2011 4EFE

Emw

IR BEHNRS S 2L —3> a v & Z200a]#HAl

M RFE S AT LIERAF R

SRR
i R
A Il S
FEHH EH IR KL B
AR Bl
A B RO S

20124E2H 6 H



Simulation and visualization of liquid metal convection

Furuta Atsuya

abstract

In order to investigate the effect of magnetic field and rotation to liquid metal
convection, Japan Agency for Marine-Earth Science and Technology (JAMSTEC)
and Hokkaido University have collaboratively performed laboratory experiment
for liquid gallium convection. Since the opacity of liquid gallium is high enough to
prevent us from using optical measuring equipments, Ultrasonic Velocity Profiling
(UVP) technique is employed for the experimental measurement. However, since
the UVP can provide us only the information of one-dimensional distributions
of fluid velocity, we have no means of studying three-dimensional spatial struc-
tures of magnetic and velocity fields which are essential for getting the convective
properties.

In this work, we made a complemental numerical study, with using Earth Simu-
lator 2, on liquid metal convection which can reproduce the laboratory experiment.
In addition, for the multilateral and multidimensional analysis on the simulation
data, we developed an original visualization software named “Gallium Field Vi-
sualizer (GFV)”. The GFV visualization enables us to study three-dimensional
structures of the liquid metal convection, which can not be obtained in laboratory
experiments.

As the numerical setting, we adopted a rectangular box with the same aspect
ratio as the vessel used in the laboratory experiment and analyzed the thermal
convection for the following three models: i) the model with no magnetic field
and no rotation, ii) the model only with magnetic field, and iii) the model only
with rotation. In the model i), we confirmed that the convective structure is
gradually changed from the coherent one to the turbulent one with the increase
of the Rayleigh number for the system. In the magnetized model ii), which has
almost the same initial setting as the actual laboratory experiment, we found the

formation of the convective roll structure which was discovered in the experiment.



Furthermore, the GFV visualization yielded additional findings, that is the he-
lical flow along the convective roll and the concentration of magnetic fields by
the convective conversing flow. For the model iii) which precedes the laboratory
experiment, the convective roll breaks up into the smaller scale columnar vor-
tices aligned with the rotation axis with the increasing rotation velocity. When
applying the particle tracer function installed in the GFV, we found the helicity
reversal in the vortex column between upper and lower portions of the simulation
domain.

The numerical simulation and three-dimensional visualization of the liquid gal-
lium convection could provide us not only the information complemental for the
laboratory experiment, but also the new findings which might serve as guides for
future experiments. This work demonstrates that the collaborative research in
simulation, 3D visualization and laboratory experiment should promote further
understanding of the liquid gallium convection.



WG BERS T 21— 3 v & 200l

i PR,

35
WA <R B XS 2 WS S DRI 2 TN 2 HIY T, WIEAT Y 7 L DB
I IR 2 R U B TE RS & AGRE R LR L TiT > T 5, FEBRTIREST
RRBMNOBRRZ BT 208, WED ) 7 LIIAEHTH D AN 5
FHTE v, BERZ - 7R HEE DM SN Tw» 203, 1 RILDH
EATER LG5 2 ETET, WGP HE % EDORRMIEZ TS 2 Eh
TERWVE W) RS Z R, AR TIE, ZOREMZ TR L, RiEEEER
DOAREITHS 72z THIBRY S 2L —% ) 2o CHERZERE L 72> 2L —v 3
YT, otk T— 7 2HARGLY —V “GFV (Gallium Field Visualizer)”
2o TEHMNITIENT L 72, EEE Ffk, E7RsEhcoBohizatie 7
ELTHML, i) B DRSS 2 wiGa, i) B oAZ2 BT84, i) [l
DAERTEHAE, BT 2BONROYHEZ TR, ETViI) TE, LAY —HD
BIMZPOXES 2 e — L v b RIREED S ELIREN LB T 5 2 L 2R L 72,
TV i) 1ZFEBOBGHRFIEBR DL ICH)IE L TE D, FEETR W2 I i
0 — UGS 2 BE IS L 72, & 512 GFV @ 3 Xy nldibkgagic X - T, 2k
TR I N T WD > T — LI > 7S OB IeRhE & . IRFRIC & b
B OEFECEOBIRZ AL 72, EBICHRIT L 2T 7V i) T, mE bRl
TR AT 2 il 2 ROt s, Z OPERED Rl A I B LT E
(B LRMER LT, 72, GFV O S—F 4 7V b L —H —BEREZBXfH L <
TR DUENE D& E FHHEHFARO E N T L CTwa 2 2SI L7z, 4l
DY S ab—a LR DORER, FEERO B IR 2 fise 3 2 721 T
%, SBROFROIEH L2 2 L) BEOLOER LM, Y2l —vavi
3Xounltifl, % U TR IR 2 M IciT 5 Z & T, SRIKGSEERRD
H7En I oIS N 5 LI 5,



