- Earth Simulator JAMSTEC Proposed Project -

BRIKWNT T > B VIS IS D56 & SR IER RS2 R A~ D s

AR A
HIE WL EEOTIERE RS AN A AR BEEA R - Sum B TS
Bi¥E & v —

el

MEE s, WA S, g

I WEPEMF SRR A M= Ak LB kil - HUERINEFSEE o Z# —, **Helmholtz—Zentrum Dresden—
Rossendorf, ** B UK

HERPIOWRENRZICIZ T T > VO REDRE (2 bV) MBSV (UME) £ T BAEWT T2 b
WVERER LTS, 22T T v MAEMEWANZE B L, JMED X 9 2R IRIREEIC & 2 &8 3 B %
B LIS SN DN DY — 2 & Z ORI R EINC DWW THRET D, HOIRBREOKERr—1 %1
DRIZEBNT, BIESBIC L DB 2 Z 9 L ALTCRES L SN BRE OB VRO /R — U BT S

N5, T LTEDNRE = 2EPHENORE R A 7 — VIR E TORE MR IEE 280 KT 2 £ 08550
7o BIRMREEDNHSEREES DY I ab—2a Lo TIDXAF I v 7 RIEBIOEMAZ I S22 L,

F—=U—F K77 bV, WG, B, 27—, K8

1. IZC®HIT
AETT—< & LTWAE 7T b (Pr) i, i
IROYWENECh DB (VX 5 L EEIEOYEL
R) LBOIEHERE DO TH D, 772 MVEDEOTR
I ZITAKEETH Y . HiBkD~ > MR T 256
HUE AR 2 7 — L TIEE 7T o MV DWIR L L
THD ZENTE D, TDO—J5, 772 MVEDMEA
DORFITIRAL LT ISREED & B Th D, OF 0 ikiks:
BITKERICHAIIC R OND O Iy TThD L &
HITEE L CHIRA0TV, HIEROSMZ VAR &
HEDELELEEZLNTNT, TDHA T I 7 ADSiFE
IR T o MVETTOXRFEOHR 5 FE\ O OB A AR
T D,

720K L D XHROIE 5 H\ N B R AT T b I
D OEETHD L, LD KRERAF—LTIERER
WHEDBRIZD72N > T D, £ L TEDRROER T
PRI K> TRBITHHUMET D Z E N TX, RF—
TERLROER &\ o T IR ORI SRS AT OREL 2
UL TE 211, EIBICRWCHTEREOFTERD
TIEEEA B2 FRE TR AR E LA U — R
F—HPREVN D, BUERIC K VB AET D Z &N
T EA U D EIRCh 5, RRORFRIE Rl ~7= Pr &
IO R E SERTEE T THDH LA U —%
Ra)IZE > TRINTHEEEI N WD, sHEDZ2WEIEL
TOIREEDS SRR T 2B AL 100 FREORE &%
HOWER LA VSRR &, ZAU PriZidEF L7
W, £ O KE 7 Ra THIN D REE/ S Z — 03, BFS Ra DE
T 2 WITHRE T 7 — A& & B VNI IE A~ D
3Ttfb, & U CHIEBIORAE, & HITIEELT~ & 3R
LTV, ZLTIDOL ) ZRRIEE L Pr Tk & < KTF
THZENMLENTWB[2],

ST, JiSE =BT D 2D &S 7o ek OmFSL
Pr 242 1 L0 K&V OV TRRIR TH 72, =

FUTAHUETER R E <o T 5, ZERSK, £ L
TKEEROAA VD L 5 I ANERT DIRIROHEIE, St
BHTHI LI DN O AR K & 2R % 5% dE
T 5, LU0 BAK Pr iR DIRETH HIIEEREITZE
DR CTHAE SR T B 72 DRI T- % S5 ST HNEO
TR DB CE 2RV, UTAE, IR 2 Vs sy
FEtIED R L, JRRISERE L CRBErT A5k 1 5
DT DORERIZONWTED Ry 7T —3 7 N & fift
T 52 & TRIBDOEHRE 74 L CTRIFTE DL 917
57231, ZAUT K 0 TSR ORGSO R0 D]
MR Z2 072 D i< BETE 5, BRI K D3
LD RTULDOEBLCTH 5 [4-6],

