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The 57th Term in Retrospect
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Inauguration Address as the 58th President
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Yasuyuki TAKATA (Kyushu University)
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Report from the Award Selection Committee of the Heat Transfer Society of Japan 2018
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Yasuyuki TAKATA (Kyushu University)
e-mail: takata@mech.kyushu-u.ac.jp
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1.4 B#E (Contribution Award of the Heat Transfer
Society of Japan)
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On Receiving Scientific Contribution Award of the

Heat Transfer Society of Japan
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Takashi Kodama (The University of Tokyo)
e-mail: kodama@photon.t.u-tokyo.ac.jp
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On Receiving Scientific Contribution Award
of the Heat Transfer Society of Japan
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Shenghong JU (The University of Tokyo)
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It was my great honor to receive the prestigious
Young Researcher Award of the Heat Transfer Society
of Japan at the 56th National Heat Transfer
Symposium held at Tokushima. I would like to
express my deep appreciation to all professors who
have ever given me guidance and recommendations,
to all the selection committee members, and to all
collaborators and friends from whom I learned and
benefited a lot through various collaborations and
discussions.

The

Nanostructures for Phonon Transport via Machine

awarded research work  “Designing
Learning” is conducted under Professor Junichiro
Shiomi’s supervision since I joined the University of
Tokyo as a postdoctoral researcher in 2015. It was
supported by “Materials Research by Information
Integration” Initiative (MI’I) project of the Support
Program for Starting Up Innovation Hub from Japan
Science and Technology Agency (JST).

With the development of nanoelectronics, there is
new demanding of novel materials with ultimate
high/low thermal conductivity for the thermal design.
However, designing optimal thermal materials is a
challenge due to the tremendous degrees of freedom in
the composition/structure of crystal compounds and
nanostructures. Besides, as the length scale of
semiconductor materials reaches nanoscale, the deep
of
interference and resonance effects in superlattices,

the

coupling constructive/deconstructive  phonon

nanocrystals, and nanocomposites makes
designing and optimization more complicated.
Materials informatics (MI), which combines the
simulation/experiment with machine learning, is now
gaining great attention as a promising tool to
accelerate the search of novel thermal materials.

During the past few years, novel and universal

=

2019427 H

-11 -

framework has been developed for designing
nanostructures, which combines phonon transport
calculations with insights from informatics algorithms
including Bayesian optimization, Monte Carlo tree
search, transfer learning and quantum annealing.

As case studies, we applied Bayesian optimization
to design silicon-germanium (Si-Ge) composite
nanostructures that minimize or maximize the thermal
conductance across the Si-Si and Si-Ge interfaces,
which are important in thermoelectric applications.
The optimal structures were obtained by calculating
only a few percent of the more than 60,000 candidate
the

process and saving computational resources. The

structures, considerably accelerating design
structures are also nonintuitive. The structure with
minimum thermal conductance was found to be an
aperiodic superlattice with a significant reduction in
conductance compared to the best traditional periodic
superlattice. It is worth mentioning that the MI-based
design algorithm can be easily extended to transport of
other quasi particles (e.g. electron, photon, magnon)
beyond the phonon transport.

Up to present, our collaborators have successfully
extended the application of MI to thermoelectrics and
thermal radiations. The application of MI to heat
transfer is expected to expand in various forms of heat
transfer (conduction, convection and radiation), from
nano to macro scales, and from simulations to
experiments in the near future.

I will move to China-UK Low Carbon College,
Shanghai Jiao Tong University as an associate
professor from July this year. With the encouragement
of this award, I will continue the MI application on
developing novel low carbon energy materials. I
sincerely look forward to your continuous support and
collaboration in the future.

J. HTSJ, Vol. 58, No. 244
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o R, Al (lEEKRT)
R CRrE] ORBROR™)

!
TR A (5477‘]7 2

L(EERT) , BA EA (HILRSZRE)
=), R P (ARG R AR F)

Yoshihiro DEGUCHI, Yuzuru NADA (Tokushima University), Shinobu MUKASA (Ehime University),
Naoto HARUKI (Okayama Prefectural University), Shohji TSUSHIMA (Osaka University),
Yoshihiro KONDO (Hitachi Academy Co., Ltd.), Hiroshi KAWAMURA (Suwa University of Science)
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Physical properties Symbol | Unit Ga®’In?*’Sn'?3 (25 °C) | Gallium (32 °C)
Thermal expansion coefficient | S K! 1.24 x 10 1.27 x 10

Thermal diffusivity K m?/s 1.22 x 107 1.27 x 10

Kinematic viscosity v m?/s 3.22 x 107 3.05 x 107
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Electric conductivity o (Qm)"' | 3.26 x 10° 3.85 x 10°

Prandtl number Pr 0.027 0.026
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1. [XFC&®HIC

Bochit &L, WIRICIREE A)EL & T 72 BRI, 1R
JEBACIZRE S BBEEALT 72 D BIR IO RIZ LY
R SO CTh Y, H<nbHMbNTEY
IRBRTHSH. FRZ, WA RmA KR, Nz
FEHRIC U CERELS [ OIRFE AL % 11 72356 D #)
S, 1900 450> Bénard OBIZL[1], 1906 4D
Rayleigh Ofi#HT[2]LA4, Rayleigh-Bénard (RB) Xt
Wi & FHINRIFEA IR ORI G LE LTH RV 25
D, FOHTY, fb MR IK AR O HAR T
Ko RB *HitlE, HARIA 72 IE B iR & L Caf
JeEN, REEER, Mo, (EEHE, 275
EOMWHER ELRIRMANEE SN TE2[3,4].
—F, BLEOBHRIL, B2 RB i idzeun
HHEEZGLHOHE. ZNE TIC ETEREO
i sR[S]CR M (6], MIRT7], FIEHMER])e &%
A LTBSHERDBHAR SN TE 2R, ERHEO
FRECIX Z 9 LIz 2 3R 2 & Bkt R O B
BRI RToHD.
TAROFEER & Bl Ze RB I IZ e VWESRE T
HY, ZNEEGELEGHROEFIZ . FlzIEK
KORFRTIL, HETED SN AREREL, K
AREBRoTEREA LI, KB LK, Felho
THIRICHEY LS. FHERNETIE, ~v ML
DRIECIE IO ZACITE VIR 2 2 L7223 5
KL TS, S HITHFEICRWTIE, RECE
STIRFEN AR & R\ B B KBS TFIEL, D

TERRITIIZRFEOK NG 70 E DM S BIFR L TV 5.

O LERIZBWTIE, FHEBICHE S iRt
IR bR BRI EE KFEL, —HT
BRHIRIC K D IS0 B 35 O 2L A i R AH R
EEATDHEEZLND. LL, MAEAHIERE
P9 BSHRD Z IV E TOEBRBINIIEIL, KoKW
B9 A OB S b ORIV EH 50
KT, BROBMLRONTET.

Tk, EWEMREE[10,11]2 8 2970 %235k
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TR W B iR EZR A2 1T > T\ 5. Z Ol
BORMEZHIE L, s A 0 b AHE
BB A L TERMAICHET S Z & T, ik
DBKRHTE N T T HESBR A D = X L xR
HLED LT HRATHD. FEBEEZHIE L
c—HEOFEBRIZL Y, FREBEBAE| &k 2 3BT
B ZFHMHHL, £/-frx DA 7r—LH|E R
HEIE,  EEE 228U O 3 LR O BRAZCAR BARF
PEOHIE 7 P12 b HG LED LR END. AR
T, ZHE COYMIFER CHBIE SNkt zs)
RVEAEMTERE, SROBREERNTD.

