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Bifurcation structure and boundary crisis in wall-bounded flows

Shimizu, Masaki
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In plane Couette flow, we performed numerical simulations of more than 100,
000 cases with different Reynolds number and initial condition, and investigated the onset of
initial chaos in detail. Because two different untrivial solutions exist in the same range of
Reynolds number, we found the creation of the fractal basin boundaries and its crisis at several
global bifurcation points. We calculated Lyapunov dimension of the chaotic attractor and found that
the dimension is slightly higher than 2. So the chaotic attractor is considered to be homeomorphic
to a one-dimensional map. In the case of the onset of chaos from Nagata steady solution, we
constructed low-dimensional system, which reproduces Navier-Stokes equations very precisely, by
using machine learning at least with five variables.



B X C—19, F—19—1. Z2—19,

1. WHEBHAR SO 5

P A% 3 S0 S AT S R 9 45 oD BE T LS S T
HEREBIIARIEEOEELIC L v AT, &
BLA X (Ree) &6 5 DITEFIIC
NEETHDLEEINTELEDITEMDEET
b5, L UAIERRRTOEEDOR T, Bl
ER R ENEHFIRE T D Rec DEEMN UL
OMEZHENRT. 1 2B, Avila 5(2011)
WCED2bDTHY, HHITHAERICBIT SR
TEELHE O - T N 1 & S22 4y SR A& 52
B & BEF A AV CHlE L, MR A — £
THLA VA EEFLIRB KEE TE 5 TR
LA VA EER L., 2281
Kreilos&Eckhardt(2013)I12 L 5 7 — v ki
WCBITDIAADEAED Rec TH AH. 51T,
KO EF DO o3I U= SR 5 D JE
RSN X DA ABEEZFRR L. Zh
D ORFIEFERIT, HFRITET D Koy
A EEM A E R ST

2. WHEOHEM

AR BE, BdEFHE 2 VW Chkx 72
BEF TR T DI D J1 F A 587 & 8 EL
MECTOEBBOBELZML L THD. HIK
BICIE, ROETHD. (DB HRCEAT R
BMICB T A2 A ADRAELER T4
AL HIHED Re Z @k E IR ET 5. (2)
JRTERLIR DN EER 7 T A4 AWK D H
FAF RAVEOBYEDY THDHI LER
L, N5 44 5 Re 25ET 5. 3) Zd
WIERELTR (I A A% Rv) NAEFRD Re D#i
FHCHELTWDLONEFHRS., 4) ZH Lz
EBRRETOILRLEm LA /2 VX TOEL
WH7 77X ARTERD D, GLERO R
R 72 S A S O B 2 R 37 2 & 133% Y
DEIZBNTA 27 b RH Y, REEARIC
& B D HEHTELTE O fiRTE DA R Tk I &
MNADAREENH DI HBEELDHD. WA A
PUED ARLE S NIRRT THY, 7774
NRITEHIERTTH D LB TE, WTaKR
OAHEDOFHE A &L TIRBHES I
ROOND EE XD, FEEICIEILRICW -
DET, 777 FZNKRITERDD. ELIEHBA
BHNCALAZE M E ORI TRy 22 TAE L
TWB T2 &, FERMICELIR DML EIRY
WCEZ LD AREMNEDRH 5.

3. WD Ik

JEVVEIR &2 /TR L, & LA IV ZEITE
U7e bl 7iREICE R T 256, ARER
FE Oy RO FH R O EATEIE A IEF I K E L
725 ARBFIETIIULHNE & AT M EN -
A~y M VIEER AV, E I REE R
LREDTHY, DROICEEFFEEITH 2 &
MTED., EEEMEHEE =2 — M IEICK
> TIROIBAEE 2 R, FEEAIZL DR
RITAVANREETDHLA IV DN

CK—19 (dtm)

< OMEBEANT R D, ELIE DO EM DFEEMN
DIEEALT E TCOBEBBREZ M 5. &Lt
Doy ENEH A A Y Rv GBERMELE) I2X 5
BRIV IAVATRAETDEEZL, A
AT MFZI7HIZELDHDLEY, BEOLA )
NAEERDDDOIXNETH D, R A
AY RVICHE F D#uE (MEFF S LD L) %
BT licky, pEICERHHEOFEE
B, F2, WAARAT M T 7 ZIZHONWT,
Shimada&Nagashima (1979) @ FyEIZ X VW, i
FHZEMCTD & VL EIRORITT (7T 7 2 v
WoL) ZEHERYD, Sz R TR T R
~DfEHEES.