Tz TEETHETHI A U LEEEZANT, PR
JEDT AT W OKEA S —V) % b DR ERN TETHR
DOFEBREFEN LT, BEWIC L AR AR ES
HZEIZLY, BN TEIL TSR Y — 2 Dff
MEREE T Z LI Uiz, FrUc kb & B To
REAThS B2 LRI S D L 52D L )7 Ra i
FELRIEICH, v — LIRS D WiTE VRO EZ R~
R SENFET D, ZAUTELT oMk L & £ 2 5
N5, SOIZHMERNT LI, 20 X 5 A R i
AR EE 2R L TR Y., FoEMITinoEmE
BRI LIZIER U &V D 2 ERAL NI~ 72[6], BNE
BRICEAZ DL kR AEZIT T, 2 THA 3By
L2 b—va ALY RO R E R NBROFELZ R
L BT, IRENOFEMOMEI & A 1 = X LD PR 2
D7,

2. ROBE

FERE R E LT, BE 1 ISk LKA —
VIR AN EE LT A7 R 5 OIEFTEOTR &%
E LTz, ERRICA Y RIS TEEDEESRMETHY .
REIL ETE CENEIL—E, MBETWEVE L5, 7
U LSO Z FAVWCPr = 0.03 & L=, ZiuZ

-16-1



Annual Report of the Earth Simulator April 2021 - March 2022

FINAK Pr E W2 DR TH D, JiRiAlL Boussinesq I
BITH, BRRFETEIC L > TR TS, i L7ma—
RIXEBRER A ER O 7o DICBI%E LIt R o — RO B
BT A RN b D TH Y . SEI[T] 2 BREN
72U OperMP & MPI 12X 0 HiERS S = L— & TOFELTIC
L7 sbE LT D, AW T SR
THY ., FROMMBEIETIIAEIF MDY 2560 X 2560, EHIE.
FHAH 512 LW KB RCH D, ZOEfHEED

FERAIAEL LT XD /NS WVHIRCORE R % ELlRa L

FREORERNGEOND Z LR TE DT, £ D7
— ATCIIFHIEOK A E AR LT D, HaIcROEE
RVRE 4> % 520 LB 72 3T o ZRFEDN R S P11,
S BICEME O E AT - TR — L ORI 7225
2B L & B ICATROME A BS LT,

3. MR

FPILBNFERRIC K B E R FHAORE R & b
L7, S S o b—3 3 AT L ARERITEERIC
EROICHERFERE L&KL, AvIalb—var
DOFLNEZFe DD Z L3 TET[8], BANEBRTIT 2>
TWDDIET A VIO ABG R 72OT, Hit/ N5 —
VOB EENOHZRNLHET O LV, £2T
Y X 2 b— 3 Y OFRERI G NE — L DR A5
R D,

1 TlEd DBHHIIIT 5, (1) HEG) HRD TR
OREE, (F) EROFRME, 2 AR LT, 2
[ZRa=1.2X10° L WO KO HLDOTHY | FE LA
RIEIZH D,

isosurface of 7= 0.8
1. »DBHENCET B nAa(E) & SRR O T
(F), IR AR T > Y VD AL REDEH D IED
ST, RN 0.8 ORI CEL TS, /37
A—H DOFEEPr = 0.03, Ra = 1.2X10° TH D,

F ORI E O RATFE LELIR TH B
TEMFERERTE D EEHIC, TROBESE /LD LK
A=)V DRENEIROEENSH D Z L0 a0b, Z
DN B ELFE I AFAE T DR b S Av 7= R
Th b,

ZD XD ey — ORI A 8 % 2( 1) TR T
BB, ZHIUTHEFIRIC L DSt ciEohb 0 &
FEDE %, v Ial—arOEENSERLED
DThD, T OXOREENIERT St ACE A m oA E
Thb, AIIRE CMEORZBLOEORKE TRE S
ERLTEY, WOEEND HRRIZE D 5 KB TN
OTFERRTEND, ZOUBMIBLZRO THNES 1/4 O
ESIZHEL TWADOT, FagsDH R T EH LBEEETT
B2 £ D 72 E ORBIFRSE Z > TV D Z L3
Do BIRIEN B 1 (F) TOERmMOIEK EFEATH D,
FR (x=2. 5) 1Z[A)2> D LD ORI VT IE & O L,
ZEO/N SV KBWRIZE> TR L T\ Z &%
LU= DTHD, T LTI ZIZ 2 FEEERZTW
ZIRBFEDD-L Y & LI-EEN, FHIEH L TWDARH
P 5 — OYEFRIN BN T 5, TN ETI 2R
WLTNDZ ERGND, K2(F)IXZORESRFID 5 B
0.5 LWV I BHIIZ W RS ROMERmE R b
DOTHY, MAEIZEAT D HAOMEDME ERE X%
BTRLTND, K1) IR BND S5O % SrTE W
TRS Z LI %,

