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Numerical Simulation of the Quasi-2D Turbulence
on a Half Soap Bubble Heated at the Bottom

HE Xiaoqiu, XIONG Yongliang, XU Shun, PENG Zerui, CHEN Bo
( Department of Mechanics School of Aerospace Engineering, Huazhong University of Science and Technology,
Wuhan 430074, P.R.China )
(Contributed by XIONG Yongliang, M. AMM Editorial Board)

Abstract: The soap bubble heated at the bottom was introduced as a novel quasi-2D turbulence system. The curved
geometry of the bubble brings challenges for the direct numerical simulations (DNS) of the turbulence on the bubble. In
order to overcome the difficulties due to the curved geometry, a numerical method based on the stereographic projection
was implemented for the DNS of the soap bubble. The numerical methods to compute the spectrum, the flux and the
structure functions of the flows on the bubble were described in detail. Three different Rayleigh numbers
Ra=3x%x107,3x 109, 3% 10! were used in the simulation based on the present numerical methods. Then, the related
spectrum, flux and structure functions were calculated. The results indicate that, both the inversed energy cascade and
forward enstrophy cascade can be observed in all the calculation cases. The Bo59 scaling law fits the small-scale
fluctuations on the soap bubble. With the increase of the Rayleigh number, the turbulent energy decreases for the large-scale

plumes, and the kinetic energy increases for the higher wave number structures.
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Fig. 1 An illustration of the stereographic projection
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B A I T R (4) A8 2R R4, 3 B FH )R] 40 2490 R i 125 18U AR 0 R A, Je R IR 4k
PEFFEAAT = CHER B ST G R I BRI LU = B 7RI EE LMy FReirh, AN BB, & PRI
SYYUERE; T RFPRTCE MRS, 5 o5 s e Mo ae sy # 0y wxLu, 5 A5 m e e X, 754
Sas N, AFEANJE: Hermite 4 B4, T L LSRR B WOR AR M FRZH AT = C. 31X e FoR ik v e
IR IR SR RAT = CHOE T k.

BiE SR A
1 r=AT-C;
2 d=r;

3 while [JAT-C|=¢ do
4 a= rTzr ;
d"Ad
5 T=T+ad,
. 'ZT—CF

6 p= P

7 r=AT-C,

8 d=r+pd.

TEBS AL 2 J5 AT TSR & T LU = B, LB R T, N — N UR AR G A 1, —
AF ) s B Sy AR I, [RS8 . X L VOB BRI 22 5 RS kR A 1 e, FE R A
B—RFNAEGo(n = 1,23, ,q). GUE oML A% AL B 4 x 4> AR, TG 2 e 20 I A, )2 DNS 75 ZE R i
555 1 5 7 1) A A5 n A RS XoF 7 18 H8C A L, A AR Y [ 42 B, S AR RAE S n NG G4, TR
fiff S A AR L AR T AR 2 ) 3 LB i Ry YR I AR A M + 11 XIS ] T R P47 1 2 A IS 1 45
e, P IARRAH B A BRAE, B8 B NS A POAR AR (B B + 1A T A UURERIER AW IR{E, V IR
WF Fs.

k2 VIEHRE

1 while ||U,—L,B,|I=¢ do

2 U,=S,(L,,UB,);

/* Correction on coarse grids */
for n=¢qg-1,9-2,4-3,---,2 do
Un = RZHUrHl;

Bi =R\ (Byii — Ly Unit) + LU,

() NNV, T NN OV

U, = Su(Ly Un. By);
/* Updating the fine grids */
7 for n=23,4,---,q do
8 U,=U,+P" (Up1-U, ),
9 Uy=Su(LyUsBy);
10 U%=U,. // Update initial solution
FEEn ARG e ARSI [ R FH Gauss-Seidel 32407524~ WS 2 AR R M it Jr R4 X F 76307 1]
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0 0 0 A =1/63 V,‘{+1/2 Bi,j+1/2
I T M.
6[ Ra 5)6 6}7

