Arl and OI lines carried out at IPP (Institute of Plasma Physics AS CR,
v.vi), has to be checked.

5. Research results (* reprint included)

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

*[1] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, A. B. Murphy, M. Bartlov4, V.
Aubrecht: Preliminary Study of Mixing of Plasma Species in a Hybrid-Stabilized
Argon-Water Electric Arc, Plasma Physics and Technology, ISSN: 2336-2626, Vol.
2, Issue 3, 2015, pp. 316-319.

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

*[2] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, M. Hrabovsky, A. B. Murphy, M.
Bartlova, V. Aubrecht: Investigation of inhomogeneous mixing of plasma species
in a hybrid-stabilized argon-water arc discharge: The very first simulations,
Proceedings of Fifteenth International Symposium on Advanced Fluid
Information (AF1 2015), pp. 56-57, ISSN 1344-2236, IFS-TM027, October 27-29,
Sendai, Japan. (2015).

[3] J. Jenista, H. Takana, S. Uehara, H. Nishiyama, A. B. Murphy, M. Bartlova, V.
Aubrecht: Mixing of plasma species in a hybrid-stabilized argon-water electric arc.
(Poster). Abstracts - 24th International Conference on Numerical Simulation of
Plasmas (ICNSP 2015), p. 35, web: http://www.icnsp.org/program.html, August
12-14, 2015, Golden, Colorado, USA.

3) Patent, award, press release etc.

Not Applicable.
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Project code J15060

Classification General collaborative research
Subject area Energy

Research period April 2015 ~ March 2016
Project status 3rd year

Energy Release Dynamics in Porous Media

Nickolay Lutsenko*¥, Kaoru Maruta**{+, Anatolii Maznoy*
*Far Eastern Federal University, Vladivostok, Russia
**Institute of Fluid Science, Tohoku University
TApplicant, $1IFS responsible member

1. Purpose of the project

The objective of the present project is to develop the efficient numerical algorithms and
experimental techniques and to investigate the fundamental characteristics of the
time-dependent gas flows through porous media with combustion and other
energy-release zones.

2. Details of program implement

Heterogeneous combustion in porous media occurs quite often in nature. From the point
of view of mechanics, various objects can be modeled as porous media: soil, peat, rock,
debris of destroyed buildings and so on. The most common type of heterogeneous
combustion in porous media is peat fire. Besides, the principles of heterogeneous
combustion in porous media are used in a various technological processes.

In the present project the numerical model, which was previously developed for 1D case,
is expanded to 2D case and used for solving plane time-dependent problems of
heterogeneous combustion in porous objects under free convection. In such porous
objects, which may arise from natural or man-caused disasters, the flow rate of oxidant,
which enters into the reaction zone in porous object, regulates itself. It should be noted,
that proposed numerical model can be used for solving various problems of filtration
combustion for both forced filtration and free convection, for both natural and
technological processes.

The numerical experiments have shown that 2D time-dependent waves of
heterogeneous combustion in porous media under free convection propagate, as well as
1D combustion waves, in two modes with different degrees of burnout of solid
combustible material. At the same time, when the initial and boundary conditions in the
porous object are non-one-dimensional, the combustion front can move complicatedly.
The example of the solid phase temperature and the field of gas velocity within the

porous object is demonstrated in Fig. 1.
i

PNELEERAIER: GEFHRRRS IR ERA:
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Figure 1: Example of the solid phase temperature (a) and the field of gas v.elocity (b)
within the porous object.
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For specific purposes spherical or cylindrical geometries of the porous burners are
preferred over flat configuration. As the radiation characteristics and the flame
stabilization are not enough studied for the spherical or cylindrical porous burner,
thermal and radiative characteristics of axial-symmetric cylindrical porous radiant
burners made of porous NiAl manufactured by the CS method have been
experimentally studied in the present project.

3. Achievements

The results which had been expected in the present project were achieved. The original
numerical method for modeling the time-dependent 2D processes in porous media with
zones of heterogeneous combustion under both natural convection and forced filtration
was developed and used for solving some problems. The temperature and radiative
characteristics of cylindrical porous burners have been investigated and experimental
dependencies of the porous-shell temperature, specific radiant power and radiation
efficiency on the mixture flow rate (firing rate) and mixture composition have been
obtained.

4. Summaries and future plans

It is revealed that two-dimensional time-dependent waves of heterogeneous combustion
in porous media under free convection propagate, as well as one-dimensional
combustion waves, in two modes with different degrees of burnout of solid combustible
material; the reflection of two-dimensional combustion waves takes place too.
Experimental results demonstrate existence of two different combustion regimes,
external and internal regimes of combustion, observed at the same values firing rate
and fuel-air equivalence ratio. In the external combustion regime, the flame is
stabilized near the outer burner surface whereas flame stabilization occurs inside the
hollow of the porous shell in internal combustion regime. It has been experimentally
shown that the internal combustion mode is characterized by higher temperatures of
the outer burner surface, higher specific radiation power and radiation efficiency, as
well as more uniform glow of the porous medium compared to the external combustion
mode.

5. Research results (* reprint included)
1) Journal (included international conference with peer review and tutorial paper)
[1] N.A. Lutsenko: On Numerical Modeling of Two-Dimensional Heterogeneous
Combustion in Porous Media under Free Convection, Proceedings of 10th
Asia-Pacific Conference on Combustion ASPACC 2015, Beijing, China (2015), 6 pp.
[2] R. Fursenko, E. Odintsov, A. Maznoy, A. Guschin, A. Kirdyashkin, S. Minaev:
Experimental Study of Temperature and Emissive Characteristics of Radiative
Cylindrical Porous Burners, Proceedings of 10th Asia-Pacific Conference on
Combustion ASPACC 2015, Beijing, China (2015), 6 pp.

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

*[3] N.A. Lutsenko, K. Maruta: On Numerical Modeling of Time-dependent 2D
Processes in Porous Media with Zones of Heterogeneous Combustion, Proceedings
of the Fifteenth International Symposium on Advanced Fluid Information, Sendai,
(2015), pp. 42-43.

3) Patent, award, press release etc.
Not Applicable.
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Project code J15061

Classification General collaborative research
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Research period | April 2015 ~ March 2016
Project status 2nd year

1.

Flammability Limits of Low-Lewis—number Premixed Flames

Roman Fursenko*, Sergey Mokrin*

Sergey Minaev*f, Kaoru Maruta **ft
*Far-Eastern Federal University, Vladivostok, Russia
**Institute of Fluid Science, Tohoku University, Japan

TApplicant, T+IFS responsible member

Purpose of the project

The development of new combustion technologies needs in deep
understanding of near-limit Low-Lewis-number flame structures that are
still not well investigated. The main problems are associated with complex
spatial/temporal structure of the flame that sometimes assumes the form of
separate cells or hot spots resembling flame balls. The main objective of the
project 1s development and generalization of fundamental theory of
non-stationary behavior of self-fragmented premixed flames near the
flammability limits caused by heat losses, transport processes and flow non
uniformity. The project implementation will also contribute to development of
unified flammability limits theory which is in vital importance for the further
progress in new environmentally friendly technologies such as HiTOC (or
“mild” combustion) and others.

Details of program implement

Characteristics and spatial structure of premixed Low-Lewis-number flames
in stretched flow of two slot burners are studied numerically and
theoretically in the frame of thermo-diffusive model with one-step chemical
reaction. Three different combustion regimes are distinguished: twin planar
flames, twin wrinkled flames and multiple flame tubes. In the multiple
flame tube case the continuous flame front surface does not exist and
combustion wave is represented by the set of separate reacting spots of
tube-like form. The regions of existence of different combustion regimes in
fuel concentration / stretch rate plane were determined. It was found that
continuous flames (i.e. wrinkled and planar twin flames) exist inside the
C-shape extinction limit curve obtained in the frame of one-dimensional
model, while flame tubes appear beyond this limit in the entire range of
stretch rates. Investigations of Lewis number effect shown that extension of
Low-Lewis-number counterflow flame flammability limits is related with
the formation of non-planar flame tube structure caused by the effect of
diffusive-thermal instability. Similarities and differences in regime
diagrams and spatial flame structure of stretched premixed flames in
conventional axisymmetric configuration and in slot-jet arrangement are
discussed. Besides that, theoretical and numerical results are compared
with experimental data available in a literature.
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Figurel: Equiscalar surfaces of temperature that are typical for twin cellular flames
(a) and sporadic combustion wave (b) in axisymmetric counterflow configuration.

3. Achievements

An analytical theory is developed that is capable to predict propagation
velocity of flame front consisting of array of separate flame balls. The
numerical simulations of the flame patterns such as self-fragmented and
cellular flames were performed and the verification of theoretical predictions
by experimental data on stretched flames was conducted at qualitative level.
In particular, the structure of the sporadic combustion waves in the divergent
channel and counterflow configuration is studied numerically. In both cases
the cellular flames and sporadic combustion waves exist in near-adiabatic
conditions and at high heat loss intensity, correspondingly. It was shown, that
sporadic combustion wave can be characterized by average flame position and
flame velocity. Dependencies of the velocity of the flame in divergent channel
and of counterflow flames on heat loss intensity are close to each other. The
results of project facilitate creation of effective numerical algorithms that are
necessary for simulations of lean gas burning in practical applications.

4. Summaries and future plans
The future plans include the solution of related problems that contain a hierarchy of
models from the model of flame propagation in a single channel to a model of
collective spread of flames in the adjacent channels describing the filtration gas
combustion in porous media. The development of reduced kinetics models and the
Iinvestigations directed to creation of porous materials by SHS methods will be also
performed.

5. Research results (*x reprint included)

1) Journal Not Applicable.

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

*[1] S. Minaev, R. Fursenko and K. Maruta: Flammability Limits of Low-Lewis-number
Premixed Flames, Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp. 44-45.

[2] I. Terletskii, S. Minaev, K. Maruta: Maximal Efficiency of Combustion Systems with
Countercurrent Heat Exchanger, 7Twelfth International Conference on Flow
Dynamics, Sendai, (2015).

[8] A. Katoch, M. Asad, S. Minaev, S. Kumar: Laminar Burning Velocity of
Methanol-Air Mixtures using Meso-scale Channels, 7welfth International
Conference on Flow Dynamics, Sendai, (2015).

3) Press release
1. FEFU Newspaper, “Ostrov.ru”,
https://www.dvfu.ru/newspaper/news/interview/toplabs-v-dvfu/?sphrase_1d=104549
August 1, 2015. (in Russian)

2. FEFU Newspaper , https:/www.dvfu.ru/program/events/21988/ (in Russian)
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Development of Conservative Kinetic Force Method

Vliadimir Saveliev*t, Shigeru Yonemura**{+t
Filko Svetlana***, Yoshiaki Kawagoe**
*Institute of Ionosphere, NCSRT, Kazakstan
**Institute of Fluid Science, Tohoku University
***7hetysu State University, Kazakhstan
tApplicant, {+IFS responsible member

1. Purpose of the project

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

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

2. Details of program implement

In the Kinetic Force Method the system of molecules is replaced by a set of N
quasiparticles. The renormalized equation for two-particle distribution function
F(v,u) states that the effect of molecular collisions is equivalent to the effect of

rotation around the center on mass of quasiparticle pairs with the angular velocity
Q(v,u), which depends on two velocities of the pair and on one-particle distribution

function f(v). The generator of rotations around axis nis given by the following
equation:

. o 1|0 0

N N 1
o=m-0, 0=—XV, V=0—1, W:.—<v—|—u), — [———]

ov 2 8V:§ ov Ou

Scattering operator Y expressed through the generator 6 reads:

X = 2f dQ, ‘cos 9’ b(v,u)(em; - 1)

where
df df

€ F(v)=F(e™v), i=nx, iw=nXv
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Factorization of eigenvalues of the operator x corresponds to the factorization of
the scattering operator y itself:
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These equations allows us to model the dynamics of the system of molecules due to

collisions by a rotation of the relative velocity v = v —u in quasiparticle pairs
(v,u) with the angular velocity Q(v,u):

do, |cos0|b_ (v, )

At = [ ) ) () g )

where

v’=nn-v+<1—nn-)u, u’=<1—nn-)v+nn-u.

. Achievements

We presented a new expression for angular velocity of rotation in quasiparticle pairs
that provides more efficient numerical calculations. This expression contains
integral on one dimension less than we had earlier. Thus, the advantages of
simulation of rarified flows on the base of two-particle distribution function can be
used more effectively.

. Summaries and future plans

We made one more step for theoretical substantiation of the Kinetic Force Method for
2D/3D numerical simulations of rarefied gas flows. In the future we try:

1. To improve theory for the Kinetic Force Method.

2. To develop the efficient numerical scheme for calculation of the Kinetic Force on

each time step.

Research results (* reprint included)

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

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

*[1] V. L. Saveliev, S. A. Filko and S. Yonemura: Development of Conservative Kinetic For

ce Method, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 178-179.

3) Patent, award, press release etc.

Not Applicable.
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Application of Magneto-Rheological Elastomers to Energy Harvesting

Gael Sebald*{, Masami Nakano**{+t
*LGEF, INSA-Lyon, France
**Institute of Fluid Science, Tohoku University
TApplicant, T¥IFS responsible member

Purpose of the project

Magneto-Rheological Elastomers (MRE) exhibits a magneto-mechanical coupling, i.e.
a dependence of the shear modulus on the magnetic field and a dependence of the
magnetic permeability on the shear strain. It can therefore be utilized for energy
conversion, such as vibrational energy converted into magnetic one, and through
induction in coils, into electrical one. In the framework of energy harvesting from
vibrations, the use of soft polymers offers the advantages of being low-cost and
mechanically very soft compared to their piezoelectric counterparts.

Within this project, we aim at evaluating and enhancing the capability of MRE for
energy harvesting by working on three complementary aspects:

1. Elaboration and optimization of the material
2. Modeling and characterization
3. Application to the design of an energy harvesting demonstrator

Details of program implement

During the previous year, the two first aspects of the research objectives were
investigated. Both isotropic and anisotropic MR elastomers were fabricated and
tested at IFS from Prof Nakano expertise and facilities. Their magneto-magnetic
properties were quantified and preliminary energy conversion densities were
estimated through Dr Sebald 5 weeks stay at IFS last August.
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ol i —'_.,_-::'r Fell elgirumesr porm ‘
iy | e B = g
T ﬁ teprerrand] ddclave=s é&% i} =i
R =
A h b tparch col _'&4 42 3|,—amEimr,m o2 [+ .
Figure 1 : Characterization bench for Figure 2 : Mechanical properties
MRE properties measurements dependence on static magnetic field

Achievements

In this work, a quadratic model for the elastomer was developed (for the coupled
properties), which allowed predicting the low-field behavior of the material.
Both isotropic and anisotropic MRE were fabricated at the IFS and characterized.
Magneto-Rheological Elastomer (MRE) fabrication consists in dispersing 70 wt%
carbonyl iron particles in an elastomer matrix (Silicone rubber). In case of
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anisotropic MRE, a static magnetic field (0.3T) was applied during curing of the
matrix. An experimental characterization bench was developed for measuring both
mechanical properties dependence on magnetic field and the dependence of magnetic
permeability on shear strain (see figure 1). A clear dependence of the mechanical
properties on magnetic field was successfully measured (see figure 2).

Their properties were then estimated and the energy conversion capabilities were
calculated. It is found that energy conversion in the range of a few md.cm-3 is
feasible for shear strain levels of 40%.