4. HFFERHE

Wi 7 =y MRICEBWT, 10 GHILLE
(Re L ATHISRIEN R D) OEFFE ZFTV,
JE VAR O A IRIRIE I LI L D 7 A A3 4E
OV PE 2 RN 2 7=, BB RS LL
SDOFFREZFR S22 T, BIRfRUSL DT
NS 27 ZNREGFIC2OFETAHAZET, 75
7 Z VIR G| FEIER S O TR & O AR R R
R ORI LB L TR 52k
NH¥Z. FTRIZBWT, REITHRT Re 2
IS DORIEYIE S T D, ML=
INX—%oRT. F2, 7T FXNVRTIL2 &
DVLUERIBREEITHY, DAARAT T X
FIFIE 1R TEEBERMTH D Z &0
Sz, ZO, FHEANIIER T DR E o
ARNDINSWTFEREMETEDHZ LNy
Motz KEDEFRNS DI AADIAEID
BWT, EEEE2ZHWT, oK bR
AR L, Vel L L 5 A KEH WD Z LT,
FEx e A =7 ZAHFEXEHBT D EEE
RBRIHEETEX D ENhotz.

=K

MAEmICIBWTIE, Avila et al. (2011) D
ZEJAE AR NS DI A A L A AY R
NFEED I AEEZFE L. Avila HIET
DHF~DEER T F 4 AL > THhAAY
RAREAELTNWBEZ L EREBL TSR,
ZOEICELTIE, xR LTS
LEZ B, A% ORI IS 2 SIS
HRDETETHS.

HRERNIZBOWTIE, v Yy RLVLIE
Nx AWM FIEZ T L EsELE
WCHEHEAEZEIT TR X910k o7z,
Okino (2015) DAV ST [ JRTERR 2 R 6D, bhifg
MR =2 — b IRIZ K OB A
BEL 720, ANV HBICEFEMEREZIAS LT
iRz 52 & T, AXVHRICHREL



T fREFTT=, Fio. EREEBEGHE N R EIC
FREL M oT=T=, IEFEX 7 MIBITH
WD LA ) )V ZEARTFE K OHE FRi A%
EINFETHRETHTmEmLA /LR
THRBHZ ENTET,

E G TER RN O R O 4y IS 2 ]~ 7
7 v MVEL Pr=T OAE. 1 DO ET D
O o3Iz U7z JE MR D XEFRAE DT A3, 4 Diffy
DRBERIHEMT D Z L T—xDREY
V= 78EEEL, TOERKITH A AW
PEER I D XK EEB BN EAE LT, 22T,
IR IT ) 5 5% C O KIB 57 I A 38 23 s AL oD
ERMEOBE L6946 LTHRRT
7.

5. FreREinLE
(BFgEf . WIZes 838 K OB 724 1
X THR)

(MERsRm 0] (B4 1F)

(1) VB RFD, WRIECR, JEACHERT, 7K SR
IR T XA BRI IS 1T B BHR DI A4,
7R D3, AR, Vol. 36, 2017, 79-82

(2) BB, THEACHERS, TR, Bkl
B2 A AN KEORAESM, e,

we i, Vol. 34, 2015, 409-411

(3) Susumu Goto, Masaki Shimizu, Genta
Kawahara, Turbulent mixing in a
precessing sphere, Physics of Fluids,
EHiA, Vol. 26, 2014, 115106-1-24
DOT: 10.1063/1.4901449

(4) Masaki Shimizu, Paul Manneville,
Yohann  Duguet, Genta  Kawahara,
Splitting of a turbulent puff in pipe
flow, Fluid Dynamics Research, Zitf,
Vol. 46, 2014, 061403-1-13
DOI: 10.1088/0169-5983/46/6/061403

(%R G4 21F)

(1) ZRTok, EACHEK, WERER, &LA ./
JVABEIRICB T HIE A 7 b ki
FU, B AEEI 5 94 WK T8 P a
THE:, 2016 4F 11 H 12 A~2016 4 11 A
13 B, ke (LB - 5255m)