B X
1 iR

RAEEBEWREREBIREI2L—2a3 Y
2.1 WARESBEORFESOMIE . . .
22 WHREBEMNKY I 2L —savoitEEs vy . ...

[\

3 HHR{EY 7 b Gallium Field Visualizer (GFV) OBIE

4 YEZal—yarv#ER
41 WHLMEEOHILVETIV
4.2 VWSO AZBTETIV ..
4.2.1 FIHEMEEOT7 A7 FHEDETIL .0
422 TARZ Ao TOY I AL —vay L.
43 MEEDARZILZETIV o

5 F&&
S5
B

A RERIE Qsp DB

2

B NX—F«127)ILhL—H—
B.1 #HEEE ..
B2 AXKEENL V=09 ¥ .

14

17
17
19
19
28
33

38

40

42

43



1 PR

HiBRZ IR & T B3 RBGRNEEDIZE A EDBFEBEOMSGZHL T\w5b, ZOW
LG ISR H D . REDTFET 2 EC NG - NI OE W &
DGR DEBEN L ERZ L EZE L oNTwS, BRI, TEPARELEVSER
ORI HIER & RIS SRR S S Bk U 7B E 2 FF o 2 E IS T B, —
KT, AU ERZEICOEINZRERLCHETIEIZ (777 LKRE) . EALE
BREARA P v —IC X 2B OFER, JEllSFR IR 2 g iiE = Fi> 2 L%
o TCER, $7o, HRAREOKEPKE, REOHETHLI =X TPHIC
WG BEET 5 2 EPHoNT w5, RERGOREZMES 2 2 Lk, XA
T A 71 = X LR RBE O NGO 2R EHANA T TORELZ A VA=V L
L TEDITF SN TWwW3,

BERWY . BENTBO M i< (MHD: Magneto-Hydro Dynamic) %
A FEBfEELCESNE EEZSNTVS (1], LaL, REONIEES X
BRI 3R 6D TR E R ANEWEDEAET 5 B, A % F1X 2 Bl 52k
HBIFE LI TN TR X =S TITbIL T 570, REfLDY A -
BEREPRERSS OO IO OVWTIZare vy S ARE LN TR VLDONE
WTh s,

REWSG L 2 0B 7 4 72TV ERLDH, HIBROHIGR & %
DYAFEHHTH 2, BLASIT B K9 ICHIER IZ PR S ORERE 2 15 5 |
NEIZZ DS REBEZZIITEREL TS, #lZI1E, KB ok ET
VX =R FEHARIC X 28RO G 5 NEHEZ > T3 D03, HEAE IS
X2 —NVFETHBILERAMDEETHA),

FEIE, HIERTIXBEEIME S 2 OHIADOMRFE—XA Y FOHE, Thbb
N #i & SHRD[A E D3R T 2 &\ ) BIRDIE E T 5, IS D IAHRIRET 1% K 1L
B EDRSOMLZRIET S Z ETHIS 2 ENTE (FHIRERY:) . 26 L Wil
LT D> & WA D I HAVE O M SR BRSO Tl T8 SIS Z o 72 2 L A &
DS D> TE T 5, HIBROHIBL SR DE 2 212 L 72 DD Fig. 1 TH
% (2], HUERHR DI (258 73 8000 4EH2» 6 BUNE T) 2. Bk W€ — £
Y o TEST L TE D, AEIFHAROHBR & [F UMBME, K1
AR L T 5, ORISR (3 <, MR S —ETIE R Ww 2 83005,