However this simplified modeling shows major limitations in high field zone. Further
work will focus on deepen the physical mechanisms responsible for the
magneto-mechanical coupling including the saturation of the coupled property with
the magnetic field.

4. Summaries and future plans

We applied for a “New (progressing present project)” IFS Collaborative Research
Project for 2016 fiscal year. The project gathers Pr Masami Nakano, Dr Gael Sebald,
Pr Jean-Yves Cavaillé, and Dr Mickaél Lallart (from INSA-Lyon). This research topic
will be developed strongly in the framework of UMI ELyTMaX laboratory created
beginning of 2016 in Tohoku University. Both Pr Jean-Yves Cavaillé and Dr Gaél
Sebald are working in this new lab since April 2016. The main goals of the extended
collaboration will be the achievement of efficient magneto-rheological (MR)
elastomer featuring significant susceptibility change with the applied shear stress
and the development of a fully working demonstrator for vibrational energy
harvesting. This includes the developments of the material and new mechanical
architecture together with its electrical interface. A side results will be the
development of an efficient model for MR elastomers.

These objectives will be achievable by combining the expertise of Prof. Nakano’s
group with the knowledge of permanent members of ELyTMaX in terms of material
physics, characterization and modeling, and INSA-Lyon in terms of macroscopic
modeling, energy conversion and harvesting. It is therefore expected significant
advances in the above-mentioned fields, yielding publications in peer-reviewed
journal and possibly joint patenting on the material and techniques.

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] Gael SEBALD, Masami NAKANO, Application of Magneto-Rheological Elastomers
to Energy Harvesting, Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp. 58-59.

3) Patent, award, press release etc.
Not Applicable.
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The Continuous Spectrum in the Moore-Saffman-Tsai-Widnall Instability

Stefan G. Llewellyn Smith*t, Yuji Hattori**{%, Makoto Hirota**
*Department of Mechanical and Aerospace Engineering, UCSD
**Institute of Fluid Science, Tohoku University
tApplicant, T+IFS responsible member

1. Purpose of the project

High-Reynolds number flows are dominated by vortical structures. The instability of
coherent vortex structures is fundamental to the aircraft wake problem, which
affects flight operations near airports. Vortex filaments are unstable to a number of
instabilities: the long wavelength Crow instability, the short wavelength
Moore—Saffman—Tsai-Widnall (MSTW) instability and the ultra-short wavelength
elliptical instability. We consider the initial-value problem for the MSTW instability
in the case of smooth profiles, for which the continuous spectrum is critical.

2. Details of program implement
Professor Llewellyn Smith visited the Institute of Fluid Science during the period
August 31-September 4, 2015. During this visit, Professors Llewellyn Smith and
Hattori discussed work on the two-dimensional MSTW instability and on vortex
filaments with density differences. Professor Hattori talked about the collaborative
research at ICFD2015.

3. Achievements

Professor Llewellyn Smith has continued to work on algorithms to compute steady-state
vortex patches and Sadovskii vortices in strain. These finite-amplitude exact nonlinear
solutions are the natural generalizations of the basic states oringially used by Moore and
Saffman, which have infinitesimal strain. The algorithm solves a Riemann problem
numerically, and is potentially more flexible than previous strategies that have been
used to compute free-surface flows. These basic states can then also be used in stability
calculations to understand the effect of finite-amplitude rather than infinitesimal strain
on the MSTW instability. Density and surface tensions effects can be included in these
calculations.

Professor Llewellyn Smith has also been working on a numerical method based on
slender vortex filament theory to compute the motion of vortex filaments in the presence
of buoyancy and surface tension effects. Such flows constitute the next step beyond line
vortices, which are rectilinear. Since they are not steady-state structures, understanding
their dynamics is important even before considerations of stability.

Professor Hattori has studied the MSTW instability of a destabilized vortex pair.
Concentration of vorticity due to selective decay was discovered as in the case of 2D
Taylor-Green vortices, but the effect was rather weak. Selective decay is caused by
reconnection of vortex tubes (Fig. 1).
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Figure 1: Vortex reconnection in a turbulent vortex pair.

4. Summaries and future plans

5.

Future work on the MSTW instability requires synthesizing a number of results obtained
by the PIs, including the two-dimensional Taylor—Green vortex calculations, the
time-dependent exact two-dimensional solutions using Laplace transforms (numerically
and analytically) and the relation to the finite-amplitude Sadovskii basic states.

Works on the MSTW instability were initially motivated by the question of the stability of
vortex rings. Video sequences of bubble rings show how robust these are. They stay
smooth, suggesting that surface tension may be stabilizing the interface. It is natural
therefore to consider the effect of density discontinuities and surface tension both on the
MSTW instability and on vortex rings.

Work on the unsteady vortex filament calculations will elucidate non-trivial basic states
(e.g. vortex knots). The instability of the vortex ring will be revisited in the presence of
density differences in the core. The effect on the geometric optics calculation is
particularly interesting, because density effects have previously not been considered
much. The usual kinematic wavenumber transport equation would not seem to depend on
density, so presumably the effect of density will manifest itself as coupling together
different solutions in different regions. The curvature instability occurs at the cross
points of dispersion curves of the Kelvin waves which have internal structures inside the
vortex ring. These cross points may vanish for the hollow vortex ring, but the density
jump and surface tension can give rise to other instabilities.

Finally the stability of the Abrashkin—Yakubovich family of vortices will be considered.
These have a Lagrangian formulation, which will require some technical developments.

Research results (x reprint included)

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

Not Applicable.

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

international conference without peer review)

*[1] Y. Hattori, M. Hirota, S. G. Llewellyn Smith: The continuous spectrum in the
Moore-Saffman-Tsai-Widnall Instability, Proceedings of the Fifteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp.
108-109.

3) Patent, award, press release etc

Not Applicable.
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Classification General collaborative research
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Predictive Kinetic Modeling of Energy Thermalization, Chemical Reactions, and
Compression Wave Formation in Non-Equi | ibrium Nanosecond Pulse Discharges in Air and
Fuel-air Mixtures

Hidemasa Takana*t, Igor Adamovich**§+
Zak Eckert** and Hideya Nishiyama*
*Institute of Fluid Science, Tohoku University,
**Department of Mechanical and Aerospace Engineering,
The Ohio State University, USA
TApplicant, ffnon-IFS responsible member

1. Purpose of the project

The overall objective of proposed research is to provide quantitative insight into
mechanisms of molecular dissociation by electron impact and by quenching of
electronically excited species, “rapid” (sub-acoustic time scale) and “slow” (vibrational
relaxation time scale) heating of the flow, chemically active species formation, and
compression wave generation in nanosecond pulse filament discharges. This insight is
crucial for predictive analysis of high-speed plasma flow control and plasma-assisted
ignition applications.

2. Details of program implement

The present approach uses the reduced dimensionality (1-D axial + 1-D
radial), master equation, nonequilibrium air plasma model (Shkurenkov
2014), developed at OSU under a collaborative project with IFS. The kinetic
model is used to predict time-resolved temperature, Nz vibrational level
populations, and compression wave speed in nanosecond pulse “diffuse
filament” discharges in air and hydrogen-air mixtures, showing good
agreement with the experimental data.

3. Achievements

In the present work [1], kinetic modeling is used to analyze energy partition and
energy transfer in nanosecond pulse discharges in air and nitrogen. The modeling
predictions are compared with time-resolved temperature and N2(v=0-9) vibrational
population measurements by picosecond broadband Coherent Anti-Stokes Raman
Spectroscopy (CARS) and phase-locked Schlieren images of a compression wave
generated due to heating of the discharge filament on sub-acoustic time scale. The
present kinetic model has been previously validated using time-resolved measurements
of N2(v=0-4) vibrational level populations, [N], [O], and [NO] in nanosecond pulse
discharge in air at a lower specific energy loading, as well as time- and spatially
resolved temperature measurements in nanosecond pulse discharges in air and Hz-air
at a lower pressure.

In the experiments modeled in the present work, the diffuse filament, nanosecond
pulse discharge (pulse duration ~100 ns) was sustained between two spherical
electrodes at 100 torr and operated at a low pulse repetition rate, 50 Hz, to enable

— 133 —



A0 TK Vibrabonal staies (rp.y

{0 ik i
R S b st =
) " T
% 3=
et a S ek
e L e 2T} B opmd
d W T (NG . e
oL i '-_. L
5" aF LY " T
T - e 4 TR
00 . vl e Lz
[Bi s i ; W .
. T i
- P SN
] -I.a' ___._.___.._.._l_.l-—l-
= ——- X "
e 10 [y Lk 1 14" 1e°
ime. 3

Figure 1. Left: Experimental and predicted time-resolved gas temperature and “first level” N,
vibrational temperature during and after the discharge pulse in air. Right: Experimental and
predicted N»(v=0-9) vibrational level populations, plotted vs. time after beginning of the main
discharge pulse in air. Symbols: experimental data, lines: model predictions.

rotational-translational temperature and N2 vibrational level population measurements
over a wide range of time scales after the discharge pulse, from tens of ns to tens of ms.
The present analysis is based on a one-dimensional axial model for the discharge pulse,
and a one-dimensional radial axisymmetric model for the afterglow. The model shows
good agreement with the experimental data, reproducing experimental discharge
current pulse waveforms, as well as dominant processes of energy partition and energy
transfer in the discharge and the afterglow. Specifically, the results demonstrate that
energy thermalization and temperature rise occurs in two stages, (i) “rapid” heating,
occurring on the time scale Trapia ~ 0.1-3 ps (in nitrogen) and Zrapia ~ 0.1-1 ps (in air),
dominated by N2(A3Z.*) energy pooling processes, N2(B3IIg) and N(2P,2D) quenching (in
nitrogen), and by quenching of multiple excited electronic states of N2 molecules by Oz
(in air), and (ii) “slow” heating, on the time scale Zsiow ~ 50-500 ps, caused primarily by
N: vibrational relaxation by O atoms (in air), and nearly completely missing in nitrogen
due to the much slower vibrational relaxation rate. Parametric modeling calculations
also showed that pulse wave form with short rise time and high peak voltage leads to
the effective generation of O atoms in air.

4. Summaries and future plans
On-going and future work includes measurements of time-resolved electric field and

electron density in air plasmas (by Thomson scattering and CARS / 4-wave mixing), and
predicting them using a 2-D kinetic model.

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

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

*[1] I. Shkurenkov, I.V. Adamovich, H. Takana and H. Nishiyama: Kinetic Modeling of
Energy Thermalization, Chemical Reactions, and Compression Wave Formation in
Non-Equilibrium Nanosecond Pulse Discharges in Nitrogen and Air, Proceedings of
the Fifteenth International Symposium on Advanced Fluid Information, Sendai,
(2015), pp. 60-61.

3) Patent, award, press release etc.

Not Applicable.

— 134 —



Project code J15066

Classification General collaborative research
Subject area Life science

Research period | April 2015 ~ March 2016
Project status 3rd year

Generation and Transport of Chemical Species in Low-Temperature Atmospheric Plasma
for Sanitization Device

Tetsuji Shimizu*¥, Takehiko Sato**{+
Gregor Morfill*, Hideto Kamiyama***
*terraplasma GmbH,
**Institute of Fluid Science, Tohoku University,
***Graduate School of Engineering, Tohoku University
TApplicant, TTIFS responsible member
1. Purpose of the project

Cold atmospheric plasma has been applied to treatment of living tissues and
microorganisms. This field of science is called plasma medicine. One major application
in this field of science is disinfection and sterilization. Especially in public places, a new
system to inactivate microorganisms 1is required because a number of
antibiotic-resistant bacteria is increasing and a number of newly developed antibiotics
on the market is decreasing. Moreover, nosocomial infection (hospital-acquired
infection) has been seriously reported.

In this project, we would like to discuss the flow propagation mechanism
initiated by cold atmospheric plasma. In the inactivation process by the cold
atmospheric plasma, reactive species which can have an inactivation effect on
microorganisms are produced and transported onto objects. In order to achieve high
efficiency of inactivation, both production and transport of reactive species are
necessary to control. An already built-up set-up for plasma production was used in this
project and we discuss the flow generation by the cold atmospheric plasma.

2. Details of program implement

As already reported in the last years, a plasma discharge system with a pin
electrode and water was used in this project. The pin electrode made of platinum with a
sharpen edge was placed 1 mm above the water surface. The pure water of 0.8 pS/cm in
electrical conductivity was poured in a quartz glass cell of 10 X 10 X 3 mms3. The water
surface level was as high as the height of glass cell. The glass cell was placed on a metal
plate which was electrically grounded.

By applying a high voltage between the pin electrode and metal plate, a plasma
discharge was formed from the tip of the pin electrode to the water surface. The
amplitude of voltage was -7.5 kV with a square waveform and a repetition frequency
was 5 kHz. The plasma production was very local and the diameter of the plasma
discharge was almost as same as the diameter of pin electrode (0.3 mm in diameter).

At high pressure including atmospheric pressure, a plasma discharge can drive
a gas flow because the accelerated ions can transfer kinetic energy to neutrals through
collisions efficiently. The gas flow formation was observed by Schlieren visualization
technique using a high speed camera. A series of photos by the camera was
synchronized with the signals of high voltage and electrical current using an
oscilloscope. Figure shows a series of photos observed by the camera between the pin
electrode and the water surface every 20 ps. At 20 ups, after a peak current
corresponding to a plasma discharge at around 0 ps was observed, a hot spot was
developed around the tip of the pin electrode. The hot spot moved toward the water
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surface with a relatively slow velocity of a few m/s until 100 ps. At 120 ps, another hot
region was created at the tip of the pin electrode. Between 100 and 120 ps, the applied
voltage increased from -7.5 kV to 0 V and several discharge currents appeared. The
newly developed hot spot as well as the previous spot was transported toward the water
surface with much higher velocity of about 20 m/s as shown in the photos of No. 6 -8.
There were two types of gas flow formation observed. One is the slow gas flow
initiated by the discharge when the voltage decreased from 0 V to -7.5 kV. The other gas
flow with higher velocity was initiated by the plasma discharges when the applied

voltage went up to zero. The directions of both flows were same.
LIy 80 s

168 s

Figure: A series of Schlieren photos between the pin electrode and water
surface. At 0 and 100-120 ps, the plasma discharges were ignited.

3. Achievements

The plasma discharge drove the gas flow in the plasma. The gas flow direction
using negative applied voltage in this project was from the pin electrode toward the
water surface. As previously reported, the gas flow direction was also from the pin
electrode to water surface when a positive voltage was applied. This suggests that the
flow direction is independent on electrical polarity, but dependent on mechanical
geometry. Furthermore, there were two types of flow development observed.

4. Summaries and future plans

The atmospheric discharge was produced between the pin electrode and water
surface. By applying a negative high voltage to the pin electrode, two types of gas flow
were observed. Through this collaborative research since years, we found that the
developed flow direction is not dependent on the polarity of electric field.

A further investigation is needed to reveal the mechanism of gas flow
development. We think that the charging on the water surface and mechanical
geometry of the plasma system play an important role to develop a gas flow. Through an
investigation for above-mentioned topics, the understanding of the gas flow formation
becomes clearer.

5. Research results (* reprint included)

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

[1] T. Shimizu, M. Hara, N. Kishimoto, D. Yoshino, G. E. Morfill, and T. Sato: Gas Flow
Formation by Plasma Discharge on Water Surface, International Journal of Plasma
Environmental Science & Technology, 10(2016), pp. 83-87.