V-
B4 2. (K x G OpssOrZEf~ » 7« AL
EAPERIREEL, O x HFIONLETH Y 5 IXROBE
ZHT= D, MIINCE 0 OIS DI, FirS
<FinzERT, (PFEZ 0.5 TORIRFROSER
M, CUTHICER T DIMEE KT, 2=1/4 12 DIKF
DEF ORI R A ] OO D E A R T,

IR BREREHEOT G HREO R 722 b2 T,
3T AFE CEMEL LT- root mean square HE (U
#H) &, ROBEEEEEET X oL ME (W AR OFER
Fa w7, BEORRITEE 2 AV TR T b L 72 24K
B CH D, ms HE & Nu iZL<FEHILTEEIL T
HEEBIT, & HITHERBEIENIE THh D, s RKE N
AT TN bREWZ ER300 D, AR %
T 5 & ZOFRINTRIGT DR — 2 B3 G bhd, 2

-16-2



O OFEIREIZ RO DHERE L, K 2(F) TRLE K
5 Tt S — L EROIFEINC X <t B, 7272 L rms
RS LONNu OIRENEIIE, N — 2R MRET 5 )8
DL 1 5 EE5THDH I LDtz —J5, REHL
YD IS LA & JE el 2 REE 2 RS D &, /8
X — U BRDNEEIT A A S IFIEE LD EDBEND
iz,

40 T . T T 4

Nu

WWWWVV\/\NV\,W\}\MV\MM«
W’\/\f'\'\/\m/'v\/\/vJV\N\m

w2
W
w

rms velocity
o
f=]
[\S]
Joquunu J[aSSnN

[]

[
T

—_

20 . . . . 0
24 . 29
time

3. 2RFETO s HE (F : £kt X vk
IV N GIR A OfE) ORFZE), /3T A —X D%
FEIXFECL Pr = 0.03, Ra = 1.2X10°%,

TIEENIANE — 2R R T IREN O RS AT TH B,
I EZ D OMVIRLBIG CHDL Z LIZEE LIM3 D
X 9 7ol R A I U CIRE 2 B 5 e 05,
& L TRBIONAH X Sy & & IS E DRI D\ T O
EEHET D, DEVNAHTFICLDAZ v X T Th
Do OV L HZ LIV I(D) IO LD
TRBHIC T o & ARSI T L &, RS &
BYHTZENTE D, MRS EIEHLTHED
T, KFFEEED D> < O LIZIEENCBET BRI
NTN5,

Z I TIIY—r0iEE) 16 BEHNTENENE 16
DONFNTHYEN U, AR Z & OS2 B Uiz, S5
IGHEED 3 flgr, IR, ENOZNEIUTOWTESE L
7o B4 PBE T BEBEOMAFENC L AR TH 5, K
4 [ IBED YD E S TOKHBENAR E RN H DT,
FEHNAR O & TIURHITZO¥EHE DY —TH D,
BIVIROFEED xy & S IO Z A I AL B UM A
THRDRT . LD DR T DORIEEHEHMA 22 IREN O 1
WTHDHZENHLNE ot EAD/E— 1390 JE
[AlE S 7-BHRICH D . rms BEERR Nu |3l TR Ui %
LD, ZDOTZ LG — 2 OFEEEI N5 OJERN rms
HWEE NuICR B2 OB THD, BEROIIRHIE
FHETHDHT=0H xy O FANTEMTHD &) Z L3,
DX TR E LT RE Z AR TIRRTE LB 2 60
Do
5120Fux, uy, uz OIREL)ES ONARNE) Z G
ORI KB O Z /R T, i E i
P RET D720, KEWERIEER O CAAHEITALE S
DIARDIHERNTND, T2, ZOWIRMPMIET HE S

H (i) 2B AR (BH) O TR L TWT, KIFEER

- Earth Simulator JAMSTEC Proposed Project -

DOSIREE R CE D X HITLTnD, X 4 DR
FEG &3 /4 AT IR D/ — 2 R L TN D A,
RES E G ORN L SHIE L TWAZ ERRTE
b,

=0 N N
‘D | O 5.00 -D ; O s
3.75 1 3
1.25 1
. .
Ll L} 0 0
> -

(@ (b) =057,
L]

