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Thermal Convection in an Oscillating Cube Analysed with POD
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(Received April 8, 2015)

The authors analyse thermal convection in a cube heated differentially using the proper orthogonal decomposition, in

order to reveal fundamental and dominant flow patterns. We conduct direct numerical simulations based on the Boussinesq

approximation for a forcedly-oscillating cube under the zero-gravity environment, at vibrational Rayleigh number Ra, =

5.0x10* — 1.1x10°, Plandtl number Pr = 7.1 (water) and non-dimensional forced-oscillating frequency @ = 1.0x10° — 2.0x10%

The direction of the forced sinusoidal oscillation is parallel to the temperature gradient. From obtained consequtive series of

computations, it appears that the first POD modes account for the transient process on spacial flow structures during one

forcing period. The first POD modes well correspond to the steady and laminar flow structures which appear in a

non-oscillating cube under the terrestrial environment. The expansion coefficient is useful in particular, as we could predict

the transient process of the dominant flow structures.
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Fig. 5. The first four POD modes in Case I; perspective views of eigenfunctions of vertical velocity component w on three
horizontal planes at z = 0.25, 0.5 and 0.75, together with iso-kinetic-energy surfaces.
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Fig. 6.  The first four POD modes in Case II; perspective views of eigenfunctions of vertical velocity component w on

three horizontal planes at z = 0.25, 0.5 and 0.75, together with iso-kinetic-energy surfaces.
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Fig. 7. The first four POD modes in Case III; perspective views of eigenfunctions of vertical velocity component w on
three horizontal planes at z = 0.25, 0.5 and 0.75, together with iso-kinetic-energy surfaces.
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Fig. 8. The first four POD modes in Case VI; perspective views of eigenfunctions of vertical velocity component w on

three horizontal planes at z=0.25, 0.5 and 0.75, together with iso-kinetic-energy surfaces.
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Table 3.

Definitions of flow structures S1 — S7 (Pallares et al., 1996, 1999 & 2002). Gray zones of schematic diagrams

represent ascending (z-ward) fluid, and white zones represent descending (—z-ward) fluid. Chained lines of schematic

diagrams denote the roll axises of flow structures, and solid thin lines denote vertical (z-ward) symmetry planes.
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Schematic diagram on the mid plane
Flow Structure Definitions
(atz=0.5)
S1 A single roll.
(including (For the difference among the S1, S3 and S7, we
S3 and S7 with twisted | have to consider the hysteresis of Nu with increasing
axis of rotation) Ra. (See Pallares et al. (2002)))
ye
e
e
S2 A single diagonally-oriented roll. ) {
/'/
e
S4 A nearly-toroidal roll. { }
!
[
S5 Four rolls. Each one is with its axis perpendicular to |
one sidewall. |
|
" 7
\_\ ‘/’
S6 Four rolls. Each one is with its axis perpendicular to ~ o
one vertical (z-ward) edge. y '\-\_
7 A
i N

i, ERALLZEAE s Ad Tho, O
B —E— RREEOZ R NVF—DM%% (58 5 )>
EFRLTWNAD.

Fig. 4 775, Case I TIE X OEIZHOWTITHEYID
—D2HDH— POD T— ROLNZEHITHDHZ &
D, [ARRIZ, Cases 1T & 1M, 1V TlX, Zi
zhn, FofEconT, g0 _—oHE=oH, —
DHDHE— POD £— RMRXENTH D, EEAEL
RBIE, EHbSZEAMHEICISNT, YLD
BLA72 55— POD & — RiIMEda 5% BIC#s 75 2
L3 Table 2 B0 5. 12120, &2TOr—RAIZ
BWTC, —HFHDOFE— POD £— FOEAMHIL, 1t
DHF— POD E— FOEAMEE YD LT RKEWN

(21)