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

*[2] T. Shimizu, G. E. Morfill, N. Kishimoto, H. Kamiyama, and T. Sato: Generation and
Transport of Chemical Species in Low-Temperature Atmospheric Plasma for
Sanitization Device, Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp. 78-79.

3) Patent, award, press release etc.

Not Applicable.
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Numerical Study on Gas Lubrication of a Textured Surface in Micro/Nanoscale

Shigeru Yonemura*¥, Yevgeniy Bondar**{¥
Alexander Shevyrin** Pavel Vashchenkov**
Alexandr Kashkovskiy**, Anton Shershnev**
* Institute of Fluid Science, Tohoku University
** Khristianovich Institute of Theoretical and Applied Mechanics,
Siberian Branch of Russian Academy of Science
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, Yonemura et al clarified the
mechanism of high gas pressure generation induced by a textured surface in
micro/nanoscale. However, in order to design the optimal configuration of the surface
texture for good tribological performance, further accumulation of knowledge of gas
lubrication of a textured surface is required. In the present study, numerical
simulations and theoretical analyses are performed in order to understand this
phenomenon in more detail.
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Fig. 1 Computational domain.

2. Details of program implement

The effect of the size of the lubricated region on high gas pressure generation was
investigated. The lubricated surface considered here was the surface with triangular
dimple, whose surface pattern was repeated infinitely in the sliding direction, as shown
in Fig.1. It was found that as the size of lubricated region decreases under the
conditions of a fixed shape of the lubricated region and fixed ambient gas, two opposing
effects, i.e., the “rarefaction effect” and the “miniaturization effect,” appear. The former
increases the sliding speed required to generate high pressure, whereas the latter
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reduces it. The present theoretical analyses showed that the optimum size of the
lubricated region, which minimizes the required sliding speed, is in the transition flow
regime around Kn=10. Figure 2 shows the relation between the sliding speed and the
generated averaged pressure. Let us focus on the required sliding speed to generate one
fixed high pressure. Figure 2 shows that it decreases with increasing Knudsen number
for Kn<10, and reaches the minimum at Kn=10, and starts to increase again with
increasing Knudsen number for Kn>10. This result validates our expectation due to the
present theoretical analysis. Since the sliding speed required in the case of
micro/nanoscale gas lubrication of a textured surface is much smaller than that for
continuum gas lubrication, the former gas lubrication is much superior to the latter.
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Fig. 2 Relation of the superficially averaged gas pressure p, to the sliding speed U.

3. Achievements

We obtained the important and general knowledge about the effects of rarefaction
and miniaturization on the gas lubrication of textured sliding surface.

4. Summaries and future plans
In the second year, we will extend the treated textured pattern from 2D to 3D.

. 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] S. Yonemura, Y. Kawagoe, A. Shevyrin, P. Vashchenkov, and Y. Bondar: Study on
Gas Lubrication of a Textured Surface in Micro/Nanoscale, Proceedings of the
Fifteenth International Symposium on Advanced Fluid Information, Sendai, (2015),
pp. 94-95.

3) Patent, award, press release etc.

Not Applicable.
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Application of Data Assimilation to Aviation Safety System

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

1. Purpose of the project

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

2. Details of program implement

In this study, measurement integrated simulation using incremental four-dimensional
variational (4D-Var) data assimilation method was used for accurate wake vortex
idenfication and the POD reduced order model was used for efficient prediction. The
incremental approach was used to reduce the high computational cost of 4D-Var. In the
incremental 4D-Var, adjoint of a low level grid is used to compute the gradient of
increments. The validation of both methods was performed for an idealized test case
using virtual Lidar measurement. The cost function history and the gradient of
incremental 4D-Var shows good agreement with those of 4D-Var.
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Figure 1: Cost function history and calculation time comparison.
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3. Achievements

The prediction of wake vortex according to atmospheric condition had been done with
virtual Lidar measurement data and data assimilation technique. We have successively
implement incremental method to the four dimensional variational data assimilation
program to improve the and efficiency. Overall accuracy of incremental approach show

similar result with 4D-Var.
N':l'.lh Farvrs

Figure 2 : Wake vortex comparison according to thermal stratification level at t*=5
(ambient turbulence field forcing factor, e*=1e-6)

4. Summaries and future plans

POD method were used for efficient prediction of wake vortex pair. Turbulent kinetic
energy and time had been tested for design variables of POD. As shown in Figure 2, the
errors need to be improved in prediction algorithm of POD when using more than two
design variables. Currently artificial neural network weight estimation is on develop.
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Figure 2 : Rear time prediction of wake turbulence using proper orthogonal
decomposition method

5. Research results (* reprint included)

1) Journal

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

*[1] Junho Cho, Takashi Misaka, Shigeru Obayashi, Yee Kwanjung, Shinkyu Jeong:
Application of Data Assimilation to Aviation Safety, Proceedings of the Fifteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp.
14-15.

[2] Junho Cho, Takashi Misaka, Shigeru Obayashi, Kwanjung Yee, Shinkyu Jeong:
Application of incremental Four-Dimensional Variational Method to Aviation Safety,
The 12th World Congress on Computational Mechanics.

3) Patent, award, press release etc.

Not Applicable.
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Aerodynamic Design and Optimization of High Speed Transport Aircraft

Romie Oktovianus Bura*¥, Shigeru Obayashi**¥+, Koji Shimoyama**
*Faculty of Mechanical and Aerospace Engineering, Bandung Institute of Technology,
**Institute of Fluid Science, Tohoku University
TApplicant, ¥FIFS responsible member

Purpose of the project

The purpose of the present research is to study sonic boom propagation from
supersonic flight through atmospheric turbulence. Initially, sonic boom propagation
is simulated by solving the Khokhlov—Zabolotskaya-Kuznetsov (KZK) equation and
later by general RANS (Reynolds-Averaged Navier-Stokes)-based high fidelity
numerical method and the pressure wave through the turbulence field is estimated.

Details of program implement

In the first year of preliminary study, the research activity is directed in evaluating
loudness effect of supersonic flight, by developing a methodology which is based on
general RANS-based CFD tool that has been used by industries. To simplify the
process, wedge configuration is used and with adaptive mesh for better shock
dynamic capturing (Figure 1, left), because this configuration is relatively easy to be
predicted. This methodology is based on N-Wave evaluation that is produced by
supersonic flight. Then, by doing FFT, N-Wave could be converted to Sound Pressure
Level (SPL) with respect to Frequency to measure its loudness (Figure 1, right).
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Figure 1: Results of mesh adaptive and CFD And N-wave evaluation

The methodology of N wave evaluation is as follows:

+ Data were picked at several location below wedge (in m)

* Peak value is decreasing over distance

* Rise time is increasing distance

+ Converting Sound Pressure Level (SPL) Amplitude by using Fast Fourier
Transformation (FFT)

+  Max dB is following power function (similar to sound propagation characteristic)
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RANS-BASED SIMULATIONS OF D-5END#1

Figure 2 : RANS-based simulations of D-SEND#1

In the 1st year of research, we also carried out RANS-based simulations by
employing the Low Boom Model (LBM), which utilizes a sonic boom reduction
technique in the D-SEND#1 (Drop test for the Simplified Evaluation of
Non-Symmetrically Distributed sonic boom experiment conducted by JAXA that
aimed to validate low boom techniques) experiment, as the present application.
Turbulent field is considered in the atmospheric boundary layer at less than 1000
[m] above the ground. The result can be seen in Figure 2. However, N-Wave could
not be captured due to lack of mesh resolutions. Figure 2 shows the mesh, the
density gradient (for better shock imaging), Mach and pressure contours.

Achievements

> High fidelity RANS-based Industrial CFD tool can be used to predict loudness of
supersonic flight and simulate LBM of D-SEND#1 experiment

» Supersonic flight effects have the same characteristic as sound propagation

Summaries and future plans

For future plans in Year 2 and 3, the following will be carried out:

> Better mesh resolutions for RANS-based simulations

» Extended study is needed to determine its characteristics against shape,
turbulence, flight speed, etc.

» Comparisons between KZK tool and RANS-based numerical method.

Finally, effort will be centered on the incorporation of sonic boom analysis methods

into conceptual design studies of high speed transport aircraft.

Research results (x reprint included)

Journal (included international conference with peer review and tutorial paper)
Not Applicable. However, a journal paper will be prepared based on recent results.
International and domestic conferences, meeting, oral presentation etc. (included
international conference without peer review)

*[1] R.O. Bura, K. Shimoyama, S. Obayashi: Numerical Analysis of Sonic boom

Propagation Through Atmospheric Turbulence, Proceedings of the Fifteenth
International Symposium on Advanced Fluid Information, Sendai, (2015), pp.6-7.

3) Patent, award, press release etc.

Not Applicable.
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Development and Applications of Micro-Motors Consisting of Smart Polymer Rotor and
Dielectric Liquid

Masami Nakano*t, Miklos Zrinyi**{}
*Institute of Fluid Science, Tohoku University
**Laboratory of Nanochemistry, Semmelweis University
TApplicant, Tinon-IFS responsible member

1. Purpose of the project

The rapid development of micro-manufacturing has initiated the development of
electrostatic micromotor to be used in micro-electromechanical systems (MEMS) for
energy conversion. The early attempts to miniaturize the electromotors were
achieved by making a scale reduction of existing motor parts. Due to their
complicated construction, the coils of traditional electromagnetic motor are rather
difficult to miniaturize. In this project, a novel principle has been proposed for
realization of a side drive micromotor, based on the electrorotation phenomena.

2. Details of program implement
We have presented the first direct observation of electric field induced rotation of
epoxi-based polymer rotors. Polymer disks, hollow cylinders and gears were prepared
Fig.1 Polymer disks, hollow cylinders and gears made of epoxy based polymer (SU-8)
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in few micrometer dimensions as rotors. Electrorotation of these sub-millimeter sized
tools was studied under uniform DC electric field. The effect of shape, size and
thickness were investigated.

3. Achievements
We were able to prepare epoxy based polymer showing reproduciable rotation under
uniform DC field. The speed of rotation strongly depends on the strength of uniform
DC field as well as on the size of rotors. The floating disks on oil surface perform
faster rotation than the corresponding disks immersed in oil.
All these measurements provide fundamental information on micro-motor
characteristics which is important for further micro-engineering development.

4. Summaries and future plans
More careful investigation is needed in order to study the effect of size and thickness
on the speed of electrorotation. We plan to investigate SU-8 epoxi-based disks having
diameter from 100 to 1500 micrometer. The thickness will also be varied from 30 to
100 micron. Not only the speed of rotation will be studied, but attempt will be made
to determine the no-load torque of the rotors.

5. Research results (* reprint included)

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

*[1] R.A Bauer, L. Kelemen, M. Nakano, A. Totsuka and M. Zrinyi: Fabrication and
electrorotation of a novel epoxy based micromotor working in uniform DC electric
field, Smart Materials and Structures, Vol. 24, No.10, (2015), 105010(5 pages).

[2] M. Nakano, T. Okumura, A. Totsuka and M. Zrinyi: Micro-motor of EAP Composite

Rotor Rotating in Dielectric Liquid under Uniform DC Electric Field, Journal of the
Japan Society of Applied Electromagnetics and Mechanics, Under review. (In Japanese)

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

[3] M. Nakano, A. Totsuka, T. Ambo, R. A. Bauer, L. Kelemen and M. Zrinyi:
Electrorotation of Epoxy Based Microrotors in Dielectric Liquid under Uniform DC
Electric Field, Proceedings of the 17th International Symposium on Applied
Electromagnetics and Mechanics (ISEMZ2015), Hyogo, Japan, (2015), 2P2-F-3(2
pages).

*[4] M. Zrinyi, M. Nakano: Polymer Rotor for Micro-Electromotor, Proceedings of the
Fifteenth International Symposium on Advanced Fluid Information, Sendai, (2015),
pp.138-139.

[5] M. Nakano, A. Totsuka, T. Ambo and M. Zrinyi: Micromotor of Epoxy based
Electro-active Polymer Rotors in Dielectric Liquid Working Under Uniform DC
Electric Field, Proceedings of JFPS 2015 Spring Conference on Fluid Power System,
Tokyo Japan, (2015), pp.58-60. (In Japanese)

[6] M. Nakano, T. Okumura, A. Totsuka and M. Zrinyi: Micro-motor of EAP Composite
Rotor Rotating in Dielectric Liquid under Uniform DC Electric Field, Proceedings of
MAGDA Conference 2015 in Tohoku, The Japan Society of AEM, Sendai Japan,
(2015), pp.341-346. (In Japanese)

3) Patent, award, press release etc.
(Press release)
The 34th issue the WW-EAP Newsletter, "EAP Polymer Rotor for
Micro-Electromotor", M. Zrinyi and M. Nakano, Vol. 17, No. 2, (2015), pp.15-15.
URL: http://ndeaa.jpl.nasa.gov/nasa-nde/newsltr/WW-EAP_Newsletter17-2.pdf
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Numerical study of Thermal and Chemical Non-Equilibrium Effects in
Near—Continuum Hypersonic Flows

Georgy Shoev***+, Shigeru Yonemura**{f
Yevgeniy Bondar*** Pavel Vashchenkov*
*Khristianovich Institute of Theoretical and Applied Mechanics,
**Institute of Fluid Science, Tohoku University
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Purpose of the project

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

Details of program implement

The main goal of this year was to validate different models of vibration-dissociation
coupling via comparisons with available experimental data. As the first step of the
program we developed a numerical tool for simulation of a high-enthalpy flow of a
binary mixture of nitrogen (N2/N) with non-equilibrium dissociation and vibrational
relaxation. This tool is based on the Navier—Stokes equation in the two-temperature
approximation. ANSYS Fluent is used as the core CFD-solver. The conservation
equation of vibrational energy is added to the system of the Navier—Stokes equations
by using the option of the user-defined scalar transport equation. Translational and
rotational modes are assumed to be in equilibrium, so we distinguish only two
temperatures: translational and vibrational. Source terms describing the
translational-vibrational energy exchange are added to the right hand-side of the
equations of translational and vibrational energy conservation and calculated in
user-defined functions. In order to take into account the vibrational temperature of Ne
in the dissociation rate, it is also calculated in user-defined functions.

The Landau—Teller model is used to describe vibrational thermal relaxation.
The vibrational relaxation time is calculated with the use of a semi-empirical
formula by Millikan and White (Chem Phys, 1963). The following reactions of
dissociation are taken into account: 1) N2 + N -> 3N; 2) N2 + N2 -> 2N + Na. The
kinetic coefficients for the equilibrium dissociation rate constant are taken from
Park (1985, ATIAA Paper-85-0247). The Park and Kuznetsov models are used to
calculate the dissociation rate.

We consider an axisymmetric problem of a steady high-speed (V.=5226 m/sec)
flow around a cone with diameter d=4 cm. The flow consists of a binary mixture of
nitrogen (N2/N) with the mass fraction of the diatomic component equal to Yn2=0.9535.
The incident flow is assumed to be thermally equilibrium at To=Tv.=2420 K and
density p»=0.012 kg/m3. The calculations are performed for different cone angles & in
the interval from 60° to 75°. These cases correspond to those considered in Leyva
(PhD thesis, 1999). The above-described conditions are imposed on the left (inflow)
boundary, while all variables on the right (outflow) boundary are extrapolated from
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the computational domain (Fig. 1a). The cone itself is subjected to no-slip conditions,
and the wall is assumed to be isothermal at the temperature Tw=300 K.