HIBR DRGSR b Z DNTBD ¥ A F BBBUCHR %2 L7232 £ 23T 5, Fig. 2
I HUBR O BRI . 3 X OVHIER D NSRS 2 BN 37, HiBRD INFR I 2
DD NTED, Ml FVE, HlZa 7B EFENn w3, 2~
PV D FRTIEEA T, a7 EOMRERIZFETH 5, 2 7T ZDFDIREE
DEND S, ISICWEEIMZEMEENS DD oins, $kIFNETIE
ERDIRRETIFET 205, IMETIIIIA L L CIRZ 8%, iREkIZERMBEEDS



TIME LINE OF REVERSALS
QUALEMNATY s — O

— 10
— 15

— 2o
S 25

_— 3[]
— 35

— 40
— 45

— 5o
— 55

— 6o
— 65

— 7o
— 75

— Bo
B5

(=14
g5

100
105
110
115
120
— 12§
— 130
— 135
— 140
— 145
— 150
— 155

Tertiary

Cretaceous

Jurassic

Hl normal polarity
Reversed polarity

Mumbers are in
millions of years

Fig. 1: Time line of reversal of geomagnetic field. The aqua color shows duration
of reversed polarity.
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Fig. 2: The structure of the geomagnetic dipole field and inside of the earth: the
mantle and the core. The outer core is composed of liquid iron and the inner core

is composed of solid iron.
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Fig. 3: Bénard cells in spermaceti. A reproduction of one of Bénard’s original
photographs. (Citation from [11])
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Fig. 4: Liquid gallium contained in a convection vessel.
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Fig. 5: Experimental arrangement performed by Yanagisawa et al.. Liquid gallium
is filled in the square vessel whose aspect ratio is 5:5:1. The inside measurements
are 200 mm long, 200 mm wide and 40 mm height. Four tranducers attached

at sidewalls measure the velocity profile on the ultrasonic beam lines. Helmholtz
coils impose uniform magnetic field on the vessel.
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Fig. 7: Numerical setting which models the vessel adopted in the complemental
experiment. The simulation domain is rectangular box whose aspect ratio is 5:5:1.
Sidewalls are maintained to be adiabatic and the boundary condition is no slip.
The bottom plate is controlled to be hotter than the top plate whose temperature
is fixed to be unity. We can impose an uniform magnetic field or a rotation with
constant angular velocity {2 about the z-axis additionally.
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Fig. 8 Visualization of isosurfaces of (a) enstrophy and (b) Q3p. Isosurfaces

of enstrophy provide the higher value to the shear flow driven near the wall. In
contrast, isosurfaces of (Q3p accurately capture the structure of vortices developed
inside the domain.
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Fig. 9: The boundingbox and menu in GFV. The boundingbox depicts boundaries
of simulation domain. Red, green and blue lines describe x-, y-, and z-directions
respectively. The menu is called by middle button of a mouse and calls functions
of GFV.
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Fig. 10: Examples of visualization by GFV. The color of slices describes the

strength of velocity and arrows follow its direction. Particle tracer moves along
the streamline and captures the structure of flow. The isosurfaces of (b) shows
@sp for extracting the vortices from the convective flow.
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Fig. 11: The relation of the Rayleigh number to (a) the spatially-averaged kinetic
energy of the convective motion (3pv?) and (b) the Nusselt number Nu. The
value is averaged for an arbitrary period at the saturated state and the error bar

discribes maximum and minimum values for the period.
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Fig. 12: The distribution of the absolute value of velocity on the cutting plane at
z = d/2 for the models (a) Ra = 7.0 x 103, (b) Ra = 1.5x 10%, (¢) Ra = 2.5 x 10%,
(d) Ra = 3.5 x 10%, (e) Ra = 4.5 x 10* and (f) Ra = 5.5 x 10*. The red region
corresponds to the higher value and the blue corresponds to the lower value.
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Fig. 13: Isosurfaces of QQ3p for the same models in Fig. 12. Each picture shows