2. EE

2.1 BRI
AETIHA Y 7o AT 7 U LT 2 ROES
& (poly(N-Isopropyl-Acrylamide), PNIPAM) ¥
K EMAKDIREY Z iRk s LTHWTWS.
Z @ PNIPAM [ZREMRERMEE S FTH Y, i
FEEARIZ X 0 REEFIE R A L = J[12]. T 7eb b,
HRASIEEE T, & 0 ARIE CIIWR KR L, i Tk
KIHES D, D=, KH o PNIPAM OB & w
X1 DX D RIBERFAEZ T, @R CoE
BIIXERFOE & way ISIEWN DD L7 D DXL,
IR T AKIC L D IR R I 5.
ZZTCHEZRDE, PNIPAM ARSI L - T
HRRIRE TR R A LT 5 Z £[11,13]TH
D, KEBRICHITFZET.ZEELTZEE RDHR
EEASEOND T L AMR L TE(14]. £T
T, D% EM%E ETFHEREE Top, Toa DHFHFEICTT S
DAMANZ S 23T, SHRFICABEERE 8 AT 5
Lz Bz ons. £/ RE2EIbLSHES
LT, HAREE (R~1) 25, HEEHRERBE A
2T, AR O RER RS 2 L O REE (R>> 1)
FC, ~HOEREITHOLENTES., ZH9LT
o OB Z ZHIICHE L L5 LW ORK
WROTAT 4T ThDH.
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Heokir#eEte

T

C

41 PNIPAM & & DR KA.
FERTIX, AL 72 PNIPAM Z R4k +um 2
FEIHIRAE L, 0.5wt% CTHIKICIRS L7z b D&
Bk 95, ZOREHIE, R~150 (KEEBRD
ZIETORKE) DOBAIZ, PNIPAM 234312
HK 2 W T 2 (20 ORFIKDBIRI T 1255 D)
LORBRETHD. ok, HEBRBIIAWTHY,
F MR RIC LV Z ORI A 7 — L ITxHi O E 4
IZHARFZICEL o TWD., D10, stiidh
DIARIZE F 415 PNIPAM 138 PHIEE D28 1ki2 9
XK MG L, KR T IRIREE, &R CIRIHE
IREEL 72V, T O#EF Z D PNIPAM % & TeikBR T
Ko HIEE L E BB THZ LD,
2.2 EREESIVERESZAE
ARFEBRCHEHT 23EIX, K2DE 57220 cm
X20 ecm X1 em DY 2 IR ekt E /L TH D,
ZHUC B oRERAE BIET LS. E R L— b
IR CH Y, B L — MIFEERAKIC L 0 HH,
TEZ L— MIERE—Z—ICL WML TEN
ZAL—TEIRSE Top, Toot \ZR D, XM AT AESES.

X 2

X SR
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SR O AL D 7= iz, RBRIIR IS E R+
FLUOSTAR (EBM ) #iE&3 5. ki A0
Mo L—HP—— M (R 532 nm: k) &M
U, 77V VRIBEE R L CHitRREENAZ D AT T
FEET 5. R TIZ kD L —F—8ELEE PIV 7T
T 52 L T2RITIMENMBFHIL DD, hL—
PR LTHERTFEHND I ETLY &
FEOWENAREE 725, Thbb, B AT ORI
0—/NAT7 4 )V H— (B v b 7R 550 nm) %
HATHZ LT, HFRICED /A X&BRELTE,
Wt (B — 7 I E 580 nm : FEA) DHOFg %15
LT ENTESD.

3. ERfEE & KREHD 5 B

ZITIE, ZRETIBEINLEHEZD O b,
e ARk & AR I D S BIE[15,16] &2 /T 5. X
318, FEBRTHE DA SR 722 3 i o AL A
FvFay b (k) %, %S9 5 PIVEES ()
L& HITRT. 2L, IBBIRE T.=50°C, R=70
O PNIPAM % HIW 2 S2BRIZE VT, Tipp = 10 °C,
Toot = 60 °C DEMTHELNZLDOTH S, LD
ZAIEFEISCE DA _EOFE FLIRGEIR 72 SR O
FEIK &, FA S & PHEe LAY SR O REI A R D
N5, ZhbOEII— BRSNS & BRZ%
EWFET S, K3 (F) 1%, Ko AA, BRT
DFED K E K v, vg DR E T2 > R LT
HLDOTHDHN, P Lt 1000 BEIZHTZ->T
VA >>vp OYREENMETZILTWAB Z ERbns.

Z DX 9 FeEnE iR & AR EIR O B ik TR E 7
STBEIIAKROANY T BT A, JRIRKER 7R & O ARG
ETIHBEINTELT, RERO XS ikt
B EEIGAICRADBERTHL EEZ LS.
*7-, HiEk~ o bLsR HIERTE BT D Jis o
B2 AR OIRIEAREN D REIC, F DIE A 58Ik
s To~ T ~DRNBRH Y, FOFIUIREL
LTWTC, ¥Rzt BHor—L UL
BLERERV, <> VN CIE, EEB - Tii~> b
WS 72 IZB T DB R EAE L TEY, BE
DRENTIREEL LTZA Yy ARy S THRAT
%7 N— A[18)% £ 5 BHEZ2 X i [19-21] 23 Z -
TWHEEZLNTWS., 5%, FIZIZEm - T
i~ v MV R LT BB TR O RB XHERCSR
FTIEACRAT AT N — LD FERR LY, <~ b
BGh B LT ARAEROISA LI LA THD.
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TR ORHEFENBEGR T D & B 2 K5 o E
R[15,161%#F 3 5. X4 (k) 1%, PNIPAM (T,
=40°C, R=150) MERZMAKIZIRE L7oIRIEDRE
B uZzEE T4l TFay hLEEbDThHS.
M FR & &I IR T 52, FRCi/BIR
EMHETABICETLTWS Z Enbnd. Zh
X, ARIE TR KEZEE L 7= 7 Lk PNIPAM D 2%
DIERVDIZKE L, IR CTIEHEKINAE L 7= PNIPAM
RIS U, ST VIREEIC 22 D
72O THD. MBI et 72,
KR OFAR DKL HIRE OB R E A

fELTWb EEZLNS.
1F
D=55s1
T:
3 l
— ¢}
FE 01 8
X 6
g
j . | . ] 5]
0 0.4 0.8 1.2 mm/s g 8
001 = | | | | é
T 30 35 40 as 50
20 " TC]
10 F
E —8— T=30°C
-m- T=40°C
g —A— T=50°C
1
- N
é 0.1 \
=Y : .
Lol haNy
: #%'éaa%ﬁe%;*?}ﬁéﬁ*
200 400 600 800 1000 ool g_ \
t[s] ™~
3 RPEATHMLE () LT s s 0001 bl sl
(EFI), %@T?ﬁﬁ@ﬁﬁﬁfﬁ%ﬂ: (T)~ D[l/S]
4. wixDHE X4 FRERGEARORE OB (F) &
Bt =B OfEINCIE, WIKOBBIMHEES LA SRR A ().

o V—REOBEA AR TH L. 2T, Lk
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X 4 (F) 1%, 3 BEHEOEEIZIHENT, HE 4
ZHIMGEE D I L CF ey hLEZHDOTHD.
EIRIE SRR & 72D 2 E DR S LD 1ED,
SR OBNE & BICHENMET 5, Wb
LEEENRROND. IBIT, BEAT U VAN
OBNDTENEREIND. T H, DBHEIN (u
DY) T H5AOERM, D AE (u23HE0)
THLGOMmBEEY & EACH D5, 2, vo
ToAEREEE & 70 D & mV kR 2, (RASEE L 72D &
B Z R BT D EWnH 2 ThHY, Lk
T D ey ek & ARG s 0D BA e e Sy B A R LA
LHRERTHD. 5%, FHEEBRHMZ RFEIICE
SHLHHT, Z 9 LWtk & B EE OxfIs %
FERNCHHAE L TV & 20,

5. BhYIc

ARG TIX, fHEER & 0 O il B4 % B
Wt afa Uiz, R85 & U CRiEmE &K
WO W BB L2 &, TRLETFE
LianwbAday—miallE L2 L 25 LN,
BEICH RIS HRDOREBELZ R0,

TR, BORHR O BRERAEHT I Boussinesq I P &
D, BRI X DB EE LA RO T I ER
LTBLONREN-T2N, EORIBEZEITHD
FEIE 72 & O WA O AL DS RT3 A2 [22-24]0 % i
INF— 252601 i T D T b TE L.
F 72, TR DI Newton PEDMEE A (L L[27,28],
KRS 2 2 LT 5 Z £[29,30] b AIH LTV S,
E I, TSRO RB SHAIC BV TS D
FEEE R Z WIGE ICTE A RIS PRI R AE T
% & OB S BRI, AREBR ORI
JE Newton Wil&ATH Y, FIREZLITLE M
DEALTHH, ZOEAEAL % RFEANHIHEC X
LDTHD. KfaTIE—MOWEE W35 T
DERIEHRERABER L2 L 2B LR, &
BOERIZEY, LR LS TR ORI
-7 mBAEMx G560 EEZTND.