SRR T AR A B RO B AR S x SRR T R
HAERE ] Cramer ¥ ELAEHR G KA. BT DNS (1) 4%
R, AR T Message Passing Interface (MPI) X
P 5 43 X AT TR S B RN B Gn & 3 R
(I ar, 5 S FRAS [F] B 20 [) b 2 25 58 B
MY ZE TR ), DA =A% T3 A A 7 45 a0 3l 191,
MRS B LR, AZE B A0 B, Ab 3
L EBRIAS 1Y process 1 58 BUEE — 51 A% T4 )5 , 18 1
MPI 1% i3 25 T J7 W& T3 B9 process 2. ILE process
1 FFUEEE A A8, 1M process 2 JFIR N X AYSH—
SR IR A, RIS HE AT ORI A AR T 455
DR J S s B A% 8 2, AN 7 AR A A R RHl A
FEIR, H AT R R S AT RS R e —
. M R T R R B IR R AR R A OR I B A5 3L, INMTERRG I 1 35 AR Kl Tk PR 2R 5
ritaEe—%.

3 iR ATE

3.1 HEEESHRERES

AL —ILE BT = AE G LB Rayleigh 067 3 B 820, = A8 () Ray ) 13 x 107, 3x 10771
3x 10, FEYIME B LR LA B HR Pridl e A7, PR AE K 0 4 B 5 5 7K L. DL AR B BiF 5T 3 B
S = F =0.06 52— A FRAZELE" 21 AR SO A R AR R T T B3R AR 2 R X 45 S (8 2 i), X 44~ 58161
HRZAR T Z A PURS3 PER: 256 %256, 512%x 512, 1024 1024,1 536X 1 536, 2 048 x 2 048F12 560 % 2 560. [&] 4 i
N TR 2 TERR AR 3 BE3ETS , RG0SR RE R I 8] A9 28 A th 22 AT A mT RIS 21, AN [R] 9 X AS 3 HER T
JE BB b i SR RE AR AE SO T i RN [R] B N SR B 1 et ARES . FEAR SO A M BUE R, BB #R IR
ER ST ERHS, @R A RIS RRA, IEXT 8 R T R A G5 B AR o FER i 48, B3
BEMIGETTH B AE SR AN, (525 W& 7 B3 3 2 048 x 2 048H, DNS & 1] LAFRAG MRS ot <7 45 3. 1525 91
PP EACR B TE, AR SCE WA FH 2 048 x 2 04811 W 45 43 B R T J& 17 A 2 3 b #4069 19 DNS, ] Bisf i g
DNS ) Rayleigh 4 F+#Ra = 3x 101,

3 IR
Fig. 3 The scheme of the parallel algorithm

F1 AOASHER

Table 1 Information for the simulated cases

case number Ra Pr K Ia resolution
1 3% 107 7 0.06 0.06 10241024
2 3% 10° 7 0.06 0.06 20482048
3 3x 10! 7 0.06 0.06 2048x2048
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Fig. 4 The temporal evolution of the total enstrophy on the bubble with different mesh resolutions (left) & the variation of the mean total enstropy with the

mesh resolutions (right)
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Bl 5 BERAIE: (a) iR IRE Y, Ra=3x10"; (b) Joi BRI, Ra=3x10%; (¢) ik HBERTREEY, Ra=3x10"; (d) Joit BRI FEL,
Ra=3x10"; (&) JLRAIBEIT BIHEY), Ra=3x10"; () JCR BRI BAEY), Ra=3x10""; (g) TCRAABEHH LR AES, Ra=3x10"; (h) JCim AAWEE LR g,
Ra=3x10" (i) Jeht 4RI L RES, Ra=3x10"