L]

0 125 250 375 500 0

1.25 2.50 3.75 5.00

Omm———— |
T

B 4. AAHEENZ K0 sKed BT S, TAE T
RO S COWREDE R, O 0, HBZED
IR OIS,

00 5.00
%’Wm»f ’ o gﬁf 3 )
g 1 375 T . 375
P % W S
o ¢ d 3
S 2.50 4 - ﬁf 250 ¥
b A i . 7
Ko ” K 1.25 PR e 125
T g 'ﬁ&)w s gi"&)% 0
& % 8
# % . £ 5 b
T ; T

' + :
I
0 1.25 2.50 375 5.00 0 1.25 2.50 3.75 5.00
x

x

B 5. AHEENC LV KD SRS G L KHE
TRPRER OOV IR O TR A fihit L TFRoR,
VXTERROENE ST R OALE 2R3, 720y U4 JEH, f
25 814 RN IV B T,

X 6. MBI L0 Red Sz E 1, EoAIT
BERDHRTAFET DB COES 5340, T
8% B ANEZE, RIEEROSER TR, L0
W NRTEER O HONTHR T 5, FOEAITZENEN
OENEWBITEICIIT D 16 59F LI &NFCOE i
NOfrE, FROET—JEFORTDOEA I T
KLTBY, FTRULIZHERON 77—/ S—R3E DN
FTh D, FEEROHLITAE: - $RTE O M7 A HRE)
LTW5%,

-16-3



Annual Report of the Earth Simulator April 2021 - March 2022

R, AR RO - E SR %X 6 1R, Zhud
KO RTHERZT D 2 DOMEWHHIZ OV TOHLOT
D, FELVIRNENEE, @V ES) ZIROEE CH
WTERY . REBSEOIEER O TULHTIEE 05N & 72
S>TWN5, LD 2KI3HDFFEDNFITH D DITR LT,
TO 2K TIHEN MU & 72 DABIMIFIC L > TED
LB L T D EFER LTINS, EOMEITAKT
FRDIHIELTEES NI HBEN L CRY ., X 5 (2
DOETRLUIZEMNORORELE 72> TN D, Z O
TOMEEROHFONIEOBENL, Eh3IERICE BV
BRI Z & > TWD Z L5,

X5 &KX 6 IR LIz KBWEEER OHIMHEICE H L,
BRDENSER L0071 Thbd, KEEREED
RENFEEAI T SERITH D LD OREERR
A2 b ThHDH, REBBEROBEBONTFE2A A—TT5
(I A - Clalis S B D HBOER) 2 BV RS b
Fuy, FEERICFE AT N%E jump rope vortex (-DFE Y [H]
HR T DMUMD & 9 ZeiitiEiE) & IFFA TV A (5, 8],
7272 LT AT RS b 8D 2 2T X 9 ZRIAn
AL, BR80T 4 M D Z LTy ZozEET
BHETH B,

D 3 HER TR FHIHEOZEMIX, open access D
[8] THE L TCWDOTREOMZ OB & L HICBIE S
=y,

7. MARRIIZ R 77 jump rope vortex O, AH
PN LD KD HIVZHES G KREURERIEER D
HULN STV VEIROD Wi & 3870 L CHR TV 2 b o,
B CIXEES « EEIORET N L <5,

4, BaLELd

WRIRIKRED AR, S F 0 NRNRIKT T > bV DR
RO EFICIREXEZ 52 THShRZR - L, EHIhb
KT H— 2 A LT, SNERCEEWICL Y AT
fLENT=b D L FRkOZEEN A B O I = L
—a Lo THETHZ LI L,

T AT MM 5 D BSIKTER - — LD R & D
FERTIE, ELIRASHER L S 7z 2 VIR O KIS RS S DT
TEL., ULMbZOREENERI 72 R824 0 i’ &
S T ENPERFHETH D, E OIRE) O F T RHUESE
ML R AR SAEFE LV, HEEEIPEICE E L