0.25% of maximum value of Q3p. These extract the vortices from the convective
flow.
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Fig. 14: (a) The relation between Rayleigh number and the spatial and time
averaged kinetic energy of convective motion. (b) The relation between Nusselt
number and the spatial and time averaged kinetic energy of convective motion.
The error bar describes maximum and minimum value for that Rayleigh number.
The critical Rayleigh number is located in between 1.0 x 10* and 1.2 x 10%.
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Fig. 15: The visualization by GFV for the models with horizontal magnetic field
of Q = 10°. The distribution of absolute value of velocity on the side and bottom
walls for the models (a)Ra = 3.0 x 10%, (b)Ra = 5.5 x 10%, (c)Ra = 6.0 x 10*
and (d)Ra = 7.5 x 10*. Convection rolls whose axes are parallel to the imposed

magnetic field are emerged. When Ra exceeds 5.5 x 10, the number of rolls is
increased for 5 to 6.



Fig. 16: 3D arrows of velocity, slice of QJ3p and trajectories of particle tracer for

the same models in Fig. 15. The starting positions of particles are common to all
models. We can find helical flow structures along to the roll.
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Fig. 17: Helical flow structure drawn by particle tracer for the model with Ra =

7.5 x 10*. The starting position of particle tracer is different between panel (a)
and (b). Panel (a) shows the trajectory of particle tracers with starting position
closer to the axis of roll than that showed in panel (b). While the particle moves
toward the center of the domain for the case (a), it moves outside for the case (b).
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Fig. 18: (a) The distribution of absolute value of magnetic field on the side and
bottom walls of the model with Ra = 7.5 x 10%. (b) Arrows of velocity field are
visualized simultaneously. This shows that the magnetic field is enhanced where
the convection converges and is weaken where it diverges.

Fig. 19: The visualization of the model in which the horizontal magnetic field

is imposed obliquely. (a) The distributions of absolute value of velocity on the
side and bottom walls for the model Ra = 7.5 x 10%. The trajectories are drawn
by particle tracer. (b) The distribution of absolute value of magnetic field. The
arrows indicate the direction of magnetic field.
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Fig. 20: The evolution of the spatially-averaged kinetic energy of the convective
motion for the model with Ra = 2.8 x 10° and () = 10° when aspect ratio of 4.
The slope is changed closely with the change of convective structure.
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Fig. 21: The evolution of convective structure for the same models in Fig. 20. The

convective structures at the times (a)—(f) of Fig. 20 are visualized respectively.
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Fig. 22: Spatially-averaged kinetic energy of the convective motion as a function
of Rayleigh number for the models with horizontal magnetic field when aspect
ratio of 4. The structure of convective roll is changed at the Rayleigh number at
which the slope changes.
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Fig. 23: Absolute value of velocity is visualized for the models around transition

Rayleigh number corresponding to (a)—(f) in Fig. 22. The initial change of con-
vective rolls happens between (a) Ra = 1.2 x 10° and (b) Ra = 1.25 x 10°. The
second is between (c) Ra = 2.5 x 10° and (d) Ra = 2.8 x 10° and the third is
between (e) Ra = 5.0 x 10° and (f) Ra = 5.25 x 10°.
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Fig. 24: The visualization of z-component of velocity for the model with (a)Ra =
9.5 x 10*, Ek = 0o (b)Ra = 9.5 x 10*, Fk = 1.0 x 107! (¢)Ra = 9.5 x 10*, Bk =
1.0x 1072 (d)Ra = 6.0 x 105, Bk = 1.0 x 1073 (¢)Ra = 3.0 x 105, Ek = 1.0 x 10~
and (f)Ra = 5.1 x 107, Ek = 1.0 x 107°. Rapid rotation induces finer convection

cells.



Fig. 25: Isosurfaces of Q)3p for the same models as Fig. 24. The axes of vortices
become parallel to z-axis for the model with Ek = 10~* and vortices become finer
when decreasing Fk.
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Fig. 26: Vortex structures for the model with Ra = 5.1 x 107 and Ek = 1.0 x
107°. (a) Particle tracer with isosurfaces of Q3p and 3D arrows of velocity field.
Isosurfaces of Q3p captures the vortices accurately. (b) The trajectory of a particle
tracer with velocity arrows.
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Fig. 27: A perspective sketch of the path of a fluid particle in a square cell showed
by Chandrasekhar|[11].
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