The results of computations are given in Fig. 1. A curved bow shock is observed
in front of the cone, which can be seen in Fig. 1a, 1c, 1d (§ =70°). The bow shock is
normal on the axis of symmetry and the flow behind it is subsonic (Fig. 1a). In
accordance with the Rankine-Hugoniot conditions, the flow parameters behind the
bow shock become different as the distance increases away from the axis. The
expansion fan, emanating from the trailing edge of the cone, accelerates the flow up
to supersonic velocities. The bow shock is detached from the cone at a distance A/d,
which was measured in experiments.

Figure 1b shows a comparison of the stand-off distance obtained in
experiments (“Exp”) and computations with the Park (curve “1”) and Kuznetsov
(curve “2”) models. Good agreement between experimental and numerical data is
observed. Translational-rotational and vibrational temperatures are given in Fig. 1c
and Fig. 1d for §=70°. These temperatures are different just behind the bow shock
and then relax to each other.

T (L ——

i)

0.8 0.8¢

0.6+

S Vg

H 11000 H 11000

N S S
- i 7000 7000
ooz anc anc
0 2 - 3000 3000
Sl PP F RPN (Y L."'"-": i S el ol S el iid
0 0.2 0.4 i i 75 75 i (] i (]
wd 5, deg wid wid

Figure 1 : Results of numerical simulations. (a) Mach number, (b) stand-off distance
of the bow shock, (c) translational-rotational temperature and (d) vibrational
temperature of molecular nitrogen.

Achievements
The expected results were achieved completely.

Summaries and future plans

The numerical tool for simulation of high-enthalpy non-equilibrium flows has been
developed and applied for validation of the Park and Kuznetsov models of
dissociation. The next step is a comprehensive numerical study of a high-speed flow
over a cone in a wide range of flow parameters. Validation of different dissociation
models (Macheret-Fridman, Park, B-model, Kuznetsov and two types of
Marrone-Treanor models) is planned to be performed.

Research results (x reprint included)

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

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

*[1] Georgy Shoev, Pavel Vashchenkov, Shigeru Yonemura, Yevgeniy Bondar

3)

Numerical Study of Non-Equilibrium Flow with Dissociation and Vibrational
Relaxation over a Wedge, Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp. 16-17.

Patent, award, press release etc.

Not Applicable.
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Evaluation of Flow Instability in Tilted Cavity Configuration
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Investigation of Nozzle Flows at Low Reynolds Numbers

Yevgeniy Bondar*f, Kaoru Maruta**{+
Georgy Shoev*, Anton Shershnev***
*Novosibirsk State University,
**Institute of Fluid Science, Tohoku University
***Khristianovich Institute of Theoretical and Applied Mechanics
TApplicant, T1IFS responsible member

1. Purpose of the project

The main goal of the project is twofold: to investigate numerically the flow in the near
field of a plume exhausting from a plane two-dimensional nozzle and to evaluate the
accuracy of the different models which are regarded more accurate than Navier-Stokes
equations but less accurate than the Boltzmann equation for modeling such flows (in
particular, ESBGK model kinetic equation).

2. Details of program implement

Numerical simulations were performed using different approaches: the deterministic
solution of the ESBGK equation and the Navier-Stokes equations. A numerical
technique for solving the model kinetic equations is based on the employment of
reduced distribution functions and uses the discrete ordinate method and high-order
shock-capturing WENO schemes. The Navier—Stokes equations are solved on a
structured grid of quadrilateral computational cells using high-order shock capturing
MUSCL TVD schemes with velocity slip and temperature jump condition on the solid
wall. Computations were performed for the flow of argon exhausting from a plane
wedge-like micronozzle with a A=100 pm throat half-width into the vacuum. To
study the influence of the rarefaction effects on the nozzle flow, computations are
performed for two values of Reynolds numbers, Res= 350 and Res=50. Figure 1
shows comparison of the results of numerical simulations. As can be seen, in case
Rer = 350 profiles are in very close agreement, so one can conclude that in the inner
flow rarefaction effects are moderate and can be taken into account in
Navier—Stokes-based simulation using the velocity slip and temperature jump
boundary conditions on the solid wall.

1T

b Tk
Figure 1 : Distribution of non-dimensional temperature across the nozzle in section
x=0.0001 m.

As expected, in low pressure case, rarefaction effects are much stronger. Close to the
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nozzle exit, the velocity slip on the wall exceeds 20% of the velocity value on the nozzle
centerline and the distribution function near the wall is far from the equilibrium one

due to interference of incoming molecules and those are re-emitted by the wall surface
(See Fig. 2).
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————— e — -
| 1
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|

i %

Figure 2 : Non-dimensional distributions of slip velocity and temperature on the nozzle

3.

4.

2)

surface, Res = 50.
Achievements

All of the expected results were achieved during the project.

Summaries and future plans

Numerical simulations of the flow in a plane wedge-like micronozzle were performed
using two approaches Navier-Stokes equations with velocity slip boundary conditions
on the solid wall and model kinetic equation with the ellipsoid statistical model of
collision term. For Rer= 350 a good agreement between continuum and kinetic
approach was observed, except for the corner point near the nozzle exit. In case of
lower Reynolds number Rer= 50 rarefaction effects become more pronounced and
cannot be taken into account using velocity slip and temperature jump boundary
conditions. Comparison of results shows significant discrepancies in flowfields and
distributions of gasdynamic quantities across the nozzle.

The further development of the project is connected to practical applications of the
supersonic micronozzles. One of such applications is the generation of high-speed
collimated beams of microparticles used for printing solid materials on a substrate. It
is well known that collimated beams can be successfully generated by subsonic
(convergent) nozzles. Supersonic (convergent/divergent) nozzles could be used to
create high-speed beams; however, in the supersonic part, flow streamlines are
divergent. So the main goal of future studies is to evaluate the possibility of
aerodynamic focusing in such nozzles. Numerical simulations will be performed
using different continuum and kinetic approaches. Special attention will be paid to
development of the two-phase hybrid code based on the continuum approach for
modelling the gas flow inside the nozzle, the kinetic approach for modelling the gas
flow outside the nozzle, and first-principle, fully kinetic module for the particulate
phases.

Research results (x reprint included)

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

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

*[1] Kaoru Maruta, Yevgeniy Bondar, Georgy Shoev, Anton Shershnev: Investigation of

3)

nozzle flows at low Reynolds numbers, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp. 96-97.

Patent, award, press release etc.

Not Applicable.

— 150 —



Project code J15074

Classification General collaborative research
Subject area Energy

Research period | April 2015 ~ March 2016
Project status New

Investigation of Flame Inhibition Through Radical Scavenging Mechanisms

Vladimir Gubernov*t, Kaoru Maruta**yt
Valeri Babushok*, Taisia Miroshnichenko*,
Olga Larkina*, Nikolai Beliakov*,
Hisashi Nakamura**, Shogo Onishi**
*Engineering School, Far Eastern Federal University
**Institute of Fluid Science, Tohoku University
tApplicant, $1IFS responsible member

1. Purpose of the project

(I to introduce the models with gross chain-branching reaction mechanism describing
the combustion of hydrocarbon fuels in microflow reactor and including the inhibition
mechanism of radical scavenging and modification via the radical-wall interaction or
reactions with inhibitor species; (ii) to investigate how these processes influence the
flame speed, structure and stability and modify the flammability limits.

2. Details of program implement

We numerically study the effect of depletion of the radical concentration on the
properties and stability of freely propagating flames with chain-branching reaction
mechanism (Zeldovich—Barenblatt model) which is supplemented by additional stage of
direct first order reaction of conversion of radicals into the products, which is aimed to
mimic in very general manner various mechanisms of depletion of the radical pool.

It is shown that the properties of the planar deflagration waves directly depend
on the rate of the radical sink reaction, k. The maximum values of the flame
temperature and concentration of radicals as well as the burning velocity are found to
be linearly correlated with k. Two types of critical phenomena related to the
deflagration waves can be observed in the system: the loss of stability due to the onset of
traveling or cellular instabilities and flame quenching due to the fold bifurcation. The
influence of the radical sink reaction rate is manifested as the uniform shift of all
critical parameters to smaller values of the activation energy with the increase of k. It is
found that critical parameter values for the neutral stability boundary and fold
bifurcation are less sensitive to the variation of k, than to the changes of the heat loss
parameter.

The solutions emerging as the neutral stability boundary is crossed in the
space of parameters are investigated. It is found that the pulsating or cellular
combustion waves can be obtained for Lewis number greater or smaller than 1,
respectively. These solutions are illustrated in Figure 1.

The results obtained during the work on the project were discussed and the
plans of future investigation were outlined during the visit of the project research team
members (V. Gubernov, V.Babushok, T. Miroshnichenko) to IFS in 2015. Project
members took part in the 15th International AFI conference and presented the results
of the project.
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Figure 1 : The distribution of radicals in (a) pulsating wave and (b) cellular wave for for
Lewis number for fuel equal to 10 and 0.7, respectively.

3. Achievements

The goals of the project are fully achieved. The generalized model was developed which
describes the premixed hydrocarbon flame propagation and includes the process of
depletion of radicals due to the interaction with reactor walls and/or the reaction with
inhibitor. The role of different mechanisms of radical scavenging on the structure,
properties and stability of premixed flames was studied based on this approach.

4. Summaries and future plans

The analysis undertaken in course of the current project allows to understand to which
extend the depletion of radicals by various mechanisms affects the properties and
stability of hydrocarbon flames. The future research will be aimed to include the details
of specific type of fuel, inhibitor and experimental setup to make the direct comparison
with experimental data possible.

5. Research results (k reprint included)

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

*[1] V.V. Gubernov, S.S. Minaev, V.I. Babushok and A.V. Kolobov, J. Math. Chem: The
effect of depletion of radicals on freely propagating hydrocarbon flames, 53 (2015),
pp. 2137-2154.

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

*[2] V. Gubernov, S. Minaev, V. Babushok, A. Kolobov: Investigation of combustion
waves in the model with chain-branching and redical scavenging, Proceedings of
Fifteenth International Symposium on Advanced Fluid Information, Sendai, (2015),
pp. 46-47.

3) Patent, award, press release etc.
Not Applicable.
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Sergey Taskaev****** Anna Kosogor*

*National University of Science and Technology “MISiS”
**Institute of Fluid Science, Tohoku University
***Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
****Physical-Technical Institute, Immanuel Kant Baltic Federal University
*F*F*Institute of Multidisciplinary Research for Advanced Materials, Tohoku University
wkkk**Chelyabinsk State University
TApplicant, $1IFS responsible member

1. Purpose of the project

Purpose of the project is experimental study of structural, mechanical and
magnetic properties of melt-spun ribbons of XsMnAl (X = Ni, Fe) based Heusler
alloys. Alongside with magnetic properties, mechanical properties (ductility, internal
friction, elastic modulus) which are of considerable importance for practical applications,
will be evaluated in wide ranges of temperatures and external stresses.

2. Details of program implement

During the last year, the research was focused on the theoretical study of the influence
of different martensite aging mechanisms on features of martensitic transformations
and on experimental evaluation of structural, transport and magnetic properties of
NiMnlIn and NiMnAl-based melt spun ribbons.

The results obtained on the Ni-Mn-In films indicated that the transport properties of
the thin films strongly depend on the structural ordering of the films. Specifically,
annealing converts the semiconducting-like character of the resistivity into that typical
for metals. This is due to annealing-induced crystallization of the as deposited films
which are in partially amorphous state. In both the as-deposited and the annealed thin
films the field dependence of the resistivity is negative, which is typical for thin films of
Heusler alloys and can be ascribed to the suppression of the spin disorder scattering.
The influence of Co alloying on transport properties of Ni-Mn-Al melt-spun ribbons was
investigated. Results of electrical resistivity measurements showed that NisoMnsiAlig
and NissCosMns2Alis samples exhibit a temperature hysteresis of the electrical
resistivity which was attributed to a first order martensitic transformation while no
hysteresis was observed in NisCo10MnssAli7 sample. Measurements of the Hall effect
indicated that the Co alloying leads to an increase of carrier mobility.

Aging-induced changes in the features of the calorimetric peak accompanying
martensitic transformation were considered in the framework of phenomenological
theory. Taking into account two different mechanisms of martensite aging, it was
demonstrated that the domination of the internal axial stress contribution narrows the
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calorimetric peak and elevates its magnitude, while the prevalence of the internal
pressure contribution broadens the calorimetric peak (Fig.1).
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Figure 1: Effect of internal axial stress on the temperature dependence of heat flow.

3. Achievements

The main achievements can be summarized as follow.

First, structural, transport and magnetic properties of NiMnIn and NiMnAl-based melt
spun ribbons were evaluated. Second, a phenomenological theory for description of
aging-induced changes in the features of the calorimetric peak accompanying
martensitic transformation was developed.

4. Summaries and future plans

In summary, we have studied experimentally structural, transport and magnetic
properties of melt-spun ribbons of Heusler-based alloys and developed a theoretical
model for description of aging-induced changes in the features of the calorimetric peak
accompanying martensitic transformation.

5. Research results (x reprint included)

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

*[1] M.V. Lyange, M.V. Gorshenkov, A.V. Bogach, M. Ohtsuka, H. Miki, T. Takagi, and
V.V. Khovaylo: Structural and transport properties of NissMnasolnis thin films, Solid
State Phenom., 233-234 (2015), pp. 670-673.

*[2] A. Kosogor, M. Lyange, M. Zadorozhnyy, H. Miki, T. Takagi, V.A. L'vov and V.
Khovaylo: Influence of different mechanisms of martensite aging on the features of
martensitic transformations, Phys. Status Solidi (b) 252 (2015), pp. 2758-2761.

[3] M. Seredina, M. Lyange, V. Khovaylo, S. Taskaev, H. Miki, T. Takagi, R. Singh, R.
Chatterjee, and L. K. Varga: Electric resistivity and Hall effect of Ni(Co)-Mn-Al
melt spun ribbons, Mater. Sci. Forum 845 (2016), pp. 65-68.

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

[4] V.Khovaylo, M. Lyange, A. Konovalov, M. Seredina, H. Miki, T. Takagi, R.
Chatterjee, L.K. Varga: Transport Properties and Hall Effect of Ni(Co)-Mn-Al Melt-
Spun Ribbons, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 144-145.

3) Patent, award, press release etc.
Not Applicable.
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Project code J15080

Classification General collaborative research
Subject area Fundamentals

Research period | April 2015 ~ March 2016
Project status 1st year

1.

Measurement-Integrated Analysis Methodology for Complex Flow Systems

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

Purpose of the project

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

Details of program implement

International collaboration is performed to apply the novel fluid-structure analysis
and data assimilation schemes of KTH to the measurement-integrated (MI)
simulation of IFS.

Target problems of the proposed project are 1) interaction between a red blood cell
and endothelial cells on a blood vessel wall and 2) analysis method for a turbulent
flow in a hybrid wind tunnel.

IFS side has the numerical analysis code for MI simulation, and experimental
apparatus of the inclined centrifuge microscope (ICM) and the hybrid wind tunnel
(HWT). The frictional characteristics of erythrocytes moving on a cultured
endothelial monolayer on a glass plates can be measured by ICM. A turbulent flow
behind a square cylinder can be analyzed by MI simulation with HW'T.

KTH side has been developed a simulation code for fluid-structure simulation based
on an accelerated Edwald method for Stokes flow coupled to a spectral solver for the
deformation of an elastic membrane. KTH side has strong research activities in flow
control problems including data assimilation methods.