(2) JEACHER, TIJRIRKR, bk 2 v
W 7 = v MELRIC I T DRI R
DOREEE, B AR5 94 HITEIAR T
FREEESS, 2016 4F 11 A 12 H~2016 4F
11 A 13 A, WAk (Lalk - 558

(3) AlEESL, IBACHER, WK, F ¥ 3
VTR I T 2 JRTER O ELAE G O MERF RS,
A AR 225 94 WITRIA T2 50 P 35
£, 2016 4F 11 A 12 H~2016 4 11 A 13
H, ok (Lol - 5558H)

(4) &GN, BACHER, WK, Fx 3
IFRIZ KT 2 RTESLIV O PR RE, B AR
AR 1524542 2016, 2016 429 A 26 A,
2016 4F 9 A 28 H, A HETERTE (&

L - Al R

(5) &iEEGL, TEAHERS, WIRER, F v %
JVIRIZ 31T B R ER O ELiMEE, HAY
HI2E4Y 2016 4EFKF RS, 2016 4£ 9 A 13
H~2016 4£ 9 H 16 H, &RK% (4l
W R

(6) IGEACHERST, WRIEAR, MERICHIT 5
FERELIE S 7 O3 A FE, H AW
2016 FEFKZ= R4, 2016 429 H 13 H~2016
9 H 16 H, @RKF (A)IE - &iR00)

() AAREE, WIREEA, EARHE, 255"
A 7o R AR E O fdfl, H
AHE T2 2016 FFEFERRS, 2016 4F
9 H 12 H~2016 49 H 14 H, WK%
(i [ V% 8 o] 117)

(8) JEBAFT, WIRIEN, JEAKHER, LAV
— e NJ )b e RT R 2ELIRICBIT D
o SEB R, HAKYS 2016 4
JERRRRZS, 2016 4F 9 A 12 H~2016 4
9H 14 H, JUNKZT (fEhHER - fEE )

(9) Shingo Motoki, Masaki Shimizu, Genta
Kawahara, Optimization of forced
convection heat transfer by using a
variational method, 11th European
Fluid Mechanics Conference, 2016 4F 9
H12H~20164E9H 16 H, v U T (A
~_A V)

(10) Shingo Motoki, Genta Kawahara, Masaki
Shimizu, Optimization of heat
transfer enhancement in wall-bounded
shear flow, RIMS Camp—Style Seminar:
Dynamics of wall-bounded shear flows,
2016 4=8 A 31 H~2016 49 H 2 H, B
eI F—r X GUET - AR

(11) Takahiro Kanazawa, Masaki Shimizu,
Genta Kawahara, Domain size
dependence of the lifetime and the
transition in plane channel flow, RIMS
Camp—Style Seminar: Dynamics of
wall-bounded shear flows, 2016 48 H
31 H~2016 -9 H 2 H, BHfEEI I —
AN A (B - BT

(12)Masaki Shimizu, Genta Kawahara, Naoto
Onishi, Bifurcation to a transient
turbulent puff in pipe flow, RIMS
Camp—Style Seminar: Dynamics of
wall-bounded shear flows, 2016 4= 8 H
31 H~2016 49 H 2 H, BAl®& I F—
NG A R - FER )

(13) Takahiro Kanazawa, Masaki Shimizu,
Genta Kawahara, Exponential increase
of the lifetime with the number of
coherent structures, 24th
International Congress of Theoretical
and Applied Mechanics, 2016 48 H 21
H~2016 48 A 26 H, £ hUA—
(F %)

(14) Shingo Motoki, Masaki Shimizu, Genta
Kawahara, Optimization of  heat
transfer in plane Couette flow, 5th




International Conference of
Continuous Optimization (¥BfFifIE)
2016 8 H 6 H~2016 428 A 11 H, ¥
RAFFERFBER T GRS - HEIX)

(15)Shingo Motoki, Genta Kawahara, Masaki
Shimizu, Optimal heat  transfer
enhancement in wall-bounded shear
flow, International Workshop on
Theoretical Aspects of Near-Wall
Turbulence Studies (FAFFiEE) , 2016
6 7 28 H~201646 H 30 H, Bt
IF—T R (BT - BCERTH)