Z D7D, £31% PNIPAM O R %
BIL, R~12°5R> 1 £ TO—#HOXTERE
THZemERLERD. £, EBRICAVDZEN
ZROTARIZOWTHEEOYMERIE % A bt T
119, BT, FHREBRIZE W COTEES TN
MY, FEY: ORIE S i L, BROME X
DN EEZEZITND.
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HiEF
ARWFFEIE, PR RFORRS — AR LU
RF-OREHA EHIR & OLFRFZETH Y, Ak
BRIPZF 2NN TWD RS EHA L BT 2.
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1. IEL®IZ

HH#FE LR EEIZEC X BET 53t %,
— Iz~ T T =5 L RS AU Z OxPRIC D
WTHIOTIELWIAZE LIz, & U T OWYELy
# Carlo Marangoni (2572 ATW5 [1]. RIEES
yIZH BRI EORE TRORE ¢ 2 LITkFT 52
ERHBITWD . KRS ZRE IOV T O
BAIO®WEIE, Thomson[2] (2LD [V A DRl
EIEENDBIRIZET 2L TH D L FEbitTn
% R R RS O ERAAVEC X 0 EEBLT 5 %l
Z, —MRITREE~ T T =%l & B, IR [3-
71, W& [8-12], WekE [13-18] <° H HEME [19-23]
LWV T EL IRRDBFIER G L T o> TN D fEL 7R
FR TOXMIIGRAESLCTERBUZOWTEL, S ESFE
RERICB W TR FEZ RSO T 52 6N TE D
[24-26].

RIAINT DIREE L ARERROBERE, KEE
T Fig. 1 12759, Marangoni-Bénard %9t & L Tl
BN 5 RE)TIE, BHERAEISK L CHERE S AIIRE
[ AT =Ty, — Te(where Th, > To) 12045, Zo

top surface @ T,

ambient fluid

o free surface

side wall
side wall

test liquid

bottom surface @ T},

top surface

ambient fluid
- free surface

test liquid

side wall @ T,
side wall @ T},

bottom surface

(ii)
Fig. 1 Spatial correlations between free surface

and temperature difference: (i) perpendicular and
(ii) parallel cases.
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F T, IREEZED/ N S WA ITEMREIC L 0 R
ENZEAPBE L, B HERE LA ERIRERE—
Oy A DSFE B ISR AN R A L 7R RS 75 % B i
FvbRE< T2 LIk THDTHMER L
WCRERY AN HE L ARRENR~ 7 =
ThRNT X - THRED X, FRBR RPN A A3 56 A3
% [4]. —F, BHEFmIZX L TETHRICAT % {4
M35 RG) T, DT REEZECI->THHK
i FRENAY—2pme iy, Rfin~ T oA
SHIRICE VBB SN L LD v T T2
BIZXVERTLAHEOKRE SIZLUTTEET D
LA JVAEE Re CTRiib &N D Z &N —ATH
5. Thbb,

e bl

pV

Z 2T, yr=0yloT RiEEINRERE, L FOfR
BEX, p: BE, v . BIRETHD. R>GE)TRON
5 XD BEIBERGUE AR T 2856, AT /S0
A IR ZE IS B 72 e i s R+ 5. &
DIZAT ZRE L35 LRI EZ AT 2 5
BREETDH, WhWAHE 1 RAREEMENEIT S
ZENMBENTWD., ZORLEEMZ M BT
T MV Pr=v/K IZX > CTEDOIREMENE
HZERMBNTWS., T7bh, (K Pr iR TIE
WA FWR e R REMED, & Pr itk TIX
Hydrothermal wave(HTW)A~% & M 23 SXBLHY & 72 %
[6]. 22T, k : IMEEBETHD. AiCIELF
2, @ Pr ik Z Wz N—T « V' —(HZ) #IE
EIMEEN D% (Fig. 2) Zkfge s U CatEiefit 217
STNE 2V, HZ JRFEE, AR R RS ko —
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Fig. 2 Half-zone liquid bridge as a target
geometry.

DThd7r—T 47 « =k [27-30] DF
NEBEL TSR THD. HZIEETIET 5
2 OOFRLHAECEE R i i [ (i R EEEE & 5
WA & ISR ERNC IV EEEZ 70 >
V] SH, ENENOMEICE R DIREE 52D T
L TCTHHRRE LICREARY —nmaERT 52 &
DR D . AW RSENZ L0 EfRICERTHZ &
DR D Z &0 n, BBEMAFZEICIA< HnbhiTn
L. B, O, WAEOZ L EZEFETIE liquid
bridge & RBLT 5. F7o, MEBICEWEEZRKE L
TbOERRE LIEGE [17, 18] IZBWTIE, Re
IFUTOXIICERSNS.

Re o |7T|(8T/262)L2
yoi%

BREEZHTD HZ A 2% L 95 L, /o &
212, & Pr itk HZ WAEICB W THL AT ZKRE
{952 &T HTW RLEMICEY 2 WLER
s 3 WoTRE KA IR (3 ROCHRED IR & FEIE
HZEMBVY)NLEBT S [31-34]. ZOEBS
Ha RBHT HAT ZEEFIBEZEAT. & L, B Re. &
EFT D, K Pr iR HZ WA TIE, 6 1 A%
EPEIZE Y 2 WOUEEWRD S 3 IRICE T IE~,

B2 RARLEMICEI Y 512 3 WLiREi~ &
BBTDLZENMONTWD [35]. —J7, & Pr it
& HZ #FETlE, E6<E 1 RALE.EDIFIED
BBFN BTN, HlElZe> TH 2 WMARNLE
MOFENHABIR SN [36]. Lo > TATE
IZBWTIE, 6 1 RBIOE 2 RALEEDR
HEMETHIER~ T T2 nFh, Rel
BXO RePERT. HZ IENEEE~T L I=
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XL E DIRBYRIER s, —RICLLUF OB TR
wEnsEFbhTng.

f(Pr.Gr.T,V/¥,,Bd,Bo,Ca,d(AT)/dr)