T, AT & 0 RS OIRBIOFZRE A B 52T
L7z, ZOFER, kO OO RO G IHETA A—
TEND LD IRNLARRYTEEN S, KB OIRE S LT
s,

EZATIDEITRWVERIZEWT, BRSOk L
Pr 73 1ITEWIRIC L 5B TIL, ket 5 &5 724
RAFEH U7 IREI SR G Il S, (b IZAELT
WADIFTe LABERBO T v X L7pkEichH D, 2oL
TR D IO 2R TR EER B OIZINNREIICH D &
EZTWD, OF DIEPr DEAITZFORE REYEMED
720, & Ra IZBWTCHIRERNEIIE R T D,
Z 2O L7 Pr 72 5 CIXOBIMIRNRG TH Y |
HIBRDOIMETD A = AN FEELTREBE 52 560D
LEZ TS,

HIEE

A TR RN B X D ESHROENFERIT,
B KRB T e OURA VI ZEEE 72 5 ONC
RAY D~V LRLVY B H— RLRAT -yt R
NI TCHERITEB L2 D TH D, = ZITE0 L CREG
DELERT D,

SCHR

[1] M. Lappa, “Thermal Convection: Patterns, Evolution and
Stability,” Wiley, 2010.

[2] R. Krishnamurti, and L. N. Howard, “Large scale flow
generation in turbulent convection,” Proc. Natl. Acad. Sci. USA,
78, pp. 1981-1985, 1981.

[3] Y. Takeda (ed.), “Ultrasonic Doppler Velocity Profiler for
Fluid Flow,” Fluid Mechanics and its Applications Vol. 101,
Springer, 2012.

[4] T. Yanagisawa, Y. Hamano, T. Miyagoshi, Y. Yamagishi, Y.
Tasaka, and Y. Takeda, “Convection patterns in a liquid metal
under an imposed horizontal magnetic field,” Phys. Rev. E, 83,
063020, 2013.

[5] T. Vogt, S. Hom, A. M. Grannan, and J. M. Aurnou, “Jump
rope vortex in liquid metal convection,” Proc. Natl. Acad. Sci.
USA, 115, pp. 12674-12679, 2018.

[6] M. Akashi, T. Yanagisawa, Y. Tasaka, T. Vogt, Y. Murai, and
S. Eckert, “Transition from convective rolls to large-scale cellular
structures in turbulent Rayleigh-Bénard convection in a liquid
metal layer,” Phys. Rev. Fluids, 4, 033501, 2019.

[7]1T. Yanagisawa, Y. Hamano, and A. Sakuraba, “Flow reversals
in low-Prandtl-number Rayleigh-Bénard convection controlled
by horizontal circulations,” Phys. Rev. E, 92, 023018, 2015.

[8] M. Akashi, T. Yanagisawa, A. Sakuraba, F. Schindler, S.

Horn, T. Vogt, and S. Eckert, “Jump rope vortex flow in liquid
metal Rayleigh-Bénard convection in a cuboid container of
aspect ratio /'=5,” J. Fluid Mech., 932, A27, 2022.
https://doi.org/10.1017/jfm.2021.996

-16-4



- Earth Simulator JAMSTEC Proposed Project -

Convection in Various Prandtl Numbers and Its Application to Solid Earth
Science

Project Representative
Takehiro Miyagoshi, Center for Mathematical Science and Advanced Technology, Japan
Agency for Marine-Earth Science and Technology

Authors
Takatoshi Yanagisawa *!, Megumi Akashi *2, Ataru Sakuraba *3

*1'Volcanoes and Earth’s Interior Research Center, Research Institute for Marine Geodynamics, Japan Agency for Marine-
Earth Science and Technology, *?*Helmholtz Zentrum Dresden-Rossendrf, *3University of Tokyo

The Prandt]l number (Pr) of the convecting materials in the Earth and planets have very wide range from 10% (mantle) to 102
(outer core). In this project, we are dealing both extremes. Here we report the form and temporal dynamics of
turbulent Rayleigh—Bénard convection in a liquid metal with a Prandtl number of 0.03 inside a square vessel having an aspect
ratio 5. The dynamic behavior is dominated by strong three-dimensional oscillations with a period length that
corresponds to the turnover time. Our analysis by the phase averaging reveals that the oscillation is marked by expansion

and contraction of a cellular structure, and the axes of circulation behave like rotating jump ropes.
Keywords : low Prandlt number, liquid metal, thermal convection, pattern, oscillation

1. Introduction

The Prandlt number (Pr) is the ratio of material properties of
fluids defined as Pr = (kinematic viscosity)/(thermal diffusivity).
Liquid metals such as molten iron are typical low Pr fluids (Pr <
0.1). To understand the nature of Rayleigh-Bénard convection in
low Pr is essential for the dynamics in the outer core of the Earth.
The critical value of the Rayleigh number (Ra) for the onset of
convection (~10°) does not depend on Pr. On the other hand, the
behavior of convection after the onset strongly depends on Pr
[1,2]. Actually, our knowledge on convection patterns was
mainly constructed by experiments using gases, water, and oils
whose Pr are around 1 or higher. It has long been difficult to
visualize flow patterns inside of liquid metals because of
opaqueness, but a method using ultrasonic wave with its Doppler
shift enabled that in these two decades [3].