As preparation of this proposal, members of both sides visited counterpart
institutions and discussed about the collaboration.In the case of Conferential
Collaborative Research Project, outlines, date and scale of a conference should be
mentioned here.)

Achievements

1) Establishment of measurement-integrated analysis methodology applicable to
complex flow systems, 2) clarification of the interaction between a red blood cell and
endothelial cells on a blood vessel wall, and 3) establishment of the analysis method
for a turbulent flow in a hybrid wind tunnel.

— 163 —



4. Summaries and future plans

The measurement-integrated analysis methodology for complex flow systems was
established. The three-dimensional fluid-structure interaction analysis was
performed using the biconcave elastic erythrocyte model for the clarification of the
interaction between the erythrocyte and endothelial cells. For future, the method
developed in this collaborative project will be applied to practical problems. The
typical examples are a high Reynolds flow around a car for the optimal design and a
complex flow in an aorta aneurysm for early detection.

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 presentationetc. (included
international conference without peer review)

[1] Toshiyuki Hayase, Suguru Miyauchi, Kosuke Inoue, Luca Brandt, Shervin Bagheri,
and Fredrik Lundell: Measurement-Integrated Analysis for Complex Flow Systems,
Abstract book of China-Japan Joint Workshop on Flow Dynamics and Transport
Phenomena, Tsinghua University, (2015-6-23), pp. 1-2.

[2] Akira Yatsuyagagi, Toshiyuki Hayase, Suguru Miyauchi, Kenichi Funamoto,
Kosuke Inoue, Atsushi Shirai, Luca Brandt: Fundamental Study of Interaction
between Erythrocyte and Endothelial Cell under Inclined Centrifugal Force
(Physical Explanation of Interaction Model), Proceedings of Twelfth International
Conference on Flow Dynamics (ICFD2015), (2015-10-28), pp.320-321.

*[3] Toshiyuki Hayase, Suguru Miyauchi, Kosuke Inoue, Luca Brandt, Shervin Bagheri,
Fredrik Lundell: Measurement-Integrated Analysis Methodology for Complex Flow
Systems: Collaborative Research Overview, Proceedings of Fifteenth International
Symposium on Advanced Fluid Information, Sendai, (2015), pp. 110-111.

[4] Toshiyuki Hayase, Kohei Kawamoto, Suguru Miyauchi, and Kosuke Inoue:
Measurement-Integrated Simulation of Turbulent Flow Behind a Square Cylinder,
Abstract Book of International Workshop on Flow Dynamics and Spintronics, KTH,
Stockholm, (2015-11-12), pp.8. (invited)

[5] Suguru Miyauchi, Toshiyuki Hayase, Luca Brandt, Fredrik Lundell, Shervin
Bagheri: Two-dimensional simulation of interaction between solid wall and capsule
in fluid under centrifugal force field, Abstract book of International Workshop on
Flow Dynamics and Spintronics, (2015-11-13), pp. 22.

[6] JIAHTY:, Fisss, =WHE, B3I, Luca Brandt, Shervin Bagheri, Fredrik

Lundell,/~+ 7"V v RJEWRIZ K 2 AL IR AL O F8L, A AR 7 2 HAb S5 e 51
Wifass - SIS SUEE(USB), No. 2016-1 (2016-3-11), pp. 43-44.

3) Patent, award, press release etc.
Not Applicable.
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Theoretical and Experimental Studies of Local Heating Method in Hyperthermia Treatment
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Study on Radiation Transfer Control by Nano-Micro Structure
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[1] R. Singh, K. Das, J. Okajima, S. Maruyama, and S. C. Mishra: Modeling skin cooling
using optical windows and cryogens during laser induced hyperthermia in a multilayer
vascularized tissue, Applied Thermal Engineering, 89(2015), pp. 28-35.
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*[2] K. Das, S. C. Mishra, J. Okajima, and S. Maruyama: Non-Invasive Detection of a Tumor
in a Human Breast, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp. 66-67.
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Project code J15085

Classification General collaborative research
Subject area Energy

Research period | April 2015 ~ March 2016
Project status 3rd year

Analysis of Transport Phenomena of Oxygen Ion in Solid Oxide Fuel Cell Materials

1.

Takashi Tokumasu*f, Jeongmin Ahn**++
* Institute of Fluid Science, Tohoku University,
** Department of Mechanical and Aerospace Engineering, Syracuse University
TApplicant, tfnon-IFS responsible member

Purpose of the project

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

Details of program implement

In regard to the simulation analysis, a Molecular Dynamics (MD) simulators were
constructed for SrScxCo1x03-s and La1xSrxCo1yFeyOss membrane. The structures of
fuel cell membrane and temperature dependence of diffusion coefficient were
compared with those of experimental data. Moreover, activation energy for the
oxygen ion migration in the membranes was evaluated by Nudged Elastic Band
method. From these results, we have confirmed that the activation energy changes
with the structure of membrane and the activation energy of LaCoOs membrane
shows the lowest value.

Experimental procedures have also been implemented to further characterize the
oxygen diffusion through the newly developed material SrSco1C0090s5 (SSC). The
oxygen chemical diffusion coefficient was calculated using an electrical conductivity
relaxation technique (ECR); electrical conductivity was measured and monitored
over time at a set temperature, ranging from 600°C to 800°C on increments of 50°C,
and initially in an air environment (Poz = 0.21 atm). Nitrogen was then fed into the
environment, abruptly reducing the oxygen concentration in the atmosphere, and the
change in electrical conductivity was monitored to calculate the chemical diffusion
coefficient. Although the chemical diffusion coefficient was found at desired
temperatures, the constructed simulation concentrated on finding the self-diffusion
coefficient, a coefficient similar to chemical diffusion directly related by a
thermodynamic factor.

In order to calculate the thermodynamic factor, a thermogravimetric analysis (TGA)
was used. SSC samples were heated at the same temperature used for the electrical
conductivity relaxation techniques and the surrounding atmosphere was modified to
control the total oxygen concentration. After the material’s mass stabilized in an air
environment, enhancing the oxygen content present in the perovskite material,
nitrogen was fed into the TGA, modifying the materials oxygen concentration and
total mass. After the material's mass reached equilibrium (+5pg), the total
concentration of oxygen in the material could be determined, allowing the
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thermodynamic factor to be calculated using equation below:
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where Poz is the oxygen partial pressure and Cozis the concentration of oxygen in the
material.
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3. Achievements

As for the simulation analysis, we have found that activation energy for the oxygen
ion diffusion varies with the configuration of dopants and vacancies and LaCoO3s
membrane shows the lowest activation energy which means the oxygen ion is most
mobile in this membrane. The experimental results from TGA experiment were
complimentary with self-diffusion coefficients calculated from the constructed model,
with most values nearly matching at high temperatures (>700°C). At lower
temperatures close to 600°C however, there was some discrepancies in the data, since
diffusion coefficients can be difficult to determine due to limited ion mobility. Still,
the work done demonstrates the progress made towards examining oxygen diffusion,
and ultimately ion conductivity using Nernst-Einstein relation, of newly developed
MIEC materials.

4. Summaries and future plans

As for the simulation analysis, there are quantitative disagreements between MD
results of oxygen ion diffusion coefficient and that of the experimental data. To
address this issue, the simulation will be performed in a condition close to that of
experimental analysis. On this condition, charge of the oxygen migration path and
the correlation between activation energy of oxygen ion diffusion and configuration of
membrane will be analyzed. Although some of the calculated self-diffusion results
were similar for some values, the experimental results only examine a limited range
of temperatures signifying a need to not only modify experimental procedure while
examining diffusion values at low temperatures, but also investigate at higher
temperatures on smaller increments. Future work will focus on implementing these
examinations using ECR and TGA. In doing so, the established trends determined
from the experimentation and modeling side become more-well defined and a more
accurate comparison can then be made.

5. Research results

1) Journal

[1] Ryan Falkenstein-Smith, Pingying Zeng, and Jeongmin Ahn: Investigation

of oxygen transport membrane reactors for oxy-fuel combustion and carbon
capture purposes, Proceedings of the Combustion Institute, (2016) in press.

[2] Pingying Zeng, Kang Wang, Ryan Falkenstein-Smith, and Jeongmin Ahn: A
ceramic-membrane-based methane combustion reactor with tailored function of
simultaneous separation of carbon dioxide from nitrogen, Journal of Fluid Science
and Technology, (2016) in press.

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

*[3] Hiroki Nagashima, Takashi Tokumasu, and Jeongmin Ahn: Analysis of transport
phenomena of oxygen ion in an electrolyte of solid oxide fuel cell, Proceedings of the
Fifteenth International Symposium on Advanced Fluid Information Sendai, (2015),
pp.122-123.

[4] Ryan Falkenstein-Smith and Jeongmin Ahn: Perovsite reactor membranes for
Oxy-fuel combustion processes, Twelfth International Conference on Fluid
Dynamics, (2015).

3) Patent, award, press release etc.

Not Applicable.
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Project code J15086

Classification General collaborative research
Subject area Life science

Research period | April 2015 ~ March 2016
Project status 2nd year

Development of a Smart Material with Cellulose

Makoto Ohta*§, Fredrik Lundell**{+f
Go Yamamoto***, Joanna Seller ****
Tetsuya Uchimoto*, Hidemasa Takana*
Yuta Muramoto**** Hiroyuki Kosukegawa®
* Institute of Fluid Science, Tohoku University
**KTH
***Graduate School of Engineering, Tohoku University
**** Graduate School of Biomedical Engineering, Tohoku University

*k*kk* Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
wEFEEFFINSA-Lyon
wkkkkrE*Graduate School of Engineering, Tohoku University
TApplicant, ffnon-IFS responsible member

1. Purpose of the project

We will develop a new smart material based on mixture with cellulose and magnetic
fluid or polymer. The cellulose is developed by KTH.

2. Details of program implement

Cellulose nano fiber (CNF) is now widely attracting researchers who work for materials
and mechanical engineering. CNF enhances the mechanical properties as an additive,
and will develop a smart material.

Ohta et al. put CNF into MMA and performed polymerization. It is the first time to
establish the polymerization with MMA and CNF (Fig. 1). In orthodontic surgery,
drilling technique for insertion of bone screw is one of the important skills for doctors.
Although a plastic or porcine bone is often used as a training model, it is difficult to
simulate realistic situations with conventional bones because the mechanical properties
of the models are too different from those of human bones. Therefore, it is necessary to
develop a bone model with realistic mechanical properties under drilling. Not a few
research works have been done about mechanical properties of bone model under
drilling, but there are few reports mentioning the relationship between materials of
bone model and mechanical properties. Understanding the relationship between
materials and mechanical properties is expected to clear the direction for development
of bone model. The mechanical properties, such as the maximum torque of bone drill,
increase in case of PMMA with CNF.

This year, we found several relationships between mechanical properties and material
compositions.

3. Achievements
Expected result.

4. Summaries and future plans

Harder sample may be attractive.
Figure 1 shows the Tg and dynamic moduli of PMMA. Compared to a real bone, this
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Figure 1: Dynamic moduli for PMMA and temperature of Tg with several composite
materials

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] Yuta Muramoto, Makoto Ohta, Vincent Fridrici, Philippe Kapsa, Gaétan Bouvard:
Mechanical properties for drilling bone biomodel, 27éme Jornées Internationals
Francophones de Tribologie (JIFT2015), (2015).

[2] Yuta Muramoto, Makoto Ohta, Philippe Kapsa, Vincent Fridrici and Gaétan
Bouvard: Study of mechanical properties of acrylic composite for drilling bone
biomodel, International Tribology Conference, (2015).

[3] Makoto OHTA, Vincent FRIDRICI and Philippe KAPSA: Material and Surface
Design for Medical Application, JSPS Core-to-core program, International research
core on smart layered materials and structures for energy saving, (2016).

[4] Y. Muramoto, V. Fridrici, Ph. Kapsa, G. Bouvard, F. Lundell, M. Ohta: Comparsion
of Drilling Behavior of Acrylic Materials Measured by Tribometer, Beijing-Tohoku
Biomechanics Symposium, (2015).

3) Patent, award, press release etc.
Not Applicable.
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Development of a Program for Blood Flow and Cel| Behaviors Based on LBM Method

Makoto Ohta*t, Bastien Chopard**{¥

Daniel Ruefenacht***, Toshio Nakayama ****
K. Srinivas***** Hitomi Anzai******

Guy Courbebaisse******* Mingzi Zhang******** Yyjig Ly*****+**
*Institute of Fluid Science, Tohoku University
**Geneva University
***Hirslanden Hospital
****National Institute of Technology, Tsuruoka College
****¥¥*Macquarie University
wHEFxE*Frontier Research Institute for Interdisciplinary Sciences, Tohoku University
*******INSA-Lyon
Frkdkkrk*Graduate School of Engineering, Tohoku University
TApplicant, Tfnon-IFS responsible member

1. Purpose of the project

To develop a program for analyzing the relation of blood flow to cell behaviors using
LBM method.

2. Details of program implement

The conventional flow diverter stents (FD) have a risk to thrombus formation in a
parent artery. This may be because the stents have lower porosity in comparison with
the conventional stents. Then we introduced and developed an optimization method for
stent design with high porosity. The purpose of this year is to evaluate the effect of
optimization method on flow reduction.

The program of optimization we developed can construct the design semi-automatically
to avoid the hard work of engineers based on Lattice Boltzmann Method (LBM) with a
optimization method called as simulated annealing(SA). The porosity of stent was
changed from 60-90%. The computational simulation of flow in aneurysm was
performed with changing position of struts. The flow reduction in aneurysm using the
optimized struts was compared with that using a symmetric strut design.

The flow reduction of optimized struts is always higher than the symmetric strut under
the same porosity. The optimized stent has 88-95% flow reduction whereas the
symmetric stent has 85-90% flow reduction. This results suggest the optimization has a
potential to improve the flow reduction when comparison with the stent with the
symmetric struts and the same porosity. In conclusion, we confirm the effect of
optimization method to improve the stent design for reducing the flow.

In this year, we developed a program for surveying the best position and the best
distance of struts. And then, the results show a proper position and distance for a
patient specific aneurysm.

3. Achievements
Expected result.
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4. Summaries and future plans
Figure 1 shows the average flow velocity using two struts (one is fixed and the other
is various)
Figure 1: Average flow velocity using two struts (one is fixed and the other is various)
The figure shows there is the best condition (the lowest velocity) at the use of x=0.55.
We will apply this method and program for other aneurysms.

5. Research results (* reprint included)

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

[1] H. Anzai, Y. Yoshida, S. Sugiyama, H. Endo, Y. Matsumoto, M. Ohta: Porosity
Dependency of an Optimized Stent Design for Intracranial Aneurysm, Technology
and Health Care, 23/5, (2015), pp. 547-556.

*[2]  Mingzi Zhang, Hitomi Anzai, Bastien Chopard, Makoto Ohta:
Manufacture-Oriented Design Optimization for a Flow Diverter Stent Using
Lattice Boltzmann Method and Simulated Annealing, Advances in Structural and
Multidisciplinary Optimization - Proceedings of the 11th World Congress of
Structural and Multidisciplinary Optimization (WCSMO-11), (2016), pp.310-315.

[3] Mingzi Zhang, Hitomi Anzai, Bastien Chopard, Makoto Ohta: Towards the
Patient-specific Design of Flow Diverters made from Helix-like Wire: An
Optimization Study, Biomedical Engineering Online, (2016), accepted.