ZITC, FEELRDIERTCHIILLTOEY Th
5. Gr=pBATL*/V? : 77 AR 74, Bi=hL/A: B
F¥%, T=H/R: 7 AT L, V/IVo=V/(zR*H) :
(KL, Bd=pgBL?/ |y : BIFIAR > N4k, Bo=ApgL?
Iw: R ¥, Ca=|mAT/p: ¥+ TV —%,
d(AT)/dt : SIS AT N B IREEZE AT ORFRIZAL
BTHY, B A w, Ap=p-pg TZNZEI, AR
AR DIRIZRRE, BmER, Kk OREHE,
JEAPRIERE p, & DEEFAEZRT. £72, h: HH
Fil BICB T 2 BEAKME E OBYRESE, VK
&, g: EANEHETHDH. AFES L 1220 T,
AR R WD L0, RS H ZB5H0
DN, WAED T AL R AT K » TR E O
KO RESEABICAET T LT A — X EEA
LTCWaHlL 5 [37]. HZIBFEE W) R BERIZYS
YT MZRZ DN, BRI, B
I, B hFRm EToOBMRE, R, 2R
REMDEZ FIKFT D N TE TOWI
IZE DB SN/ > TE TV D AR THRICHIfR
B MK Pr, [&]) Pr&FENWTE72R, Eid
DERIKAFEL T TEK) OBRERET 22 &0
THRINS. bk, BEHTICEBWNT, I'=1,
VIVo=1, Bi=0, dAT)/dt—> 0 DFEHITBTHH
fEIZ Pr=0.0578 THDH Z LRI NTVD [34].
BTCOEF L BE LT fFITIIIEFICRE L 22 57
W, INETIIMIERSRE 1 DX 2 DK - THF
TERMTOITE T2, 1960 FEAREKS 1970 FWIEAD>
SAKAL L= Y5% R CTOMETIE, 6 1 RIFENT
BB ORBLEME RecVE LT 2 & 3 70 fBHT x5
ThY, BICBETT-SZRDPTHY ThDH. §F
WCEAEIZBWTIE, BREH KT HEER (4
) D7 N—TF IR DT —< ([ZHB VAT A F =
TELTHLATWD. 613, REERFFT2 1
ey NIZEW 7Y 7 7 A 7 &2, AN Y
D EFHHEORHALE EB L TWD [38,39]. £ D
%, ZOFEITMOPFIEEIT LV EmRAICE S
AU, WRFEW RS, FEICJE 7 IS & OBEEIE L m
Z AT 55t DR RLERE [40-47]1%°, RL1-IBHRE
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FEFHAI [48-S50ICEN > TN D, £72, ZDOIREHT
B MG 5, TbbLREEINICHIET 2678 S
T TE 7= [51-53]. 2000 FEARLAREIC IV T
B 1 IRARLZEME~OEIINEE O 2RI % B 15
L 7= BRI NET1528R [37,54-56], ~ 7 v 2 =%)
RAERKE L LEBEOERE [40,57-60], & HIZ, A
AL I RE NS AT 5 L 72 R+ D B A 3L %
(particle accumulation structures (PAS))& b m ¥ —
S C B9 D HFSE [41,42,47,61-64] 72 & E
72 hE w7 L LTHEITLND. ok, FHERIC
BWTUE, FEDWAENXSE O 506 O A tHibD
ﬁfzﬁ%)\éMﬂ\ % [55,65,66]. HULOWFIET —

WZBIL, Bl T 3 R0 ) bEICRYO 2
RUT MR TOEREITIICHT D EHATER L
TS, WTRDOT —<ITBW T HRRR OGS
BREHERET IBERENEEEL 5252 LI
5. KRB TETEWET S Z LIXRAETH
L0, REMREMEICB W TRIED HZ NIREE
~ 7 v A =3I B D IEIE BLG DR FE B & R
MLTVETZ.

2. REFMMUNEHEREELRE

JElC §1 TR LEL DI, REE~YT I =
KO SIL Re Tied 35 Z ks, <7
VA= R ERE LT DO, (BB [EE
L7 B BT 2 R T A 5tm e v R
HNCATIN UTZIREEZE AT HH5 VIR ERS L &
25 R E ED D /NT A= ThHDH T RV/
Vo 1 OA—XTHH T 5E, EHNMEH L
TIHEKEOEED-O, KEBWREESEHT D
WIHEEZRFFT 2 Z i3k, Z o203 Bo
a;n&iéM6 D, W EFEBRIC mfﬁ

WX L CRERFBIFIDME Z & 72D EERIT
ifﬁbﬂfwé&ﬁ%%fiﬁ 2% mm, mé
1 mm BEOHEIEZMRIZL TWDIEAENITEA
EThHD [16,40,41,47,67]. L7=23->T, Re &KX
KT DHIEOITIFAT ZRELTHZEBAAIKRE AR
5. UL, EERIADZEIE [41] CHMEEOIRE
IRTFEME [68] DBEALT D2 L2 8D, MKk
XMRAT #EBLTHZ LIIRARETH 7=, HiE5E
BRIZBNT, B 1 RAZEMRRBESFEIV HEH
WCRERIBERE~ T A= RE M NT 52 &1
JZ D, 3P o 1 A AL - Sk (Fig. 3) (B3 2 0F
ZRITATHOITIIW D [40,57] 28, 1T & OHKIN H

EEN 201947 H

-34 -

H700, < ORI ENTND EIXFVEE.
f@l:;é% WCBWTEBIREAO AR R Z T oo k&
PRIRFEZE AN 5 7201, AT R A 1 R PN
ICRE L CEHRERERE T2 L RbINT
7= [41].

.....

-'gh'm'.mm. !
o | / I P R '
.'”’* TaL Sk gr

(1) top view (2) surface temperature (3) Fourier spectrum :nmumm
Fig. 3 Flow regimes of (a) Rg1: steady flow, (b)
Rg2: pulsating flow I, (c) Rg3: rotating flow [, (d)
Rg4: transition, (e) Rg5: pulsating flow I, (f) Rg6:
rotating flow I, (g) Rg7: chaotic flow |, and (h)
Rg8: chaotic flow Il turbulence; Column (1)
indicates top view of the flow field, (2) time series

of the surface temperature variation, (3) its

Fourier spectrum, and (4) reconstructed
pseudophase space PPS [40].
— 7, UNE BRI B W TCERE EfET DK

DEED—2L U THKEDREYERREZ 2T 5 2
ENRHKD. D7), AARFEREY 2 — /L THE
SN7-FEBRTIE, B 30 BLD 50mm EWVWH K
FRBLEAE DO B AL TV B (Fig. 4).
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Fig. 4 Side views of liquid bridges for microgravity
experiment on Japanese Experiment Module
‘Kibo’ on International Space Station (ISS) [59].
Heated rod is located on the right, and cooled one
on the left in the figure.

ZHICEY, AT ZH5RBE/NSUVMEIZIIZ DD
Re Z RELTHZENAMREE AR, Bl 721
R AR LR bR R&Eh~T7 I =R%
WFECATINS 2 2 L3RS . EREFH AT —v 3
VHAFEREY 2 —/L"Kibo" L CTHEI L7, HZ
FEN B A A e O ERAFE R OB % Fig. 5 1R T.
ZIZTIE B 1 WAZEMEDNRET D Re, T72D
H Re Vb EDRRERENT- Re TOIRENEZ RS
FEAE € = (Re - ReV) / Re. V% VT, WAEA HZm
FICREBLT 2IREEE) 5 ORZEM A EZ R LT
W5, /NS € T, hydrothermal wave 22 EME
(2 o TR AR S i 2 S AR AR 2~ A T A
DR FEZ B 53 (X o0 B EI) 23 BRI IR 87 L
TWDEEF BRI DN ZD. ZOHEAOE X
m=1 CTHDHIENENDBILTND., e ZRKREL
T 52 IR0, REEE) AL - B L e
NOABBH EZEFEL TN LT D. 2b
DX iE BRIk LIES= > b v &' —(Fig. 6
(top))CF HERE #(Fig. 6 (bottom)) 2 N TIERR I
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Fig. 5 (top) Analyzed region of the liquid bridge
obtained by the infrared (IR) camera, and
(bottom) time series of surface temperature
deviation evaluated by IR images under I" = 2.0:
T(Ma, €) = (a) (4.22x104, 1.1), (b) (8.46x10%, 3.2)
and (c) (14.6x10%, 6.3). Right end corresponds to
the hot-end wall, and left end the cold-end wall
[59]

DOEHAEEELLTND [60]. BAA{LDT TV
FNZOWTIIEBROHBMEEOMEN G, £12F72
WM ORHNRH D OO, ARIOEER TR LI-AER
DL, KT € = 6.9 OXFIiSE B DAL K ER
FERERAN T — 2Tkt L, &R Y 77 7 ZHEEICL Y
BUEARZENEE, BTN X 0 BRI RRENE 2
AL, 5\, BHEZERIICE D AR ME, HER
TCNC KV 7T MR T — ) fif e L v
27y MCXIEEMMEZME L, & Pr k%
7= HZ ENTORHREN R ERIIT 4 A TH
HZLERLTND.
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Fig. 6 Variations of (top) permutation entropy h,
with embedding dimension D and (bottom)
translation error Ewans against epsilon under I' = 2

and Pr = 112 [60].