RN

3.3 PODE—F

AHITIX POD £— FOZEMEEICOWT, HZ
5. Fig.5 k6,7, 81% ZHTh, Cases] & 11, 11,
IV OF— POD E— RZR7. FHIIAT, &I
oD —E— Rand. 372bb, K(a) & (b), (o),
ix, =hEh, —oHE _2H, =52H, lU>H
DH— POD E— FIZxHd 5. ZiH D POD E—
RiZ, z=025 £ 0.5, 0.75 D =>DO¥H T, #E
A7 IO z FAEGr w O [EA B OHHIRX & LT
A ENTWS. 61T, %Ko Eicix, POD
F— FOLZER) = 3LX —HIZ & 5 bz~
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i bt b ST T 3oL X —H EO®IE, w OfE
WX L, EOEZEHOL FITHHE LTORT.
Fig. 5— 8 ® 16 KLOIDOHDUNE S5, Hi |-
D157 D TENNHRIRAE CTHLAL L kb & L <fELTuk
%. Table3 (T, i FE )G OENHRIRAE CDL S
RREFNCHND, EHPORETIRREI B D i
WSl - STHEEDD. ZILDHDOXHEEDERD
FEMIT Pallares et al.®* ? & B S 720, e O
XX, ISP = 0528 5 ERR TR E R
I BRI, MOIREFT BRI (2 Fi4,
L PR (2 7 & md . S Riti v
OlalfsH L%, HIFERRIT TR (2 70 < I &2 37T
T, FEERTAREZLE, dPMEEEZSZLH L, [H
HRHL O & 5 T REREII XL T R A 2R D TR R PR
HhIZRE LT Table 2 DA% m/2 £7213n, 3n2 72
GERR L72 BN ST DN bE Z V132 ETH D.
FEEIC, haA &L s o—LITEVWEETH D S4
HE, FOTELDEL LA & 72 pEEOWL D
2 V155, Table3 &V, Casel TD Mode 1 (Fig. 5
(@) 1% S4 IZB 7= TH 5. [FIFRIZ, Case I TP Mode

. 4

T 5.0x10 - Mode 1
3 o Mode 2
£ Mode 3
2 ° Mode 4
3

=]
.2

g

f="

>
= 5.0x10

0 0.5x T 1.57 2n
Reduced Time wt
(a) Case 1

. 4

T 4.0x10 - Mode 1
3 , o Mode 2
£ 4 Mode 3
3 | ‘ > Mode 4
% 0 T o

(5]

E=]

=)

g

f="

=
M 4.0x10¢

0 0.5 n 1.57 2n
Reduced Time wt
(c) Case Il

Bk - 32 JC R - RE R R - 4 I T R

1 (Fig. 6 (a)) <° Case Il TP Mode 2 (Fig. 6 (b)) ,
Case Il C® Mode 1 (Fig. 7 (a)) , CaseIll CT? Mode
2 (Fig. 7 (b)) , Case IIl T® Mode 3 (Fig. 7(c)) ,
Case III TP Mode 4 (Fig. 7(d)) , CaseIV T® Mode
| (Fig. 8(a)) 1, ZH2H, S2%°S4, S6, S5, S2,
S4, S4B THD. LT, LIk, LA RO
L7z POD &E— K%, Pseudo-S2 & %\ & Pseudo-S4,
Pseudo-S5, Pseudo-S6 & IESS.

3.4 xS EDREEIL

Fig. 9 1%, H&MIOMU>OF— POD E— RIZxid
% POD t%¥ a %, FiihZ BRI a & LT
IREM Y7207 7597, Fig. 2 <° Fig. 4 R, (a)&
(b), (¢), (d) 1%, ENEH, Casesl & 11, I, IV IZ
KIS 5.

£, Fig. Y@IZFEH T 5. Casel T, a IZBL
Th, BEAMELEFERC(Fig 4 & Table 2 &),
Mode 1| DA AT 72 5. IRIZ Fig. 9b)IZIEH T
5. CasellIZhH, ald, EAMALFEEIZ, Modes 1
L2 BEEAITR D, 72721, Modes 3 & 4 1,

- 4
? 2.5%10 ° Mode 1
L o Mode 2
% Mode 3
3 ° Mode 4
= 0

3

=]
.2

g

f="

>
M 25x10*

0 0.57 n 1.5n 2n
Reduced Time wt
(b) Case I1

- 4

? 2.5%10 ° Mode 1
L o Mode 2
% Mode 3
3 ° Mode 4
3

E=]
2

g

f="

o
M2 5x104

0 0.5n n 1.5n 2n
Reduced Time wt
(d) Case IV

Fig. 9. Expansion coefficients a; — a4 of the first four POD modes.
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/’m\ o Mode 1
7 1\( o Mode 2
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| % © Mode 4
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(c) Case III
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“5 4.8x108

N A

N‘_ T‘I fr ii © Mode 1
; . § [ o Mode 2
.5 3.2x10 ‘I Mode 3
2

= 3 ° Mode 4
g

o

1.6x108

=}

.2

z

=

&

3} 0

0 1.57 2n
Reduced Time wt
(b) Case II

o 4.5x108 ‘

S A
| Fi © Mode 1
S [ 1 © Mode 2
= 8 |

B 3.0x10 f ‘.? Mode 3
2 ¢ \
2 4 | [ © Mode 4
g | o7

< f | ¢ %

1.5x108 $ v [

a ¢ \ | %
=) 4 ¢ f &

g / Wi i

L 4 VAN
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(d) Case IV

Fig. 10. Square of expansion coefficients a,” — a, of the first four POD modes.