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

*[4] Makoto Ohta, Mingzi, Zhang, Bastien Chopard, Xiaobo Han, Yujie Li, Hitomi Anzai:
Development of a Program for Blood flow and Cell Behaviors Based on LBM
Method (third report), Proceedings of the Fifteenth International Symposium on
Advanced Fluid Information, Sendai, (2015), pp.82-83.

[5] ZFalR, HHHEE, TR, KWK, KBE: MBERER AT > MBI 5 H

Ok b~ » 7 &2 W B TZIRAEAT, B A2 2015 FEFRKRE, (2015).
(6] BEAA-f-, ZPElE, KHEME: FHF X ORKIREOEMEINREH A7 > 791 ) i
K774 2015, (2015).

(7] Vs Fois, 2208 Be, KHE (F SRS v 7 OWAFEIZHT 5 A ~ 7 > b OFERHL
EABENTRIVC G- 2 D588, 5 28 [o] N1 42 =7 I > 7=, (2016).

[8] Hitomi Anzai, Kazuhiro Watanabe, Makoto Ohta: Optimal Interval of two struts
relative to aneurysm inflow, VII European Congress on Computational Methods in
Applied Sciences and Engineering, June 5-10, Crete, Greece (2016), invited.

3) Patent, award, press release etc

(Award) Best Student Presentation Award, Visualization of Flow Patterns through the

Aneurysmal Orifice after Flow Diverter Optimizations with Different
Objective Functions, 14th of Nov. (2015), ICS2015, Minzi Zhang.
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1. Purpose of the project

The friction characteristics between medical materials and blood vessel and the drilling
affect the medical device strongly. We will find an effect of medical material on the
frictions using bio-composite biomodel.

2. Details of program implement

Radio-frequency (RF) catheter ablation is a highly effective treatment for many
tachycardias. During catheter ablation, a catheter with an electrode on the tip is
inserted into the heart through blood vessels and placed at the target place which
causing the heart rhythm disorder. RF energy is introduced through the electrode to
destroy the abnormal heart tissue. High output power is necessary for ventricle muscle;
however, the high power may cause complications such as thrombus because of the
excessive temperature on the electrode-tissue interface. We have proposed a new
electrode cooling by making the catheter vibrating to increase the convective cooling
from blood flow which called vibration ablation catheter. Contact force between
electrode-tissue is a major factor which may affect the electrode cooling by vibration. In
this study, we investigated stent friction on PVA-hydrogel model and established a
method for the leakage.

Figure 1: Stent replacement in PVA hydrogel biomodel with fixed thickness of wall and
15% concentration of PVA.

3. Achievements
Expected Result.
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4. Summaries and future plans
Several studies concerning friction between organs and medical devices were
performed. This year achieved that the friction will be affected by the relationship
between organs surface and medical devices. As future plan, we will establish the
phenomena of these medical devices.

5. Research results (k¢ reprint included)
1) Journal (included international conference with peer review and tutorial paper)
[1] Chang-Ho Yu, Tae-Kyu Kwon, Chan Hee Park, Makoto Ohta and Sung Hoon Kim:
Comparative analysis for evaluating the traceability of interventional devices using
blood vessel phantom models made of PVA-H or silicone, Technology and Health
Care, 23/s2 (2015), S301-S310.
[2] Yasutomo Shimizu, Makoto Ohta: Influence of plaque stiffness on deformation and
blood flow patterns in models of stenosis, Biorheology, 52/3 (2015), pp.171-182.

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

[3] Kaihong Yu, Tetsui Yamashita, Shigeaki Shingyochi, Kazuo Matsumoto, Makoto
Ohta: Lesion Size Comparison of Catheter Ablation between Open Irrigation and
Vibration under No Flow Condition, FKighth Asian-Pacific Conference on
Biomechanics, (2015).

*[4] Makoto Ohta, Yuta Muramoto, Vincent Fridrici, Kaihong Yu, Philippe Kapsa:
Research of Friction and Drilling on Bio-composite Model (third report),
Proceedings of the Fifteenth International Symposium on Advanced Fluid
Information, Sendai, (2015), pp.84-85.

[5] K¥§ Z&°F, LiYujie, W& JEAfE, HH E, KH F: A7 N7 7Oz RY—
JEBIO~A 7 L—a VR invitro ®T VOB, 28 [ENS AT =T
VoS, 1 H 9-10 B, FULTHERY:, H L

[6] Kaihong Yu, Makoto Ohta: Development of Evaluation System for Cardiac Ablation
Catheter on Electrode Cooling and Tissue Temperature, International Workshop on
Flow Dynamics and Spintronics, (2015).

[7] Kaihong YU, Vincent FRIDRICI, Philippe KAPSA, Makoto OHTA, Evaluation of
Tissue Heating for Radiofrequency Ablation Using a Vibrating Catheter, 7FC ELyT
Workshop 2016, October 6-8, 2016, Tohoku University & Miyagi Zao Royal Hotel,
Japan (2016).

3) Patent, award, press release etc.

(Award) Best poster Award, “The Effect of Vibration Ablation Catheter on the
Temperature of the Electrode under 30 gf”, Kaihong Yu, Feb. 20, 2015, The
ElyT workshop.
Best poster award, Taihei Onishi , Yujie Li , Shusaku Oppata , Tadashi Idei ,
Simon Tupin, Makoto Ohta, Introduction of Evaluation of Endoleak in Ink
Flow Study, A{KE T5% v Ry w4 2016, 2016 429 A 17 A(+), 18 A(A),
NIRRT 7 UV RAZ LA— )VEBESEYS, .
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*[1] Rieko Sudo, Takashi Tokumasu, Shigeo Yasuhara, Kazuo Satoh, Yoshitada Shimizu,

3)

Takesi Rachi, Satomi Tanaka, Chihiro Kato, Manabu Yasui, Satoru Kaneko: Growth of
Multigraphene on 10B Pencil Drawn Paper Irradiated by Femtosecond Laser,
Proceedings of the Fifteenth International Symposium on Advanced Fluid Information,
Sendai, (2015), pp. 100-101.
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*[1] Y. Mukai, D. Takahashi, T. Ogawa, K. Hamada, K. Etchuya: Study of molecular recognition
mechanism in protein GPI modification: a bioinformatics analysis of interaction between
GPI-anchored proteins and modification enzyme, J. Biomech. Sci. Eng., 11, 15-00361, (2016),
1-7.

*[2] K. Etchuya, Y. Mukai: Structural characteristics around O-glycosylation sites in mammalian
proteins, J. Biomech. Sci. Eng., 10, 14-00249, (2015), 1-6.
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[3] K. Etchuya, H. Sugita, T. Kikegawa, K. Hamada, N. Takachio, N. Kato, M. Ohta, Y.
Mukai: Correlation between physicochemical properties of protein signal sequence
variation and subcellular transportation, Proceedings of the Fifteenth International
Symposium on Advanced Fluid Information, Sendai, Japan, (2015), pp. 86-87.

[4] H. Sugita, N. Takachio, N. Kato, H. Kaku, M. Ohta, Y. Mukai: Comparative study
between mammal and plant GPI modification mechanism, Proceedings of the twelfth
International Conference on Flow Dynamics (ICFD 2015), Sendai, Japan, Oct. 2015.

[5] D. Takahashi, T. Ogawa, K. Etchuya, K. Hamada, Y. Mukai: Protein recognition
mechanism for GPI modification, Proceedings of the twelfth International Conférence on
Flow Dynamics (ICFD 2015), Sendai, Japan, Oct. (2015).

[6] H. Sugita, N. Takachio, N. Kato, H. Kaku, Y. Mukai: Comparative analysis of GPI
modification mechanisms between human and plant proteins focusing on signai-peptides,
Pacific Symposium on Biocomputing (PSB) 2016, Poster presentation, Hawaii, USA, Jan. 6,
(2016).

[7] D. Takahashi, H. Sugita, T. Ogawa, K. Hamada, K. Etchuya, Y. Mukai: Interaction between
GPI-anchored proteins and GPI transamidase, Pacific Symposium on Biocomputing (PSB)
2016, Poster presentation, Hawaii, USA, Jan. 6, (2016).

[8] H. Sugita, N. Takachio, N. Kato, H. Kaku, M. Hayafune, Y. Mukai: Comparative study
between mammal and plant GPI modification mechanism, 40th FEBS Congress, Poster
presentation, Berlin, Germany, Jul. 8, (2015).

[9] D. Takahashi, T. Ogawa, K. Hamada, K. Etchuya, Y. Mukai: Functional analysis of GPI
transamidase with molecular phylogenetic tree, 40th FEBS Congress, Poster presentation,
Berlin, Germany, Jul. 8, (2015).
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The Theoretical Modes of the Wake Flow of Road Vehicles

Chenguang Lai*t, Shigeru Obayashi**¥+, Yuting Zhou***, Kaiping Wen*, Zhigang
Yan*, Sujuan Yu*, Chao Man*, and Chang Luo**
* Chongqing Institute of Automobile, Chongqing University of Technology
**Institute of Fluid Science, Tohoku University
*** Institute of Chemical Engineering, Chongqing University of Technology
TApplicant, TTIFS responsible member

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

2. Details of program implement

The shape of automobile is optimized by combining CFD software and genetic
algorithm, which i1s used to analyze the multivariate and multi-objective
problems. In the optimization process, the front-windshield inclination angle
(A1), angle of roof and the horizontal surface (A2), the rear-windshield
inclination angle (A3), diffuser angle (A4), and approaching angle (A5) are
parameterized as variables (as shown in Figure 1). Making the minimum
aerodynamic drag, aerodynamic lift is 0 and the minimum pressure of the
roof as the objective functions of the design space. The results of genetic
algorithm about the optimal combination of the variables are validated by
wind tunnel experiments (Figure. 2). Data mining technology is also applied
to evaluate the relationship between the five design variables and the three

1

objective functions.

Figure 1: The research model and its ~ Figure 2: The genetic algorithm results
parameterized variables are validated by wind tunnel experiments

3. Achievements

Non-Dominated Sorting Genetic Algorithm I is successfully applied to
vehicle aerodynamic shape optimization, and 9.5% drag reduction was
achieved in the premise of other aerodynamic objectives. The results also
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reveal that the rear shape has the largest influence on the vehicle
aerodynamic performances.

E" .Jrf‘_.ntfll

<SS

Figure 3: Some examples of the results of the genetlc algorithm (Left is the sensitivity
analysis chart and right is the self-organizing map neural network from left to right)

4. Summaries and future plans

Summaries: The aerodynamic shape optimization of road vehicle is carried
out with Non-Dominated Sorting Genetic Algorithm II. The results show that,
the optimized body shape by the genetic algorithm successfully decreased the
drag coefficient by 9.5%, and the accuracy of results is verified by wind
tunnel test, the genetic algorithm has guiding significance and practical
application value on the appearance of cars aerodynamics optimization and
improvement.

Future plans: take the method of Non-Dominated Sorting Genetic Algorithm
IIto investigate influence of the different rear shapes of vehicles on the
transient topologies of the wake flow, thus further study and conceive the
form of the eddy motions on the wake of road vehicle.

5. Research results (x reprint included)
1) Journal (included international conference with peer review and tutorial paper)
[1] Chen-guang LAI, Chao MAN, Kai-ping WEN, Zhi-gang YAN, Meng-hua DUAN:
Numerical study of cooling characteristics for blanking in hot stamping [J],
Hydromechatronics Engineering, Vol. 43, No. 6 (2015), pp. 27-31.

*[2] Chen-guang LAI, Meng-hua DUAN, Yan ZHUANG, Yong-yan CHEN: Effect of
blade dip angle on internal characteristic of hydraulic retarder [J],
Hydromechatronics Engineering, Vol. 43, No. 12 (2015), pp. 37-40.

[3] LAI Chen-guang, YAN Zhi-gang, REN Bo-qi, et al: Aerodynamic Characteristics
Study Under Ground Effect of Uniderectional-Wing [J], Journal of Chongqing
University of Technology (Natural Science), 2016 (2): 1-5.

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

*[4] C. Lai, X. Chen, et al: Aerodynamic Optimization of Vehicle Shape Based on Genetic
Algorithm, Proceedings of the Fifteenth International Symposium on Advanced
Fluid Information, Sendai, (2015), pp.34-35.

[5] M. Duan, C. Lai, et al: Design space exploration on Combustion Chamber of Diesel
Engine Based on Response Surface Method, Proceedings of Twelfth International
Conference on Flow Dynamics, Sendai, (2015), pp.700-7.

[6] Z. Yan, C. Lai, et al: Aerodynamic Optimization of Vehicle Shape Based on Genetic
Algorithm, Proceedings of Twelfth International Conference on Flow Dynamics,
Sendai, (2015), pp.794-795.

3) Patent, award, press release etc.

Not Applicable.
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Measurement of Diffusion Coefficient Through Artificial Micro and Nanopores

Gary Rosengarten®f, Atsuki Komiya**j+
*School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University,
**Institute of Fluid Science, Tohoku University
TApplicant, $¥IFS responsible member

1. Purpose of the project
Quantitatively measure the mass diffusion field through nano-micro pores using
phase-shifting interferometer equipment, the results will be supported by theoretical
analysis. Biomimetic design based on these pores will help design low energy

membranes for filtration.

2. Details of program implement
In this research, the interferometry setup developed by Prof. Komiya from
Tohoku University was used to precisely measure the transient diffusion field
through the nano-micro pores. Figure 1 shows the interferometry setup, a diffusion
observation cell and micro pore plates. The phase-shifting interferometer was used to
the series of visualization experiments. These experimental results will be used to

validate a computational model.

(a) Photo of phase-shifting interferometer  (b) Diffusion cell (c) micro pore plates
Figure 1: Experimental setups for visualization of diffusion process.

3. Achievements
A series of visualization experiments measuring the diffusion process in aqueous
solution through several holes (30 pm in diameter shown in Fig.1) in a solid plate
were performed at Tohoku University using the phase-shifting interferometry setup.
Figure 2 shows a typical experimental result. By analyzing the visualized diffusion
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field, mass flux in the vicinity of pore plate was obtained. From the results of these
experiments, it was clear that the mass flux varies temporally and it reaches
different plateau value. It means that the mass flux can be controlled by using the
nano-micro pore structure.
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Figure 2: temporal variations of mass flux in the vicinity of pore plate.

4. Summaries and future plans
A series of visualization experiments of hindered diffusion process has been
conducted to examine the diffusion through a nano-micro pore plates. By analyzing
the visualized diffusion field, mass flux in the vicinity of pore plate was obtained, and
controllability of mass flux using pore plates was suggested. Continuously the
visualization experiment is conducted and the relationship between mass flux and
pore size will be evaluated.

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] Atsuki Komiya, Evaluation of Several Dependencies of Protein Diffusion Coefficients
by Precise Visualization of Diffusion Field, Proceedings of the Twelfth International
Conference on Fluid Dynamics (2015), pp.360-361.

[2] Atsuki Komiya, Trial of Optical Experiment for Precise Visualization of Protein
Diffusion Field and Its Evaluation, 2015 National Heat and Mass Transfer
Conference in China, Keynote, (2015).

3) Patent, award, press release etc.