3. HIFEEHEL RO D—XRIG

1990 FAUKRIZ, T DOERRITIBV THBKENEIR
DRI 7=, Justus-Liebig-Universitit GieBen( K-
Y)® Schwabe %D 7 N— 71X, AN O xS
Z R LT DI Tk e b L—
Kiv72%, Re (2B DIV RETIZBWTH B itk
- THEEDZEEZRML, ZOBGE R TES
B4 (particle accumulation structures, PAS) & 4 £ 17
7= [61]. B LA LR 13 A b—27 2 %% St
10° A—F DRSNSV HDTHDHT=D, 2D XD
REABRNREIT L0 RITHZORKA
DEMENFET DT TR EZ LN HREB K
FORMNEEBZLFH)DO 7NV —TIZBWNWTH IO
RREME LI ET, RN —-FEEIROBALUE
WiEZERT 52 L2 bMNM0lICL, ZDHE,
Schwabe ##% D 7' /v — 7 L ORI RN L L
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{c) SL I-SL Il combination AT=69.1 K, Ma=7.0x1 0*

Fig. 7 Types of spiral loop PAS (SL-PAS)
observed at various T; left top view and right side
view. The side view is taken from the direction of
“3 o’clock” in the top view. Wire models of each
SL-PAS are shown below its picture [41].

7=. Tanakaetal. [41] I%, hydrothermal wave ~7Z7E
PEWZ LD 3 RTIRENIR OS5 N CReic R 21T
v, BRLEGEEE mEATLHREICEWNT
Re.V 2> HHEfEAL7- Re fEI (e ~ 3 FREE)IZE VT PAS
WREBTLHZ L, Re O EFIIME, To—FEEX
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WO CToED 2 BEAET D228, £, £
N NEET HREBICOWVWTR LTV A(Fig 7). %
72, Schwabeetal. [42] 2LV I HICHR D m Tkt
T 5 PAS ORILEB L OZOFEMI/RES, b5
BB LOHE B RE EOREFHAFE RO, hi 2358
BT HETADOREN RSN, Thbb,

hydrothermal wave ~ZZEM:IC & > THHFEA LIZ
REEDZIERL S 4L, T OIREEBRS L > THR
K BICF R R EE AN A END . JHIC X > T
B B s S ki 71E, 2 OFRE iR
FEFEIT K> TH DRIRMIICE D b i, HEAENICHE
VRESTWNL, EWHrbDTHD. 2D%, ZOB
UK 5 B - BUER 72 7 71— F 03BN &
LT 72 &7z, Université Libre de Bruxelles(+~/L
—)® Shevtsova LD 7 /v —7 1%, WFENIZAHN
L7chiroiE# 2 2 DIZofL, REE~T 2
=NRIC K > TEBLT D r -z PN ES) & JE &
I 5 FEARKI PSS (24K 2 J8 Rl E) &, hydrothermal
wave NZEMIZ K - THELS 2 J7 ) EE) o [F]
FEHEIC L > Th D RFEOHNE BT -2 EA8T
DLWV, Wb A F (phase-locking)E 7 /L
B LT [62]. ZOET VL, [RZL—7 [43,
69] B L WA % U 7 @ Lappa I8 1 (Bl7E 1L
University of Strathclyde(f % U ) [70] {2 &> T*
AVEFVIMSE U CHEUBEMATIZ & 0 BGEDM T o4, R 1
OEMEEBNEE CTH L LW O fmnEEHan
TW5. £72, Lappa I+, PAS NEAENIZIERL
IND IS L BEEREEN S D EHH L TV D,
b ) — DO FHERET VL, NIRRT 3 R o T
PR B R AL CEICHFET D RICHER L
Technischen Universitit Wien( 4 — X K U 7 ) D
Kuhlmann #d% 0 7 v —F 2 LBz, 5
(o A SN SN E il PR e STANE T - Y UK e
%, Wb D k-3 ifi A A {F ] (particle-surface
interaction, PSI)E 7 /L Z#&"8 [63,71,72] L, AR®
RESEATHRFER)E BRRE L S5 A R
EDOMAERICEDMMOFEVBRZNEETH D
LTS, FEIZ, EEmICEET S
hydrothermal wave RNZEMIZ & 5k fiids & €7 L
KA CUTEL L, JE 5 1 A U 72 i i AR S [ s e A
RIZBWTHEE LI ZERICEBIFET 52 L 2 W
HNZ L7z [63,71]. 2406 OEEE Kolmogorov-
Arnold-Moser(KAM)E IR & & L TR S 41, PAS @
TR BRI L - EMfEEZ A LT 5. 20Kk, 1
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SL1PAS (m = 3)

HWV/,

9-time
winding
structure

e
toroidal T3 T

core
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Fig. 8 Comparison of axial views of (left)
accumulation pattern obtained by averaging over
200 frames of the same movie in a frame of
reference rotating with the hydrothermal wave (5
min after stirring) by experiment and (right)
KAM by model [73]. The
experimental conditions are T: = 20.3 °C, AT =
39.6 K, 2a = 30 uym, pp/ps=1.7 and Pr = 28. The
rotation is counter-clockwise. Conditions for
model flow are Re = 3000, I'= 0.66, and Pr = 4.
[72]. The empty space in the result by the model
flow is occupied by chaotic streamlines. The
rotation is counter-clockwise.

HRERKZEO 7 V-7 L OEHIEICLD,
Kuhlmann ZAF DO 7L — 7 0NR LT2E# D KAM
BOIRIRICHE Y - 2 REE N EBRICB W T [AIBRICHE
BLTWAHEFig 8)Z EZRLTWVD [73]. EHIZ
Kuhlmann #3207 Vv—71%, 20 X 5 Ieki+HE4
B4y HZ WAEDRIZIR ST, lid-driven cavity N
IZBWTHREND Z & &2 5B - FZBR O 57
TRLTWD [74]. 723, 44) Schwabeetal. [42]
IZ RV ERE SN BB RE ETOR L EHEIL,
H70 % Pr OfEEhIAZ V72 FEBRIZF VT PAS
& SRR AR E) 4y 00 REZE R FE BE & 3R 7o A SRS
X OTWEESNTEY [47], BIERBS MG LT
%t DX, phase-locking €7 /L& PSI ET /LD 2
ETNANTHD. BEER, EEOI7/N—T L
Kuhlmann #4520 7 v— 712 L A LFEHFZEIC LY,
BEFAT O T & 72 B TR 12 8) D I 22 [ 25 8
AT [49,50] 2 K VKL L, & Pr ik axig s
U 72 BB AT RS 2R & Hei 24T 5 T2 O O 2 HE D
TW5. 728, Zd PAS ([ZET HHF5E1E, EETF
HAT—v 3 VAARERE Y 2 — VI HEER % H
MLEAKRERME e =2 FTHD, BF

JEREMI (Japanese-European Research Experiments on

dominant flow

-
y  —
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Marangoni Instabilities) [75-77] 12 L0 S S IZEBE L
TV FETH 5.

4. BhYIC

BENZ BT D IEMIEB LB ORI & LT, & Pr
ViR Z e HZ WENIRE 22~ 7 v T =3 %
A LTz, THRFE) v, BRREORIK A %t
AN R T TGS S DY el VA 2
ELTVDA, AL ORBIZRITEIC LY, KEN
TA =B INBIGNT DT DI IEHERRTHD Z
ERDDo TE. KR TR TERPSTZAED
B HoN, ZOHRTHREMN O L L THEH
TR & OGN IRENEER W ICE 2 5 HE
[37,78-81] NET LD, Kok S ZABREI XTI,
ARROEY SESEFRRICBWTHRETLHZ &
DHBILTIRY, 7858 - Wil - BE 4 5 Lo T2ER)IE
FRIZBWTHEEALRBRLE TH 5. B AED O Sl
HRERIZTBWT, BEREMHIC L > TORBICER &
D RIBEZRE DRI OWT, FFEROMUNE
NEBRZEZOTAEOWIRIT LY, RRIA LV i
LI EEHFLTVD.