Fig. 5 The instantaneous flow field: (a) dimensionless instantaneous temperature field, Ra=3x10"; (b) dimensionless instantaneous temperature field,
Ra=3x10’; (c) dimensionless instantaneous temperature field, Ra=3x10"; (d) dimensionless instantaneous kinetic energy field, Ra=3x10"; (e)
dimensionless instantaneous kinetic energy field, Ra=3x10"; (f) dimensionless instantaneous kinetic energy field, Ra=3x10"; (g) dimensionless
instantaneous enstrophy field, Ra=3x10’; (h) dimensionless instantaneous enstrophy field, Ra=3x10’; (i) dimensionless instantaneous enstrophy field,

Ra=3x10""
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1 WA 7 2= [ AT LA 00 A A I B2 9 3 3 1 7 AR AL 16D 5 R T = AN i B R A T
kB B REFpu? /2 AR LR BB w? /2. KT 5 HRT LIRS b7 e R Z AT Ryt 554 it i 2P0 A SR BE K 1)
. 7E 2 L) Rayleigh-Bénard XT3t H, 3t 3t & $GP BT B 41 210 K R 2R 37 (large scale circulation) fr 32
ST TR EAA R YR LLET, BB IS 1Y Rayleigh BUEH61 T, fiizmhid & HEl M in. IR AR, i
Yy vrANAEAEYS S 5 100 A R 6 [ B 05 A 0 1] 32 55 B T B %) #7100, AL 06 ()RR T 45 4 8 ol BRI i B
AT . IR S 22 [ 1 AT DO B, S0 02 AR T R W SPI, SPIVRAE i 1 B9 VE R R ) B0 45 B i 2. 1
[ — B 220 By 4Pl IR i 2 PR U S s R R W 5 aa shad B b= A TR RIRST (38, — S8 AH LRl 5 T2 R 1T R
BRI, 5in R 2R TR, 53R homg 2] 01 oA R 7. I hag = BT DLUg B 0 3 se
HTE— S8 )T BRI i .

MBEE Rar 34N, BER 37 B0 T I B A1k, 24 Ra = 3 x 107}, PIF AR A9 R SHES K, BhRE /MR FERE R AR
hasAgp, T E AT LR 2 ] i i i AL 21310 BUZ. 2 RaXE N33 x 1078, RIS B4/ i, mids i R
~F s B S AR /N, RS SRR R A A A B A, SRS AR I A A Sh A A . D3 Ak, R EE i BRI
JFE MRS, DI 2 P v 2 28 T T T W Z B 0 )2 T 25 Ra = 3 1OV, 2RI AL AR 45 5 fin /0N, i 4
SEE— 2P, 36 2 E SR i sh 258 ) RS ¥ 4k 228 ).

3.2 FeESHAENEEIESEE

TG B P RS A SR AR T I AN R R B i 2 M AR EAE R, X = 4R s A i, o
SR R HE T 2 743 [A] Fourier A8, T Wy I 03 BAT i U], 75 254 T TR 8s T HR TR AL
TR B A RO R A 18] R K 24T LU T Ry BRI s A 2R

+00  +k

PO => > HY6.0), (40)

k=0 m=—k
Forh, Y JkPemr A BKIEE pR &R, HE SO

2k+1 (k—m)!
n  (k+m)!

Y70, ¢) = P(cos(6))e™, (41)

Horp, POt L FY PR Legendre 223X, W3 2255 I PRI R BAY IEASHE, W] LA ph i R A 34
2n rm/2
= jo fo Y(0,0)(Y"(0.0))" sin(0)dodg, 42)

RIBUT LG, S2Pr b, R (0, )RR R AR I — 8 X Fourier A EIT, w454 T Fourier 204
R R R pR R AR AR a2

+00 +00  +k
PP =D (PR) =) > 1P (43)
1=0 k=0 m=—k
o, P(ofsE LN
+k 172
7o = ( > |sv,:"|2] : (44)
m=—k

B 2w BYIEGE, kS5 Hr T Fourier TR b it 4L,
NERAT R E, W E w0, ¢) SR ET 0, ) AR ERATFR R AL Kk, {6 FHERIES /ol a0 B SR Y
WEE . AE R IR EESA T (0, o) BRI 43 R
+oo  +k