(16)Masaki  Shimizu, Genta Kawahara,
Dimension reduction method by machine
learning for turbulent plane Couette
flow, International Workshop on
Theoretical Aspects of Near—Wall
Turbulence Studies (#EfFaflHE) , 2016
.6 H 28 H~2016 46 H 30 H, Bt
IS T A REF - AR

(17)Daiki  Watanabe, Genta Kawahara,
Masaki Shimizu, An unprecedented
turbulent state in plane Couette flow
International Symposium on Near—Wall
Flows: Transition and Turbulence,
2016456 H 20 H~20164-6 H 22 H, T
FKRF ORI« FCHb )

(18) Shingo Motoki, Genta Kawahara, Masaki
Shimizu, Upper bound for heat transfer
in plane Couette flow, International
Symposium on Near—-Wall Flows:
Transition and Turbulence, 2016 4 6
H 20 A~201646 H 22 A, HUHRT (L
BT« HEBTH)

(19) Takahiro Kanazawa, Masaki Shimizu,
Genta Kawahara, Strong dependence of
the lifetime with the domain size in
plane channel flow, International
Symposium on Near—-Wall Flows:
Transition and Turbulence, 2016 4 6
H 20 A~201646 H 22 A, HUHRT (L
BT« HEBTH)

(20)Kentaro Cho, Masaki Shimizu, Genta
Kawahara, Onset of chaotic reversals
in thermal convection, International
Symposium on Near—-Wall Flows:
Transition and Turbulence, 2016 4 6
H 20 A~201646 H22 A, HHLKF (L
BT« HUARTH)

CUANES, JHAHER, WRER, AT
MR 7 = MRAUIZ IS T 2 Fc it B 16
%5 53 Bl AAGEL AR A, 2016 4R
5H 24 H~2016 45 H 26 H, 7/F %
2 —7 KB CRBF - KB

(22) JE 7K FeAst, BEREIFTICIS 1T 2 BB IR E,
BB FIHEICE TS 7 — T A
2016, 2016 4 4 H 27 A, @ (18 )

(23)Genta Kawahara, Daiki Watanabe,
Masaki Shimizu, Onset of thermal
convection in wall-bounded turbulent

shear flows, %5 58 [RIELIER OfEA &
HIERFZESS, 2016 4F 3 H 21 H~2016 4F
3H22H, HHERFHRI )

(24) JEACHERSE, TR, BEAREE 2
SLUERHAE ORI IT L 1, H ARY 72
B 71 [EHER RS, 2016 4E3 H 19 H~2016
3 H 22 H, HALFRERT ()

(25)Masaki  Shimizu, Genta Kawahara,
Dimension reduction method for
simulation of turbulent flow by

learning, France—Japan
workshop on subcritical transition to
turbulence, 2016 &3 A 2 H~2016 4£ 3
H 3 H,Paris (France)

(26) Takahiro Kanazawa, Masaki Shimizu,
Genta Kawahara, Strong dependence of
the lifetime and the transition with
the domain size in plane channel flow,
France—Japan workshop on subcritical
transition to turbulence, 2016 4 3 H
2 H~2016 4£ 3 H 3 H, Paris (France)

7) IBACHERSE, ARIEOR, ELIRIZ 3 1T DR
JCNFSROREE, 29 [BIEERAR TS
VR T T A, 20164 12 A 15 H~2015
12 A 17 H, JUMRE (FE)

(28) AR Tank, RN, JEAHERE, EHEH
7 MRV OB FRE &L IR,
55 29 [R5 AR U T A, 2015
12 H 156 H~20154 12 A 17 B, JuN
K% (1@ )

(29) & E 0L, JEACHER, WRIER, 7 v %
JVIRIZ 31T D JRTEELAL D FF Ay DA IE K
PR, AR 93 WK 550
FIRRIEZS, 2015 4F 11 H 7 H~2015 4F 11
A8 R, FHRHEFRY (R

(30)Masaki Shimizu, Construction of
low—dimensional dynamical system in
Couette turbulent flow, France—Japan
workshop on subcritical transition to
turbulence, 2015 4 10 A 14 H ~2015 4
10 A 15 B, FRERRS: G