Afaxk L OHEEEH X TWTZW %R
EEEGOBR R AICHE R T H. FE DAL
BAZICIY A TE M0 —ER Y K5 &
AR L o7, FTe, FENRZOL D N L
SNDBIRZ %G L LTSt B feEeta 13, ]
FEEREECRREB R A EBR)IC L > TEHERAT
W2TEWeb D Th D, SHICEBEFHAT— =
Y AAREREY 2 — /L TCOMUNE S FER, Ehx B
BL T CEM EMFRICEHE L TS E 8 E R
R AW TN — %, RE ARG t(&
HITHIRENL R, S A BEZEEOUN R4 EH
£2), KRPFRK, BHBAEL, RARRE(E HIC
A AR I 22 TR PR R (JAXA)), TR HEIL 2%
(Case-Western Reserve University), Dietrich Schwabe
f# -, Hendrik C. Kuhlmann # %, Valentina M.
Shevtsova 18 1=, Denis E. Melnikov & 1:(5C Université
Libre de Bruxelles), Francesco Roman¢ &+, Thomas
Lemeé f#4=(& $1Z5C Technischen Universitit Wien),
WUNE N EFERICED S TS & o2 E 7 —i
KREZFICOETLHEANFHI AT 2RA SO
Fix, JAXA DF %, &L TRIMIZOESEN -
FEATIZ SN S U7 HURBRRL K7, BRI E N RS, R
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ERFANE L& (OFED FTHEDOKKEHET
), kDN NSWEEIKCLZEIZR D, LIeR- T,
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LORLANYD L 97, kKR EEST T 7
F(x,t) = —t + f(x, )Tkt 9 2 HREKRLSMNS, 6 F
BAIS]EFFEN DR HET AN L MBNATE
v, GLIRTRABEOKE Y I 2L —a VET
b Tn5[16].

GHIHRER A 5 LIRNIG DN KRB KT TR
BERPITHZENTE D, 2 2 Cldikimz Bl
ET 2 72D BME RS I OB R BT 5 Z LT
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DEIEEL T DEFHMETE 5.

KIE OFEEHPE [ & RBERE D35\ T
REDHDOT, KKOERGEEY %

V=14+v-n (13)

EEED. L, vITEHEARS L TnlTEAE
BRI MAVTHD. B, TNETERUERT
FREHNTVWDOT, BREEEESE VX (13)
DOENF X1 ThDH. =7Z7L, ZoxTiIk
RO MR DPREEHFE I R IETHBEEEBE L Qe
A%

Glx,y, )& L~y M E L, Gx,y,t) =0
DEERBRMEMER L TNWDEEZD. ZDL X,
IR B R B X OENIER R 7 v
V =(0G/0t)/|VG|F L O'n = —VG/|VG| & F¥ 5
DT, R(IN)ZEROLIIZEZEHES.
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& vv= 14
o7 TV V= VGl (14)
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5. TRWEEEZTIKHECEI &) EEVRDL
HATINTFRIZED L, Gary LWV 9 2 Rbxr—
LADTFBPNDZ EMbADToNTEZESTh
L BN AR EZ TS 2 EReEY
AL TOELFINDEHRET] LN HT RS A F
TWEEWT LESTZDEDR, RERN SO
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4. REODIFLREHKE TSV FIVEE

2T, RO E AW AR 2 —D
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FEEHIOR 72 L 912, HABEIEOgEIT KRG
FHEICEA SND. BREHED K E WIE EJER
ER EOWELREVWDOTHD[1,2]. TABEFET
KRS TIRGKRBERIRIERE L, kR
BEBNENEAREL 2D, LENR-T, kFIEHE
HE DA — ARTFE 2R T2 Z L N EHETH
5.
HORAKRABTETIE, KEEROEME & HiITx
BHEENEFT 2N MENTHB[LT].
BRECIE, (BFE3HE DN KR DF 1/3 I
BT 20 THD. BEORTHIIZIKE(Ar/3)RE
OEENNERE S F U 4nR? dRy/dt )3 KK EFE4nRE 12
BT 2133720 T, [BREHEEEDR/deiT—EE D
T CTHD. BIEEENRRD 1/3 FlZLbfil+ 25 &
WO ZEIE, Bt KRHEFEDRD 7/3 FITH
BILTWEDLD L) RIRHEENTHHDT, kK
W7 T 7 ZNEEE LT D SRS T
5. KRMEFEDRD 1/3 FIZHHIT H72 5, 77
T HENRICIL T3 THD.

KPACFEIHE D A r — /ARLFHEIZBI LT, K(9)
BLOADIZ LV L - By L OV Darrieus-
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X 6 (2R & 51z, XO)&EHWTHLE - B ARZ
EMEDRBO L EEZE LIZIGAE, FHEREEROK
XX, DF Y R/ — RN LT HIEHKEE RIS
F—EThsb. —F, X11)%E HWT Darrieus-
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A O E & HIERREE N FRIINIC EA
T5. ZHUE, JEE - B EME TIXRRE D A
r— L DBELINBIRICRET S (M 4) D%t
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’ 23 3 3.5
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K(15)D K D\ TIEMEE N RIIKFET 25512
T E L RWEHERAEIC SN D, £ 2 Tk
[18]CIZ, 5 WA AR & FEIZ D A& 1 s OFF A5 1%
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SRR MBI LN TE D X ) ISR
BEHATED. b xR TREEEL T
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A
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TWA[19]. 72721, HEAF—LOFFEMITL S
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L ONLRWV TR O—FRECE B LT
KKK % Lagrange 1325 Z LIC X VR L
72k 5 THBD. 728 Frankel 1%, Darrieus-Landau
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DX HEH LT 5[20].
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(5 sin(0.2x) cos(0.2y), —5 cos(0.2x) sin(0.2y)) TF*
SNDIMIMAVE T DOKRAsFEEE 2, RO DD
FETHRIZ KRR Z iR U2, —2 BIXERGE
FEICEY KRZBEFSELREETLVTHD. i
OB L KROWMEOEBEOW S #EBET 572
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HCThHD.

Le=0.75 B=82FVa=1D & X DiHEKRE
M 8T, REETAOREN EXT, 2 %
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1. [ZC&®HIZ

PABEIR BN X5 BN 70 T 1258 & K% T O R BN
BB O BT L » TREES L, TOBR O
s, AEEAREE L LT, BREE- RO
B bT, ISHHESBE LML TS, it
(2 & D KT O REENIE B DN RSB AR N O KR [E A
TRYREN 2 RhL L, RERRN CEBIRE 2 BT 5.
HERE ORI BRSO _EIRICRD Y,
REHERALF O BEETB N AL D, Z O EEH)
DK R ORBEEINAEA L, E NG EE .
25, ZDEIRT 4 — Ry TR - T
TERL S U2 BREEIREN L, ELTCIEEICRRBE SO &
LA E) b B EICIER LA D BRI
MIZBG T Y, RUSEZG IR D IER T E O 3
WP CEBELRIYHERL L EGEATND.
PABEIRENIC L D WENEENAE T D &, BREERR
DOEMP LIRS T A 7 A 7 NV OIK T 25| X
23 2O, BRBEIRE) O BAE O FLEER 72 iR B
RTIREFITNIHEBA A A — DR
WlZeo ool nd, alry b2 U U BREE
FRBAFEICHB W T O HEERMAERETH 5.

WA, MR IR HCRBIR Z V] O 12D
B LWBHER B O BB PR O BB 03 ek 2 72
SEHCTEBINTWSD., EHEry hT—20%, &
A T—DBIC Lo TAMGESNTZ T 78 imE b &I
L72bDTHY, A ¥ —F v b, Zi@EfECAM
Bfr7e &, Bt 0 HiE7 & Z ATHET 5.
Lo, BHExRy VT — 70X, SRRSO R
BT, AERFERBEER EOSETHEEEZF <
LOD—DOTHD. M)y, FRBYEZETIE, 1§
HOBIZT T TR, RENVOERFELELCHMA U X
LATRONDRMBESNER S, IEEFF IR
LMLy FU—27 Db bEwmSh T D
[2].
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KRETIE, BERy FU—27 LA E X —T—
RIZ, ELIE TR G ABERS NI T AR & 4L 5 BRIGEHRB)
DEEMAAF I v 7 ZAD—8%2 AL s 0
[3], [41&HBNT 5.