T.9)= ) > TIY(0.9), (45)

k=0 m=—k
B e e
2t rm/2
=[] TO.0)070.0) sin@)dodg. (46)
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1o HUREIELE A7 2 SCRAUANGE, FARER 3 i R 55

& 1/2
T(k) = [ > |T,§"|2] : 47
m=—k
[F) A0 T A SCHE 2 9 b 5457 o 6 A4S 11 21 BB pR B E (9, 0) = %uz%ﬂﬁlﬂ% AE PR KW (¢,6) = %wz, Hrfow=
V xuf i, E FIW IR S5 53 0k

+oo  +k

E@.9)= ) > EMY0.0), (48)

k=0 m=—k

+oo 4k

WO =D > WIYO.¢). (49)

k=0 m=-k

AHARR A7 2 0] RIS A Sl BRI R shRE RS S5 4k RETE -

k 1/2
E(k) =(Z IEZ’IZ] : (50)
m=—k

k 1/2
W (k) =[Z |W;"|2] : (51)
m=—k

J38h, (il FHERIE e n] LUTHEE S RE L 400 RE LS AU AR AE 1938 . S REAYIE B 1121 Fourier 25 [A]HH NS J7
RERPRFIRIUH AR, & LN

0 = [ ek, (52)
reto = [ 7@ F (@ Vudo, (53)

F 72 Fourier 24, 772 Fourier £ AYILHE, ] [ (-)dw’ &4} Fourier 284§ i) M AR B3, 7EAL R 10 K3 o>
fif AR Fourier 284 1M FH B E50m 20 AR o0 KT =2 A AR 3R N ARl B Sk A 3K o345 2]
+00  +k

u®.9)= ) > w'v©.9), (54)

k=0 m=—k

+oo 4k

0.0 =D D YO.9), (55)

k=0 m=-k

+o0  +k

w0 =D > wiY6.9), (56)
k=0 m=—k
TR PRI = A>3 A 7 B3 0 15 2]
+o0  +k

@-VuO.9)=i@.0)= ) > W' 0.9), (57)

k=0 m=—k

+oo  +k

@-VW(O,6)=0,0)= > > WY0.0), (58)

k=0 m=—k

+00 4k

@-V)w(e,9) = w(O.¢)= > > WY (0.9). (59)

k=0 m=—k

FirLA
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k
Ie(k) = f?*(u) F (@ Ve = L @+ OV + . (60)

m=—k

wJa, S FE ARy

k) = )" e, (61)
k'=k
TP R R 5 50400 B DL F 38 i, UL RSB 2 X
My = [ Tk, (62)
N I:':‘
Ly = [ 7 (W)F (- V)W)de!'; (63)
HIPAAE Rt 5 SOl
m= [ rrwar, (64)
Hrp
Frt) = [ 7 (DF (@97 (65
I, 3 B BRI /3R 10 Fourier 4846
+o0  +k
@-VIW©.0)= WO.0)= > > WI'T'0.0), (66)
k=0 m=—k
+oo  +k
@ DTO.H=TO.9)=) > TV 6.9). (67)
k=0 m=—k

MRt CERIYIE, Tw 350

k
Twlk)y= " (WY Wy, (68)
m=—k
k
rro = (T Ty, (69)
m=—k

JIr LA, P RE AU ABE A 18 B A3 13 50 1

My =) Fw(K), (70
k' =k

(=) Ir(k). (71)
k'=k

MRS T TR ST, B i AR E— N RS, e e 7 S0 e 3= SR, i oAl
DA 72006 XA ROBEE R N, ZEARPE 0 5 M B P A R ER R, 4 R AR UE 43230 Ik P B et 20 R i s B R
H, BIBoSORR . I JL4E3kK, IR BoSObR B HUE A /74E T Rayleigh-Bénard X Jii H— B2 27 AR A ] 1P,
FIFH Fourier 2845, 34 B 3751 W 502 [l o e o il i LIS e (B, B — AN FE NS pRBlei R K — N B IR ki