Mode 1
(Pseudo-S4)
0 0.57 T 1.5
Reduced time ax
(a) Casel
Mode 2
(Pseudo-54)
—
/ Mode 1
(Pseudo-S2)
0 0.57 T 1.57
Reduced time ex
(b) Casell
Mode 4 Mode 1 Mode 2 Mode 2

(Pseudo-54) (Pseudo-S6)

(Pseudo-S5) (Pseudo-S5)

/

\

Mode 1

(Pseudo-S6)

0 Mode 3 0_|5,[
(Pseudo-S2)
0

i3
Reduced time ax

(c) Caselll

Mode 1
(Pseudo-S4)

Mode 1
(Pseudo-S4)

0.57 1.5n

b
Reduced time ex

(d) CaselV

Fig. 11.  Time history of the POD mode with the largest a” at each wt, in each case. Black zones represent the state

with K < 1.0 x 10°.
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Nl B3
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Reduced time ex

(@)

Case I

0

S2

0 0.57 T
Reduced time e
(b) Casell
77 7
85
sS4’ S2 % SS% S6 % S5
0 0.5 1.57 2n
Reduced time ex
(c) Caselll
0 0.5n 1.57 2n

T
Reduced time ex

(d) CaselV

Fig. 12. Time history of flow structure in each case. Black zones denote to be in conductive state. Blue shaded zones denote
the transitional states. S4r indicates the reversed S4 which has the central and peripheral currents with opposite

directions to the S4.

ot = 0.5t 7= ) TIHEATE 0, FEET &AL
L Ti%, Mode 2 Ta lfar=0251 - 04nlZBWTHAD
EEZID Z ERZET HD. RIZ, Fig Y(ZiEHT
4. Caselll TiX, Mode | OAHANEEAITHSH. L
ML, FlZar=0-04n & 0.8n — nOHFIZ[RE - T
I%, Modes2 -4 DM T2\, K#IZ, Fig 9(d)
\ZHHEH T 5. Case VI T, Cases I =° III [FKE, Mode
1 OHNREEHITHD. M, Model Da IX, at>n
THETERL, ADEZRS. 5T, a > 1D a
iat<n<k xR CTH 5.

KZx L Cigimd A2, a Db iz o = H
WHOMNMERITH D, e OE, SITEREK &
RLTWDBTHD (F (25 ). Fig. 1014,
Fig. 9 FEEICREEZ ax & LC, TmAIDMU>DE—
POD &— RIZBIF 5 & Z/~¥. £, Fig. 10(@)% %
% %. Casel Tl, Mode 1 D o’ DI, Fig. 2(a)
DK OWIHZ L BTV 5. RIZ, Fig 10b)% £ 2
%. Case I Tl, K OISIHEOTE LAHLICHNS
io@lf’—& (Fig. 2(b)) OHNOFE—FHDH DR,

BIF25 Mode 2 DE—27IZxHE LTV 5. Ak
12, K D=HSOE—7 ONOH —FKRB LHE=FKBD

(24)

HLDIE, @ IZBITS Mode 1| DE—Z7 D—FH &
FHIZ, TN, HELTWA. WKIZ, Fig 10(c)
#Zz 5. Caselll TIE, ax=0-04n& 0.8 — nDHA
K OIS OFAE LIcRbhsd S &<

(Fig. 2(c)) 1%, a*I2BF 5 Mode2 & 3 721 T2 <
Mode 4 D E—27ZH E 7ot LTV D. Hi%IZ, Fig.
10(d)Z & %5, CaselV TI, * 12311 % Mode 1 D
WL, Casel & [FEE, K @YEZ% (Flg. 2(d) |
HTn5.

Fig. 10 |25 %, Fig 11121, Fa THRbHRER
& DfE%7R9 POD E— K& T, [X(a)&(b), (c), (d)
X, FNERN, Casesl & 11, 1M1, IV 239, (725,
HOABEZEDRE RS L72 VI K < 1.0x10° & 725
o OHRITEE L7\, Fig. 11 OREHME, K<
1LOx10° DIRFETH D Z & &)

Fig. 11 ZBIGGaIc L VRS ind 5 %, Fig. 12
oy, AT —H GEHENZ MV) I GEEBRIL
7o B 22 iU A 3. Fig 121, Fig. 11 & [A]
£k, K(a)&(b), (), ()23, i, Casesl & I,

I, IV IZxHET %, BEafm3BvMmgRkETchs =
LERL, BRI IS OB A 7.
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