2. EREEHSLUAHE

ARWFIETH WD FEBREEE X, TERDIFIE[S]E1Z
ER—THY, FIRAE, /A, RBER, HBEIEH
OIS TS, BRBEE A DI HTEAY — T —
(NNTEE 19 mm, ATV —F—4% 30 mm) DSFHAIAE
NTEY, TIRERITERGES 5205, BREHT
ITAZ Y, BB EANTITZE R E WD, AR T, A
BEREY O PRAK T FHIMEEZ BN T D701, I
R5 PIV ZH W5, BRBE=EN~ DPSS L —H#—
(Laser QUANTUM 418 Finesse i & 532 nm, H )
8W, L —H—1—KE I mm) ZREHL, FIRAKIC
BASE BT (Si0,, VR 4 pm) 22D
DAL A N R8240 & (LaVision £ Y
VZ-Image Filter, 151 LR 532 nm, -l 10
nm) & UV L' X (Nikon 18 UV-105 mm F4.5) % HX
O Ak ) 72 7 3 B 7 AZ (Photron #1:8 FASTCAM
SA-Z) IZEW R 35, mEEN AT O HE %
60000 flame/s, YK JC T ifi OO AL G 1B 15 D fif 45 &
% 384 x 728 pixels &L, BRGEZE/CH-1H D 48 mm x 90
mm ZFHAIE S35, 72721, 1 pixel = 0.124 mm &
95, BREREE S OR HIZIT LaVision Davis 8.0.6
@ Multi-pass iteration mode Zff L, WA fEk% 64
pixel x 64 pixel, overlap & 75 %&95. BREEEND
JEJ1 A8 & BEL Y E BB IX SV A Y = X L — X
(Quantum COMPOSERS 154 MODEL9212) % >
T 60 kHz CRIFFIZEHI SN D, JENNTV AT 2—
H (JTEKT PD104K-10 kPa) |E, #RBESE A 1O L0l
Fi1aIo~ 20 mm OBEEIZEDfHT B TWD. KAFSE
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T, 22K OWrEEE U= 6.0 m/s, Y&t g=
0.78 IZBWTIER SN D o358 L T RBEIRE) 2
HMRLET L. M 1ICKHSRYIPIV IC &L » THRLRE
PRBESR NI O X E G 2 -3, MAREIC L5
TEER R GE (Inner recirculation zone: IRZ), # o7
TR O TEBR i fEIE, (Outer recirculation zone: ORZ),
AU —Z — % OMEERFEMEEL  (Recirculation zone:
RZ) BRSNS, b DIEEREE RN 2N 5,
RBEREN M RFF S D,

ARBFIECIE, HE IR B) &R RIS B D FERR A
HAERZR~BH7-012, JEZEENE OH" AL
EEORFEFHA ST 9. OHH R IEHRE X3 RoX
A7 4VH (1 H 43 MZ0310, FiEH O R 310 nm,
HfER 10 nm) & UV L > X (Nikon UV-105 mm
F4.5), Image intensifier (ZFA R k=2 & C9548-03)
ZHO AT 7=l A (Photron FASTCAM
SA-Z) MW TR Sh 5. 72721, OH BILHR
BEEHG ORI A 100 mm x 100 mm & 3%, OH"
B3RS & REEE N OJE I EENT SV R Y
= % L—# (Quantum COMPOSERS MODEL9212)
Z T 6 kHz CTRIFHIFHII S V5. BREEIREY O
RS OFH L FERIZ, U= 6.0 mis L35, 7272
L, /18 8E OH" B3 Lis 28 8h o [R] RE 1+l o
F, ¢ =0.65 - 0.84 £ TS, IRBEEE &> OB
BEIRE~OBEBRE G ER T 5.

Swirler

1 RBESRE) O I8 45 (3], 1y = [-13 mm,
4 mm], lig = [-17 mm, 38 mm], Ly = [-43 mm,

88 mm], 7277 L, Yfktg=078 LT 5.
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3. BHRBBEOERERICED(HBNFE
3.1 REFHEFEMEM S

BB, MMM~ O EER T
LEBITERLCE. FREROT LA S THD
Ty /s hut = FELES, BLAXTRIREEMED
HZTHY, HEEAT)IFICBITDREBO RN iEESE
Hotzm bt —IZHIE T 5. v /= bae—
FFEROERMBEROBAKEL TERSNDLD, MHEE
DTAADOIREEEL, AT Iv I ADOEMES L E R
TREZITHRDHD[6]. AWFFETIL, HERAMDIEIR
Ze NS ERRE DT, PRBERE) oD P 28 B o> #HE
SEFHES LAY EOREL TEREILT 5. SLHES
WITIES = he e — (712 H v, R # I
Jensen-Shannon divergence % MH\\%. ZOHEHESIX
Jensen-Shannon statistical complexity [8]&FFILAL,
KA TEIND.

Cs[P]= 0[P, P, ]Hp [P]

—i P(r)log, P(r;)
i, [p]=—2

log, D!

0,[P.P,] :M{Hp[(P+ Pe)/2]—Hp[P]/2—Hp[Pe]/2}

JS ,max

1|D%1
QJS,max__E{ D'

PRBEIR B O IR LS ORFE S8 u' (= (u' + u') )%
D RTTALARZE I ONTHEDIA IR, u (= (u'(t), u'(t;+7),
ooy Wt + (D-D)O)DIRGT DT G — B ==
ZNEF 5, P(m)% m OIFAERESR, rafiAHZE M DN
REM &5, F72, Qus man® Qus DI KRMEEL, Qus %A
B RE—2 DHERIA P LT 2 WBFRITHHE TS
EfERDAAPLDAELLTRELD. Hy& CishbikD
T Wt i 1L complexity-entropy causality plane
(CECP) &MEEND[8]. ALAHZERIND 22 b SE 5
Z&T, CECP WICTHLED M MLD[10]. ZDXH70 k¢
Msh o~V F A7 — L EFEICANT FIEI,
Bk & I RF A — )V COBMESZ R X DT EMN AT HE
ThHY, IBFEOIFERERFZHE TEHEEINL TV,
CECP CHWMRIORE NI G, XAy
ATIREFRIA A ATHD. TR OEIE D
T, $LEDNH,, Cis) = (1, O)Z[AD>TH F230IZ7
HEE, AT Iy ATHERMFRI IS BS TN D,

log,(D%+1)—2log,(2D!")+log, D !}
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3.2 EFR/ry bT—2

PRBERBY O E S DX AT Iy I AEEHER Y T
— 7 DOFLRNBIGINTTH7-801Z, Taira et al. [11]
IZEoTIRESNE ARy N =228 AT 5. K
MR, BEAAV RN —7%B[EL, Gk b
U— 7 OIERZFRERNOAFEE T2 o
TV, MEINDIRYNT—71F, [LEOTIRELREN
DT X TOWKRER L EZF 2. HAMOK &
SREE By 1 XTEIR i ETHAL ] OIS RIS IDH5 ks B
Uij L Ujsi DI LT3, ZnlE, BAAEVEEST
T OBEEATH A TR L2,

IN] Qs

27z|xi —xj| 27r|xl. —xj|

Uis; =

72120, Q(x)ZREE, T 218 58, x, ZTH A | ONLE~Y
MV, Ax, Az % x, z IO F RIS T OV A X35, T8
R, j O EREX-x| 23 REWIEE, E; OfIT/NE<72
D, QX)DBREVIEE, E; DIEIZRELRD. R kY
—IEEOBNVORE L E 'L T 572012, kX
TERSNDOIEE s; AT 5.

si:ZAij
J

AWFETIE, Xy NT—27Da3Ia=54—IT%
HEHT 5. a3 2=7 4 —OHTIEIZIE, Blondel
Sl X v L S 7z Louvain EE H WS,
Louvain #£lX, 2 2 2 =7 4 — DS ENEE OFFIE
& 72 %5 Modularity Q ZHW T, IEEOTE A O =
Ra=T 4R EFE I =T 4 —NOEN
EHEBEITD, MO Q DA 2 =7 4 —&4Hd
LFETHD. aa=T 4 —DBKTIE, (EE
\ZEE L-THR & 2 OTHR ORBRETR AT LT
fl—aIa=7—IZ@BLIZEXD Q OETAQ
ERREVEHT D A0 DR KEE & D L& DR
BELEEAER —ala=T 4 —LT5%.