(Patent)

Not Applicable.
(Award)

Not Applicable.
(Press release)

Not Applicable.
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Transport Phenomena of Nanoscale Water Droplet in a Nano Pore

Akinori FUKUSHIMA*, Takashi TOKUMASU**%, VERGNE Philippe ***+}
*Graduate school of Engineering, Tokyo University of Agriculture and Technology
**Institute of Fluid Science, Tohoku University,

*¥** LaMCoS, Université de Lyon
TApplicant, fnon-IFS responsible member

1. Purpose of the project

Recently, many useful mechanical and energy devices that have nm-order structure
are realized. Factors to determine the efficiency of these small devices are mass
transport phenomena in devices. Many papers report that when substances are in
nm-order structures, their transport properties are greatly different from those in
macroscopic case. We have focused on the droplet shearing phenomena. In both
macroscopic and microscopic cases, a liquid-vapor interface has nm-order thickness. In
the macroscopic case, the friction force between droplets and solid walls can be written
with contact angle and its surface tension coefficient. On the other hand, when a
channel size is in nm-order scale, the relation between the velocity and the contact
angle is not known in detail. Therefore the momentum transport through the
liquid-vapor should be clarified. In this study, we focus on effects of liquid-vapor
interface onto the momentum transport phenomena seen in the interface region.
Moreover, we evaluated the effects of the wettability on the forces. To calculate much
larger system, we employ Ar atoms as a liquid component.

2. Details of program implement

We evaluated friction forces between an Ar droplet and honeycomb walls using a nano
channel model shown in figure 1. The velocity of the upper wall was set at 10 m/s and the velocity
of the lower wall was set at -10 m/s. To keep the system at the constant temperature, the temperature of
the second outside layers of the slabs was kept constant in all time steps by velocity scaling method. The
temperature was set at 75 K. Figure 2(a) shows the force on the liquid-vapor interface. Red
circles show the force evaluated with shear stress, and black squares show the force
evaluated with contact angles. We evaluate the friction force with contact angles only
when the interaction parameter between Ar atoms and wall atoms is 8x1022 J. we
calculated the friction force on the liquid-vapor interface with the yz component of
stress tensor distribution on yz plane. The friction force is increasing with increasing
the interaction parameter. Moreover, the force evaluated with contact angles is smaller
than forces evaluated with stress tensor. To clarify this difference, we focus on the shear
stress distribution on the yzplane. Figure 2(a) shows the shear stress distribution along
the y direction on the lower wall in the case that the interaction parameter between Ar
atoms and wall atoms is 8x1022 J. The shear stress at the center region of the panel is
almost constant. This region can be recognized as the bulk region. Moreover the region
where the peak structures can be seen, and it can be recognized as the liquid-vapor
interface region. Around the y=y1, the shear stress is slightly larger than that on the
bulk region. It can be said that this difference is the origin of the difference of between
force with shear stress and the force with contact angles.
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Figure 1 Channel model. Yellow dots show Ar atoms and gray dots show wall atoms.
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Figure 2 (a) Shear stress distribution in the case that e=8x107* J. (b) Interaction parameter
dependence of force on the interface. Red circles show the force evaluated with shear stress, and
black squares show the force evaluated with contact angles.

3. Achievements

In this project, we expected to clarify the momentum transport phenomena on the
liquid-vapor interface. We have obtained the important and sufficient results. We will
write full papers as soon as possible.
4. Summaries and future plans

We have evaluated the force on the interface region and the center region and its

interaction parameter dependence. Moreover, the difference between the definitions has
been also clarified. As a result, it was clarified that the force on the interface is
increasing with increasing the interaction parameter. Moreover, we compared the force
evaluated with the shear stress is larger than the force evaluated with contact angles
when the interaction parameter is 8X1022 J. The force evaluated with the contact angles
is smaller than the force evaluated with the shear stress. The origin of this difference
can be thought the slightly large shear stress near the interface.

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] Akinori Fukushima, Nicolas Fillot, Takashi Tokumasu, Philippe Vergne:
MOLECULAR DYNAMICS SIMULATION OF A DROPLET SHEARED BY
SOLID WALLS, 42nd Leeds-Iyon Symposium on TRIBOLOGY, Lyon, September
7-9, (2015).

*[2] Akinori Fukushima, Nicolas Fillot, Takashi Tokumasu, Philippe Vergne: Molecular
Dynamics Study of the Momentum Transport by the Droplet Shearing, Proceedings
of the Fifteenth International Symposium on Advanced Fluid Information, Sendai,
(2015), pp. 128-129.

3) Patent, award, press release etc.

(Patent) Not Applicable.

(Award) Not Applicable.

(Press release) Not Applicable.
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Specifications for numerical model

 Tsunami: Euler element (260,288 elements)
*  Water gate and prop : Lagrange element
(22,728 elements) [Concrete section : Rigid
body, Water gate : FElastic-plastic body]
*  Flotsam: Lagrange elements (Rigid body,
Specific weight: 0.9, Total mass 1.1 ton)
(1,260 el elements)
* Initial velocity of tsunami: 3.0 m/s
* Size of water gate:  width: 5.0 m, height: 2.5 m

Fig. 3. Computational geometry for lumber mixed tsunami impacting a water gate.

The lumber mixed tsunami’s hydrodynamic impact behavior for a water gate

Next, the effect of flotsam mixing on the impact force of the tsunami was numerically predicted.
In the present computation, the lumber mixed tsunami’s hydrodynamic impact behavior for a
water gate was performed. Figure 3 shows the computational geometry for lumber mixed
tsunami impacting a water gate, and the specifications of computational model items including
the initial numerical conditions. For the dynamic material characteristics, it was assumed that
the concrete section had a rigid body and the water gate had an elastic-plastic body.

Figure 4 shows the numerical results of the lumber mixed tsunami’s hydrodynamic impact
behavior on the water gate. The computation was performed with lumber and without lumber
to study differences of tsunami impact behaviors. In Figure 4, the color contours in the water
gate represent different magnitudes of stress. Interestingly, the change in flexibility and impact
stress of the water gate by the impact of lumber mixed tsunami was numerically reproduced.
Figure 5 shows the effect of flotsam (lumber) in the tsunami on the impact force to the water
gate. It was found that the impact force of lumber mixed with a tsunami was two times greater
than that of single phase tsunami (without flotsam case).

— 213 —



160

Fig. 4. Lumber mixed tsunami’s hydrodynamic impact behavior on the water gate.
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Fig. 5. Effect of flotsam (lumber) mixing with tsunami on impact force for the water gate.



Computation of a flotsam mixed tsunami behavior by SPH (Smoothed Particle
Hydrodynamics) method

In the final computation, we constructed the SPH method to investigate the interaction
between a tsunami and structures, and also to investigate the damage of a flotsam mixed

tsunami on land structures. For the numerical modeling, we assumed the following mixed
tsunami flow conditions.

A flotsam or obstacle was carried away by the backwash of the first wave of the tsunami,
and then pushed by a second wave of the tsunami.

The flotsam went onto the shore and collided with the land structure.

To analyze these phenomena, we used the computational geometry which demonstrates two
small tanks impacting a large tank, as shown in Fig. 6. The tsunami wave was assumed to
break down within collapsing rectangular water column as it collided with the small tank and
began to move the small tank because of the impact force of the tsunami. These small tanks
in the tsunami wave then collide with the large tank which is fixed to the ground. The small
cylindrical tanks were assumed to be filled with oil, and were regarded as obstacles or flotsam

SPH element : 943,950 o "’:l I!T'lmil
1038.31 N/
Total nodes : 316,400 g A
7850.0 20
Water column:
6.7m x 12m x 20m
Rigid body or

Elastic-plastic body model

Large cylindrical tank (land
Small cylindrical tank (obstacle or structure);

flotsam, oil inclusion): 8.0m dia. x 8.0m height
4.0m dia. x 4.0m height

Rigid body model

Fig. 6. Computational geometry for small tank mixed tsunami impacting a land structure.

within the tsunami with a slip boundary condition relative to the ground. The large cylindrical

tank was fixed to the ground, and was assumed to be hollow (empty) with a shell thickness of
20 mm.
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Figure 7 shows the SPH numerical results of the flotsam mixed tsunami. The flow
characteristics and behavior of its interface deformation and collision with the land structures

were clearly simulated.

Velocity Schol

(a) Small tank mixed tsunami flow characteristics and its impact behavior on a land structure

(b) Pov-RAY rendering result

Fig. 7. Flotsam mixed tsunami flow characteristics and behavior of its interface deformation and
collision with a land structure by SPH method.
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Fig. 8. Impact stress profile of land structure while flotsam mixed tsunami impingement by SPH
method (Color contour denotes the scalar magnitude of stress in land structure).

Impact force by tsunami  [N]

R I

S =TS

P

T =

=fmdT

Ramialtimi feres wcting on Tha slaad bacly @ X—lrmetiem v T imes

Flotsam mixed tsunami
(Secondary wave)

Single phase tsunami (without flotsam,
leading wave)

Time

Fig. 9. Effect of flotsam mixing with tsunami on the impact force with a land structure.
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Figure 8 shows the impact stress profile of the land structure with flotsam mixed tsunami
impingement; an elastic-plastic body assumption was applied for the land structure. When the
two small tanks impinge the larger tank land structure the maximum impact stress was
100MPa, and a corresponding maximum plastic strain of 0.0015 was numerically obtained.
Figure 9 shows the effect of flotsam mixing with the tsunami on the impact force to the land
structure. In the case of a single phase tsunami (without flotsam, regarded as a leading wave),
the maximum impact force was 3.5MN. In the case of a flotsam mixed tsunami (regarded as
secondary wave), the maximum impact force reached 42MN. In other words, it was found that
the impact force magnitude of flotsam (small tank) mixed with the tsunami was over 10 times
than that of single phase (without flotsam case) tsunami.

Scale modeling the effect of flotsam mixing on tsunami damage

The flotsam is accelerated by the water flow caused by the tsunami, with its motion and
hydrodynamic force dominated by the inertia of the water and flotsam and by the force of
gravity acting on the water and flotsam. The dominant physical law and similarity law for this
computational system are introduced by following formula.

Dominant physical law: ]
v=-
Buoyancy: |F, = Apgl’ P
\L 2.2
Inertia: F = pml3 iz p, v
t

Similarity law:

F, 2 : .
==l Pl (Froude number of flotsam mixed tsunami)
F| |Apgl
v2
T, = p — (Froude number of single-phase tsunami)
g
oo Z—’” — (Effect of flotsam mixing on tsunami damage)
& 4

where Ap is the density difference between flotsam and seawater, P is the mixture density

of tsunami, gis the gravitational acceleration, vis the velocity, /is the characteristic length,
and #1is the time. According to the above analysis, it was found that Froude number was
suitable to evaluate the effect of mixing of flotsam on the tsunami impact damage. As the
mixture density increased, namely, the amount of flotsam became larger and the density
difference between flotsam and seawater became smaller, the damage of the mixed tsunami to
the land structure increased. The scale effect of the mixture density and the density difference
between flotsam and seawater became the dominant factors for tsunami impact force and
damage prediction.

Therefore, quite reasonable results have been obtained by the present computations in which
the land structure received much greater damage by the impingement of a small tank mixed
tsunami as compared to that of the lumber mixing case.
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Experimental approach for tsunami scale modeling

To validate the numerical results on the height and traveling velocity of a tsunami wave,
University of Kentucky students conducted the 1/1000t and 1/2000th scale model during the
ME 565 course for the Great East Cost Earthquake generated tsunami in March 2011. A
commercially available detergent was added to water to reduce the surface tension force for
the scale model to approximately satisfy the Weber number, a ratio of the inertia and the
surface tension forces. A series of color photographs including Figure 10 were taken during
the experiments, which showed the scale model tsunami shape and behavior surprisingly
similar to the full scale tsunami reported by a Japanese TV news. The moving speed of
tsunami was roughly correlated by the #rnumber scaling although the source term was not
scaled, since the full scale data was not available at that time. This is another surprise for
validity of this simple scale model experiment.

Fig. 10. A color photo taken from side for the 1/1000® scale model generated tsunami.

Conclusions

1. Two different supercomputing approaches, including the ALE method (Arbitrary
Lagrangian-Eulerian Method) and SPH method (Smoothed Particle Hydrodynamics
Method), were used to investigate flow characteristics of a flotsam mixed tsunami.

2. The flotsam mixed tsunami behavior associated with interface deformation and collision
with land structures was reasonably reproduced by the supercomputing methods.

3. The impact stress profile of land structures with flotsam mixed tsunami impingement
was computationally predicted. As a result, it was shown that the impact force of a flotsam
mixed tsunami would be over 10 times greater than that of single phase tsunami
(without flotsam case). It was also found that the scale effects of mixture density and
density differences between flotsam and seawater is the dominant factor for tsunami
impact force and damage prediction.
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1) Magnetorheological elastomers for energy harvesting

A Magneto-Rheological Elastomer (MRE) exhibits a magneto-mechanical coupling, i.e. a
dependence of the shear modulus on the magnetic field and a dependence of the magnetic
permeability on the shear strain. It can therefore be utilized for energy conversion, such as
vibrational energy converted into magnetic one, and through induction in coils, into electrical
one. In the framework of energy harvesting from vibrations, the use of soft polymers offers the
advantages of being low-cost and mechanically very soft compared to their piezoelectric

counterparts.
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Both isotropic and anisotropic MRE were fabrication at the IFS and characterized. Magneto-
Rheological Elastomer (MRE) fabrication consists in dispersing 70 wt% carbonyl iron particles in
an elastomer matrix (Silicone rubber). In case of anisotropic MRE, a static magnetic field (0.3T)
was applied during curing of the matrix. An experimental characterization bench was developed
for measuring both mechanical properties dependence on magnetic field and the dependence of
magnetic permeability on shear strain (see Fig. 2). A clear dependence of the mechanical

properties on magnetic field was successfully measured (see Fig. 3).
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on static magnetic field

2) Metamagnetic Shape Memory Alloy Plate for Energy Harvesting Device
In this study, shape memory behavior on the Ni-Co-Mn-In film and plate are investigated for

the practical application as a magnetically driven actuator device. Ni-Mn-In alloy film and plate
containing Co were fabricated by a sputtering and a novel powder molding technique. The MT and
one-way SME induced by controlling the temperature were observed on both, and the MT
temperatures decreased with increasing magnetic field.

Following experiments were carried out to verify the one-way SME behavior of the film by
heating and applying magnetic field. The film was initially bended from flat to 65 degree at room
temperature and recovered its shape by heating. Further, a filed induced shape recovery was
observed when the partly shape recovered film of 45 degree residual bending at 363 K was set under
the magnetic field. Shape recovery process from 0T to 3T is shown in Fig. 4. It shows the possibility
of metamagnetic SME and the possibility for magnetically actuated devices.