By applying the method to the study of Rayleigh-Bénard
convection in liquid metals, very attractive behaviors were
observed mainly relating to time-dependent patterns [e.g. 4-6].
We found that there exists roller or cellular pattern as an
organized structure of turbulence around Ra ~ 10°. In addition,
the structure shows quasi-periodic oscillations whose period
length is comparable to the turnover time of the flow [6]. Hear
we conducted further study to make clear the detail of such kind
of oscillations. The work is a combination of laboratory
experiments and numerical simulations. We checked the
reliability of numerical results by comparing them with the
laboratory experiments. In this report, we introduce the aspect of
numerical simulations.

2. Setting

The target geometry is a square vessel having aspect ratio 5. At
all boundaries, the flow velocity is fixed to zero as laboratory
experiments. Temperature is kept constant at the top (cold) and
bottom (hot) boundaries with insulating side walls. We treated the

fluid by the Boussinesq approximation and the Pr of the fluid is
0.03. The code for numerical simulation is our original one based
on the finite difference method and optimized for the usage on
the Earth Simulator. The maximum grid points for the simulation
are 2560%2560%512. The details are referred in [7,8].

3.Result

Instantaneous profiles of flow velocity field and temperature
field are shown in Figure 1. The velocity field is marked by
numerous small vortices reflecting its turbulent state, while the
temperature field is by a cellular large-scale structure.

1sosurface of 7= 0.8

Fig. 1 (top) Snapshot of vortices drawn by a flow velocity
field. (bottom) Snapshot of a temperature field. The setting
parameters are Pr=0.03 and Ra = 1.2x10°.
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In Figure 2, time variations of two global quantities are
presented. One is the root mean squared velocity for the entire
volume, and the other is the Nusselt number of the system. Both
values are correlated well and showing quasi-periodicity. Time
variation of these values reflects the oscillation of the large-scale
structure.
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Fig. 2 Time variations of the rms velocity (blue) and the

Nusselt number (red). Quasi-periodicity is dominant.

To extract the style of oscillation of large-scale structure, we
applied phase averaging for the velocity, temperature, and
pressure fields by utilizing the quasi-periodicity. Each oscillation
is divided into 16 phases and stacked over many oscillations.
Small vortices are smoothed out by this procedure and we can
obtain clear structural variation. Figure 3 shows the stream lines
calculated by the phase averaged velocity field. It is for a certain
phase of the oscillation. In this figure, around the circulation axes
of the large-scale structure is emphasized by red color. We call it
“jump rope vortex”. The “jump rope vortex” structure was
originally discovered by [5] in a cylinder of aspect ratio 2. As the
name suggests, this is a vortex with a curved axis performing a
cycling motion in three-dimensional space. Our results confirm
the existence of such kind of flow structure also in a wider square
geometry of aspect ratio 5.

You can refer the details of the result noted here in [8] (open
access) with attractive movies.

Fig. 3 Large-scale structure extracted by the phase
averaging. The red color indicates surrounding portions of

circulation axes. We call this “jump rope vortex”.

4. Summary

The convective flow of a liquid metal (Pr=0.03) in this square
vessel is fully turbulent. Our analysis succeeded in clarifying the
complex three-dimensional structure of the large-scale flow. The
dominant feature is that there exist four vortices at the same time,
with the axes of the circling motion being aligned parallel to the
sidewalls. Combined motion of four “jump rope vortices” is
convenient for imaging the style of oscillation. The dynamics of
the “‘jump rope vortices” is strongly correlated and characterized
by the fact that the respective opposite vortices move towards the
center or the sidewall at the same time, while the other pair of
vortices rotates with an offset of half a period. The very
interesting question to be solved in our future work is whether
this type of oscillatory structure exists in wider parameter ranges
of the aspect ratio and the Rayleigh number.
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