1 Sl'Sj
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i
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72720, W AR TORBREDORM, £, 223 =2
=7 4 —NORERREDR, S 2 2 =7 4
—WNORTARICHEET DS A TRE ORI, s m & 2
Ra2=T 4 —NIZH DAL | ZRE T HHEEIR
EOfE T 5.

3.3 REA/IRSA—4

RN A—21%, EHxr >y N T —27 NO R
WeTESMoRMEELZ2EELLZ DO THD
[13]. AW TIE, AT A —% n ZHWT,
OH" B 3L E LB ORZEM X A I v 7 ADIH
HERREEZA L MCT 5. K 2 TRERD X HIT,
OH" A Z IR {5 Ionw(x, z)DZEM —IRE— A
b Wonx (= {{I'on=(x, 2)-U'om(x, 2))POICEH T 5. 7=
7ZL, (V& xfFmICxd 5 35, B
ARy NU—27 OIEKZ z8iFHO% 7Y v R
z &L, HRMZESEEEESRE wy &35, K
K TRENDBHEITH A ZHWDZ & T, nidki
Hans.

1
(TR

g =it
Y 0

7212 L, Ny B DIBARLL, ry Z AR N T A — X
LF5.0<sn<1%2LY, n=11Txy bU—7 L
DT X TOREN A AHFRIENMREETH D 2 & 1Txf
Wt 5., Fe, EAEZE LAY NU—27 DO
ESA s 1T si=Zwyry & LTHZLND.

AWFFETIL, [E— DA ARZERINICELDIA E LT
2 DOORERY| OB F B OFALIM: 2 E 'L T 2
Cross recurrence plots (CRPs)IZ# H L, w; I CRPs
OWEmMIE D, (14125, 77U v Fillkir
D Wouit) & 77V v RjIZET D Wons (1) % [Fl— D
D WRITNLAHZE R NIC I DA 2, ALFHZER N D
Wonr(t) & Won () DR Z FHH 55 2 & T,
CRPs OEFITHI C BIRAUZ LV EBND.

)

72721, @~ A R, 2 FE, | |1Z2=>2—7
U v REEEE, Wousi(t) = (Won=i1), Wouit+7), ...,
‘o {(tH(D-1) D) Z N AFRZEN D s &3 5.

i#]j
i=j

Con = 6(5 - "WOH*,i (%) — Wons ; (t,,)
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D, =
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At—o At

72712 L, At ZFFRINE, 6(f)% Hilbert Z2HUZ L 0155
LD Wonwi DNAHDKERF, 0<r <1 & T 5.

EEN 2019 4E 7 H

34 EEAUTYIR

AWFIETIE, FEEE) & R ERET O IERRHE
HEHZROFEHIT2DDOH L WVEEEL LT, [F
ATy 7 ABVERET H. B DA MHZERN
IZHDIAE N - E OB E B OB 2 E &
{t9~% Joint probability of recurrence (JRPs) J, [14] &,
JENZEE)F L O OH" B FE65R E A2 B O ALAR [R5
TA=Z g DFEE LT, WA T v 7 R S %5E
FTDH. KL TR, pB LD T'og=DZEM —IRE—
AL N Wowk FIWT S &2RHT 5.
S, =J,r,
0SS <1 Z LY, S EENd 5 L E AL AR
ORI EER SR E 5. AL TIE, p'é
Wons% FIU T JRPs Z 4489 % . JRPs OEYFATHI I
%, p'E Wonrk TNENER D D IRSTArAHZER N
IZHLDIAL, Z E TR LV ELND.

—p(tn )")®(8 _"WOH” (tm ) ~Wour (t" )")

2121, p(0) = @), p't+o), ..., p'(t+(D-1)1)), Wons

® (= Wont), Won(t+1o), ..., Wou(t+(D-1)D)) %
o & T 5. J1E 2 OO)IEIJ%???'JODiEJE* 5 DE|

HLLTRAEVERT .

T = ®(g —||p(tm)

J MR,
1-R,
Lz

MN nmn

R

0<J, <1 %L JLBRELIRDIZONT, 2 2D
FERINI— LRI TS, £, p'e Wom DAL
FHZ N, ryy ZHEET 5.

- lim — | B0ty
At—o At

"
4. BREBLIUER

4.1 BBERBIORAENZNBEDEMS

B 3 I FEZE OB 2 B b S T2 L & D
RBEIREY OB L E) w' DNES |~ b e v —H, &
Jensen-Shannon statistical complexity Cjs DZAl % 777
=L, J AV O bR AR ORER 72
ik (K1) A -STrE L (G=1,2, ..., 40D H, &
Cis &35, JAVHAMNED WITERTDE, o=
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1L0E72%. 2O OOBENEHRZL, REEREID
LU 72 B ORI RIS T 5. Rl L A
AR, BRBES A O 2 FE e, 0 % Bl o &
L7z & & OBRBESERET MO 1/4 RGBT — R
IR L TR Y, S & A8 O sk I 2K
=L TW5D. 77 TR — VIR I2HME
A ZEIINE W7 & X IR S5 M E SR E)
T, IEF|=> b m B°—& Jensen-Shannon statistical
complexity 2SIEEIURFHIDZALIZ KT L TR ZA L
T5HZENHE SN TWA[10]. CECP ICERT 5 &,
T DEAIZKRE U TR (H,, Crs) = (1, OIZED &
I IRBE A L, AN A ABEINE T T 7 v
TR — VIRE T OWIE & FFERIES BN ET 5
[10]. Noiray & Denisov [15]1%, #REEIREN DT 125 E)
N ) A REEET D7 7 T VR — UIRE 1
ko TERENDZEERELTVD. Zhvbilkk
S L, BREEREEND /) XV H O 008 B 28 Bl 3k
TREWIEETH Y, /A AREIMENT=7 7 T L
R—IRE T OXAFI v 7 AL EMTHD LE
ZHN5. tDEITHT B H, & Cs DT, HA
Wil % B i 9~ 2 HIBER IS X B KR D% A H
W (=17 FTHRFEES TS, 2L, KKHD
BEABDTHEIR LIED D Ly T, H, & Crs DOAITER
= <AL L, CECP \ZIXIFGHEN Y OB bk
5. hs T Hy DMK E Cis DWR/MED, 7=
5.00x10*s THEFIZEIZL SIS, Zunino H[10]D5EF:
2D < L, j > 18 TORRGENREN O A8 Bl I 7
FATHDEEZD. HEEEHIREN ) O HEE A A
~OEBIL, HAWE ORI 2RO 178 5T,
WELRF DR —IRE— A FTHEIEILTW
5[16]. X 4 [ THEEBOEHE— R3RO/NT —
ARY NVOAR & K EH 72— R DZER AT & 7R
9. 9 150 Hz OF L 72 By — 27 BEigsh,
V4 WESESBE— N Lo THEENS. 7,
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R, MEEEPHEE 2R L T 5 2 XV AT
P25 AWTIE O KRG EIAB N T 5 x =
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DI DRI DOBE A TH Y, ELIES D
BALERIE LN G, *y MU —IfidE b4~ L 28
fELTCW EEZB25. 22T, *v hU—74
EORFRI R ZLIC AR L, ESMBELN
B _RE O RTERE R DRI L 2T~ 5. X6
\Z R? OWFEZEL & R0 PR Z T, R I3 %
EBELTEY, PRYIZR2~088 TReAREARY, H
TAGARDIGR E 72D, R > 090 %79 & X2,
TE SR A T — L7 U —M a5 & .l
WNsEEHRTHE, Ar—n7 ) —E2HT5H3
v b U — 7 BIEIXRER IR DR 21%FET 5.
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