0T
(A3 K)

Fig. 4 Shape recovery process of the heat-treated Ni-Co-Mn-In film by applying the magnetic field.
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3) Development and Performance Evaluation of High Temperature Electromagnetic Acoustic

Transducer Using Air-cored Pulsed Electromagnet

This study proposes an EMAT that uses an air-cored pulsed electromagnet to overcome
the Curie temperature limitations of these devices. For the purpose, we design the air-cored
electromagnet, which can apply a sufficiently high magnetic field, and fabricate a prototype
EMAT using high temperature materials as shown in Fig. 5. To evaluate the performance of
the proposed EMAT, pulse-echo waveforms are measured under high temperature conditions.
To increase the signal-to-noise ratio of the echo signals, the pulse-echo waveform is discussed
in the frequency. As a result, the echo signals are successfully obtained over the temperature
range from RT to 700 degrees C, and the reduction of shear wave velocity with increasing
temperature is confirmed as shown in Fig. 6.
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1. Purpose of the project

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

The theoretical axisymmetric Busemann intake is generally regarded as producing an
efficient compression field and is often used as a basis for hypersonic intake studies.
The axisymmetric full Busemann intake for a Mach 8 freestream can achieve a total
pressure recovery of 97% and uniform outflow in inviscid flow, with the 3% loss
occurring over a downstream conical shock wave at the end of the initial isentropic
compression. Boundary layer losses, on the long (and heavy) isentropic surface, of such
intakes, can lead to as much as a 50% decrease in total pressure recovery. The presence
of the boundary layer also has a considerable effect in modifying the inviscid flow (Fig.
1). These two factors suggest that the ‘inviscid’ intake should be shortened and that the
effect of such shortening on the inviscid core flow be compensated so as to retain as
much as possible of its original performance.

o2

i [y

4
Figure 1 : Inviscid (top) and viscous (bottom) Busemann intake flowfields (Mach
number)

Intake stunting (axial contraction) has been suggested as a shortening method to
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improve the overall performance of the Busemann intake. These studies noted that
mode transition of the centerline shock reflection occurred from a configuration with an
infinitesimally small Mach disk, resembling a regular reflection (which is prohibited
theoretically at the axis) to that with a distinct Mach disk (stem), as seen in Fig. 2. The
intermediate transition process is characterized by highly unsteady, complex flow
structures including a toroidal (ring) vortex, as shown in Fig. 3. The variations of the
centerline pressure in the stunting process in inviscid flow indicated that the shock
reflection features a reflected shock in the two-shock regular reflection before mode
transition and a three-shock Mach reflection after transition. Simulations for the
reverse (stretching) process revealed possible existence of hysteresis during mode
transition of shock reflection.

[ [

Figure 2 : Centerline shock reflection in stunted Busemann intakes before/after
transition (Mach number). Left: apparent regular reflection, right: Mach reflection

e el

;',‘:: bk v

Figure 3 : Flow structure of centerline shock reflection in stunted Busemann intakes
(Mach number and adaptive grid). Left: during mode transition, right: Mach reflection
after transition

New theories are required to predict the shock behavior in the axisymmetric regime,
where the axis singularity prohibits the existence of regular reflection at the centerline.
On the other hand rather sparse literature is available for studies investigating the
physics and behavior of Busemann intakes in the rarefied gas environment.
Experimental investigation is also needed to verify the flowfields and shock structures
in the stunted Busemann intakes due to significant impact on the intake performance
as well as for purely scientific interest. An experimental study is to be conducted in a
supersonic wind tunnel by employing so-called M-flow intake rings, which are shaped to
produce conical shocks of constant strengths to focus on the centerline. To preserve the
inviscid flow and its pressure distribution it is necessary to correct the surface shape of
the wind tunnel models by the boundary layer displacement thickness.

The overall project aims to fill this gap in the body of knowledge by scrutinizing
flowfield characteristics and elucidating the driving mechanism in both continuum and
rarefied flow regimes in a best practice approach coupling theory, computation and
experiment to be realized by international collaboration. This Multiple Collaborative
Research Project in Year 2, in particular, has been conducted in order to develop a
method for the viscous correction of stunted (axially contracted) Busemann intakes and
assess the capability of the designed method in a numerical approach. The flowfield in a
rarefied gas has also been examined by means of the Direct Simulation Monte Carlo
(DSMC) method to investigate the flow behavior in the low-density atmospheric
environment at a high altitude.
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2. Details of program implement

The overall research project is designed to be conducted in international collaboration,
consisting of two phases: The first stage examines intake flowfields in numerical and
theoretical approaches, focusing on Mach reflection (MR) in the stunted (axially
contracted) Busemann intakes, comprising two elements considering continuum flow
and rarefied gas, as outlined below, whereas the second stage conducts experimental
Investigation, as described later in Section 4:

(a)

(b)

The shock structures and behavior in continuum ambient conditions are to be
studied numerically by probing into inviscid and viscous transitional flowfields
with high-fidelity computational fluid dynamics (CFD) solvers for hypersonic flow
at Mach 8, respectively. Analytical investigation is conducted in light of the shock
wave theories and shock polar analysis. The resultant flowfields are examined
carefully to detect the occurrence of MR hysteresis, with particular attention to the
intake configurations and flow conditions where mode transition was observed
formerly. The numerical studies are primarily conducted by researchers at RMIT
University and McGill University by utilizing commercial and in-house CFD
solvers, whereas the analytical studies are performed primarily by researchers at
RMIT University and Ryerson University.

The characteristics of intake flowfields in rarefied flow environments are
investigated by applying a DSMC (direct simulation Monte Carlo) code to airstream
at large Knudsen numbers due to large mean free path, assuming high-altitude
flight conditions at Mach 8. The characteristics and behavior of shock structures
are examined by performing a simulation with a mean free path of molecules
corresponding to a Knudsen number of 0.003. Comparison is to be made with the
continuum flowfield obtained from the CFD simulation. This study is primarily
conducted by researchers at ITAM by employing the in-house DSMC software.

Conditions and configurations

The Busemann intake captures a uniform hypersonic airflow at Mach 8 with a
static pressure and temperature of 1,197 Pa and 226.5 K, respectively. The full
intake length i1s 3.215 m and the intake entrance radius is 0.335 m with a
contraction ratio of 11.2. The compression ratio is 33.0 and 49.7 for the inviscid and
viscous full Busemann intakes, respectively. Stunting is achieved by contracting
the original Busemann intake in the axial direction. Stunting leads to changes in
the compression ratio, while the intake entry and exit diameters and hence the
contraction ratio and the mass flow rate remain constant. The Reynolds number
based on the intake exit radius of 0.1 m is 3.01x105.

Computational fluid dynamics

For continuum flow simulations, the intake flowfields are computed by utilizing a
commercial high-fidelity code CFD++, which solves the Navier-Stokes equations
implicitly with 2nd-order spatial accuracy, assisted by multigrid convergence
acceleration. The advanced wall-function technique is used for near-wall treatment
and turbulence is modeled by the two-equation SST k—w RANS model. The air is
treated to be a calorically perfect gas with a specific heat ratio of 1.4. The intake
surface is set to be adiabatic for viscous simulations. The axisymmetric
computational domains are represented by two-dimensional fully structured
meshes. The domain for the stunted Busemann intakes is composed of 220,000 cells
(1,101 nodes along the wall and 201 nodes in the wall-normal direction). The
minimum cell thickness on the wall is 10> m for viscous computations, which
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provides a dimensionless wall distance value y* of 1.4.

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

Boundary layer correction

Boundary layer profile data is obtained by extracting wall-normal data planes from
CFD solutions. A total of 51 data planes were deemed sufficient to capture the
distribution of the displacement thick- ness for both the Busemann and M-flow
geometries. In both of these cases, there are wall normal gradients that extend well
beyond the boundary layer edge. This is particularly true for the mass-flux
tangential to the wall, and there- fore the calculation of displacement thickness &*
is highly dependent on the calculation of boundary layer thickness &, which defines
the limit of integration in the following equation:

oI

where n is the wall-normal coordinate and subscript e denotes the boundary-layer
edge values.

An edge detection method based on profiles of total enthalpy is used. Since
computations are performed with an adiabatic boundary condition, it is assumed
that the total enthalpy of the flow outside of the boundary layer is equal to the
freestream value, which limits any total enthalpy gradients to the boundary layer
region. The search for the boundary layer edge begins at the wall and the edge is
found when the following conditions are satisfied simultaneously: (a) Total enthalpy
is within 1% of the freestream value; (b) The gradient of total enthalpy with respect
to the wall normal distance is zero. The final distribution of displacement thickness
is then smoothed using a simple 3-point moving average, which results in a
distribution sufficiently smooth for the CFD.

The process is performed in an iterative manner until convergence is achieved with
respect to the mean-squared error given by

| » | 3
y!llm STt I.1 .}rm 6‘]
Nl \
where Nis the number of data points; yinv and yris are the radial coordinates of the
point k£ (1 < k< N) on the intake wall in inviscid and viscous flows, respectively. The
radial position of each node point k& on the intake wall is updated for the next

iterative step by

il }’;m, :‘_
y“l’lﬁ y\iia _5‘ y\'lﬂi

until convergence is achieved by satisfying ymse < &, which is set to be 107 here.
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3. Achievements

Results

The viscous correction methodology has been applied to the stunted Busemann
intakes. Figure 4 displays the progression of the mean-squared error for various
intake lengths. Convergence to 10-7 is achieved in fewer iterations for highly
stunted intakes and in more iterations, up to seven, for less stunted ones.
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Figure 4 : Progression of viscous correction process with respect to the
mean-squared error ymse of intake surface geometries for stunted Busemann
intakes of various length

Plotted in Fig. 5 (left) is the progression of the intake contour shape iterations
during the viscous correction process starting initially with the inviscid geometry
till convergence at the final iteration step for the full Busemann intake. The intake
contour is updated most significantly from the initial geometry at 7 = 0 to the next
step 7 =1 for all intake lengths, followed by rather minor modifications that occur
mainly near the intake exit in the subsequent steps. The velocity profiles
(normalized by the freestream velocity) at the exit plane of the full Busemann
intake at sequential iterative steps, 7 = 1 to 4, are shown in Fig. 5 (right) in
comparison with the inviscid profile. A typical flat core flow is achieved in four
iterations over almost entire original inviscid exit area. The effects of the boundary
layer require opening the intake from a radius of 0.1 m to 0.126 m, as indicated by
the boundary layer velocity profiles plotted in Fig. 5 (right).
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Figure 5 : Left: geometry progression (not to scale) in the viscous correction process

starting with the inviscid geometry (= 0), right: progression of velocity profiles at

the intake exit during the viscous correction iterative process for the full Busemann
intake
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Figure 6 : Mach number distributions of the inviscid and viscous-corrected
flowfields for the full Busemann intake (right: close-up)

Figure 6 compares the inviscid flowfield for the original stunted geometry and
viscous one for the boundary-layer corrected geometry for the full Busemann intake,
showing nearly identical flow structures except a slight difference in the vicinity of
the focal point, as seen in Fig. 6 (right).
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Figure 7 : Comparison of centerline pressure distributions for inviscid, viscous, and
viscous-corrected flowfields in the continuum flow regime and that in the rarefied
gas environment

A comparison of centerline pressure results from the various simulation types, for
the full Busemann geometry, is shown in Fig. 6. Considerable similarity can be seen
between the inviscid flowfield with the original geometry and the viscous one with
the boundary-layer corrected geometry in term of (1) perpendicular pressure rise at
the focal point except a small overshoot (2) smooth upstream pressure distributions,
in contrast to the viscous flowfield for the original geometry, which indicates an
initial pressure increase at x=-1.1 m due to the impingement of a shock caused by
the boundary layer displacement at the leading edge. The centerline pressure in the
rarefied gas is characterized by a higher pressure peak at a further downstream
location. This is associated with the downstream presence of the focal point, as seen
in Fig. 7, where the flowfield is compared to that for the viscous-corrected geometry,
which results in a nearly identical flowfield to the inviscid flow, as seen in Fig. 6.
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Figure 7 : Comparison of the Mach number distributions of the B.L.-corrected viscous
(top) and rarefied gas (Kn=0.003, bottom) flowfields for the full Busemann intake

— 242 —



Achievement level

The present research project has progressed to a stage where various interesting
characteristics for centerline shock reflection and its mode transition have been
revealed by means of high-fidelity numerical simulations performed for stunted
Busemann intakes. It has also highlighted the importance of verification of the
aerodynamic phenomena including Mach reflection mode transition and its
hysteresis by comparison with experimental results. Experimental validation then
requires a reliable and accurate viscous correction method in order to reproduce the
features of inviscid flow in the wind tunnel environment.

Such an effective and robust viscous correction methodology has been developed by
coupling viscous CFD computations with a wall correction method based on local
boundary layer displacement thickness, whose edge is detected, based on the total
enthalpy profile. This iterative process has successfully been applied to stunted
(axially contracted) Busemann intakes for Mach 8 freestream, as described above,
as well as M-flow intake ring geometries in Mach 2 supersonic freestream (results
are not shown in this report) so as to be used in the prospective experiments to be
conducted in the supersonic wind tunnel at Institute of Fluid Science, Tohoku
University, as mentioned as a future plan in Section 4.

The experimental study to be conducted using the model designed with the viscous
correction method will play a pivotal role in the verification of the MR transition
and its hysteresis as well as the establishment of the new criteria to predict the
occurrence of such phenomena. Fundamental difference in the shock structure
between the continuum flow and rarefied gas regimes has been identified. The
results obtained here will serve as the basis for the following research to be pursued
in order to elucidate the driving mechanism of the hysteresis (if it exists) and to
gain further knowledge for the reliable and efficient operation of high-performance,
Inner-compression, axisymmetric airbreathing engines at various altitudes and
atmospheric conditions, as per the objectives described in the expected results.

4. Summaries and future plans

Summaries

This activity report has described the purpose, methodology, and progress of the
Multiple Collaborative Research Project on the intake physics for high-speed
airbreathing propulsion being undertaken in international collaboration by
researchers in Australia, Canada, Russia, and Japan. In particular it focuses on the
physical characteristics and behavior of the shock waves and their reflection at the
symmetry axis (centerline) in the axially contracted (stunted) Busemann intakes,
which can have crucial influence on the intake performance and engine operation.
Abrupt changes in the shock structure associated with Mach reflection (MR) mode
transition were observed in the stunting process simulated by high-fidelity CFD
(computational fluid dynamics) solvers. A possibility of MR transition was been
suggested in the course of stunting and reverse (stretching) process simulations
performed in the numerical investigation in the preceding General Collaborative
Research Project in Year 1 (project code J14054).

In order to enable high-quality experiment, which is essentially required for the
verification of aerodynamic phenomena and intake design numerically examined, a
robust and effective viscous correction method has been developed with an iterative
approach employing a boundary-layer edge detection technique based on the total
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enthalpy profile in the present project. The viscous-corrected geometries have been
shown to reproduce the inviscid flow conditions with a high degree of accuracy,
validating the approach. Overall, an improvement has been achieved in the
reproduction of the initial inviscid fields, which indicates that the methods outlined
here can be usefully employed to improve the design of axisymmetric internal
compression intakes for viscous flows, offering promise to the experimental testing
that shall follow this endeavor. Physical insights have also been gained into the
characteristics of shock waves and their reflection in the Busemann intake in the
rarefied gas environment, which have been found to differ significantly from those
in the continuum flow regime as a result of a numerical study by means of the
Direct Simulation Monte Carlo (DSMC) method.

Future plans

1)

2)

Experiments will be conducted in the supersonic wind tunnel with a Mach 2 nozzle
at Institute of Fluid Science, Tohoku University in the General Collaborative
Research Project in Year 3 (project code J16090). They will employ the annular
forebody of the Busemann contour on the verge of MR transition as well as so-called
M-flow ring intake geometries which can generate desired shock reflection, so as to
ensure flow visualization of shock reflection at the axis of symmetry. These
experimental models will be designed by applying the viscous correction capability
developed in the present study. Further numerical investigation will be conducted
in order to draw a conclusion to the existence of the hysteresis of MR transition and
elucidate the driving mechanism (f existent) in the continuum flow regime as well
as to scrutinize the underlying physics responsible for the difference observed in
the intake flowfield in the rarefied gas regime.

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)
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