(31)Shingo Motoki, Masaki Shimizu, Genta
Kawahara, Optimal heat transfer in
plane Couette flow, 8th International
Symposium on Turbulence, Heat and Mass
Transfer, 201549 H 15 AH~20154E 9
H 18 H, Officer’ s Hall, Sarajevo (AR
A=T e LY = I ET)

(32)Masaki Shimizu, Kentaro Cho, Genta
Kawahara, Onset of reversal and chaos
in thermally driven cavity flow, 15th
European Turbulence Conference, 2015
.8 H 25 H~20154-8 A 28 A, Delft
University of Technology (47 %)

(33)Masaki Shimizu, Kentaro Cho, Genta
Kawahara, Homoclinic explosion and
chaotic reversals in thermally driven
cavity flow, Workshop on New Trends in
Patterns and Waves ($EfFaflH) , 2015
#£8 A 17 H~2015 48 A 18 A, dtifF

machine




ERY (bgE)
(34) Takahiro Kanazawa, Masaki Shimizu,
Genta Kawahara, Subcritical
transition to turbulence in plane
channel flow, ASME-JSME-KSME Joint
Fluids Engineering Conference 2015,
20156 42 7 H 26 H~2016 4 7 H 31 H,
COEX (##[H)
(35)Masaki  Shimizu,

Genta Kawahara,

Julius Rhoan Lustro, Lennaert van Veen,

Structure of invariant set in Couette
flow at low Reynolds  number,
ASME-JSME-KSME Joint Fluids
Engineering Conference 2015, 2015 4
7H 26 H~20154 7 H 31 H, COEX (i&
E5))

(36) JHACHERST, BEmpRIZ IS
B FHEICET S 7 — T A
2015, 2015 4 4 H 24 H, i (k&)

(37)jiE§E%GL JEAHERS, RIER, 7 % %
JVIRIZF 1T D ELTER R, B AT

S 92 WIRIA oA Pasi s, 2014 4F

10 H 256 H~2014 410 H 26 H, &FLXK
¥ (EIWR)
(38) K HERst, TIFURKR, S =~AFHIZ T

v MRIZERT DAL AR, B ARRIK

F154E42 2014, 2014459 H 15 H~2014

FIHITH, HALKRT (EIHRR)
(39)Masaki Shimizu, Genta Kawahara, Route

to chaos in minimal plane Couette flow,

6th European Conference on
Computational Fluid Dynamics, 2014 4=
7 H 20 H~2014 47 A 25 H, Palace of
Congresses of Catalonia (AXA L)

(40)Genta Kawahara, Julius R. Lustro,
Lennaert van Veen, Masaki Shimizu,
Homoclinic orbits and their relevance
to the onset of transient turbulence
in wall flow, 6th European Conference
on Computational Fluid Dynamics (3%
FreliE) , 201447 H 20 H~2014 - 7
H 25 H, Palace of Congresses of
Catalonia (A~XA V)

(41)Masaki Shimizu, Genta Kawahara, Route

to chaos in minimal plane Couette flow,

Euromech Colloquium on Subcritical
Transition to Turbulence (FAfFFEH) ,
201445 H 6 H~201445H 9 H, IESC
Cargse (77 A)

(42) JEACHERST, BEm 31T 2 Ky ﬁ%L
ERR T AR, SRR EICE
T5H7 4 —7 5 2014, 2014 4 4 A 25
H, ki (f&hd)

() GFofh)

(PESEIA PEHE]
ORI (G0 )

HFF

T S ELTEB T,

T
R
FHELE -

&
HFEFH H -
ENADR]

OFfsikee Gt F)

Py
LR
HEFIF -
TEEH
EF5
BASFEH A
ERA DR -

(Z Dt
R— b —
https://sites. google. com/site/wwwkawaha
ralab/

6. WFFTHLAR

<Uﬁ &
WKk HERT (SHIMIZU Masaki)

kmki-kiﬁgﬁiiﬁ%ﬂ-%ﬁ
WrgeE 25 1 20550304

(2) WH7esr 38

WHIEHE &

4) ot 1
WE JRA (KAWAHARA  Genta)
KKK - KEFBLIEME T 5e R - B

Paul Manneville
Ecole Polytechnique, France

Yohann Duguet
CNRS, France