T, XA Y RTE?@%. RERETE £ (k)20 A2 K| = K AR 5% I g o7 16 F) B E. R B, SR BE A BB T (k)

%%ﬁﬁ'&%%% A6 T 5 AT AL AR RE () SR BB ST E (o) S5 LIRBE A I BOE T (k) B I Bk A8 AL b B2 AR T
ASTA] RO B 22 8] ) e B S R AL 138 FLEE. Boffetta A1 Mazzino™ 76 BEIS [ FM T F77E BE 1 i 9 R 1, 3 /2
BoS9%5 BE A I Bl RE- 5 HUEARE I I O A LU T bR BERRE:

E(k) ~ k™17, (72)
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A=A She S PERGE I EGE K 6 PR, BT B N BoSOts S 4. AR K 6 Th Y Blifig ik
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Fig. 6 The wave number spectra for the kinetic energy and entropy: (a) the kinetic energy; (b) the entropy
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Fig. 9 The temperature and velocity structure functions in the latitude and longitude directions, n=2~9: (a) the temperature structure functions in the latitude
direction; (b) the velocity structure functions in the latitude direction; (c) the temperature structure functions in the longitude direction; (d) the velocity

structure functions in the longitude direction
MNIEL 9 AT LIRSS 3, 3 B 4548 pRATEd/R<O(0.0) TG F N, BRBE R B n. MTE0.01<d/R<<0.1(1 X [A] 1,
BoSOt RS I M I T T8 E 254 PR A A AR FE R . TE B B8 S 8 n 15 100 T, 3 3 45 4 pRBUUR 2 REAE R —
DX [ P A8 G- A2 Bo SO B A, 1H 32 BTt it (B B (1) s i, LA 507 v B e S E e .
Ty —J7 T, AR B 5 44 pR B 26 T DUE B, 1RSSR PRETEd /R<O(0.01) I IX [H] Nl /2 S T ~ (d/R)", T
TE 0.01<d/R<0.1RY X [A] N AF HIAT 55 BoSObR L. HH T-HERR 130 FYZ 5200, 2540 e A5 B i 45 21 5 18k
ENGER

4 dhipR

AT IR N X — 5 o — i v, [ EAE N4 1 3L DNS 7k it s s e
YL AEBRIET ) TR TUARTARE A, A BB , R B s () A4 )y R 4 R A s 2, AR T oAb i
T FERUMERE . IS IR T BRI AR S S RO S, DA SSRGS R SR o A TR B
XfRa=3x107, Ra=3x10%, Ra = 3x 10" AN, ARSI T S REFUARRERYPBGE, AL ShRE . SUAAE . L
PAREFNTE S (iE 5. 53 AMILTHER. T Ra = 3 x 10" S5 A U 32 5 SR BE 254 BRI B AN TR] Ra Y45 RATR R ] T IE 23 1
AFAE 4 i P OSER A BE  Jif I B R U B A d b i /2 T BoSOAR BE AR I BIS Hw, (HADIEABE T %832
A B AR, At A WEE 2 e BoSOAm B (HE o i R 2544 R, 76 KBk 1 AR 1H it B il
JEFE 5, TG Ve 3 E I S T FE 45 ) R, ERTE — o YU R M A5 BoSO R BB T /s . AR SR ] gk — 03 ik 19 fin
Rayleigh £, #F57 Rayleigh £ 5 g i3 A USSR ZERE 1% J14E TR .



510 BRGHEK, 45 IEE P v b o — i It A AR A A 1103
2% ik ( References) :
[11] LOHSE D, XIA K Q. Small-scale properties of turbulent Rayleigh-Bénard convection[J]. Annual Review of Flu-

[2]

[3]

[4]

[5]

6]

(71

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

id Mechanics, 2010, 42: 335-364.

ALY, 5, 1 E T, AF TS H PRI SR By A R L e S (] R A )2, 2022, 43(5): 47T
489. (PENG Shibin, GUO Rui, FENG Shangsheng, et al. A calculation model for temperature responses of act-
ive cooling lattice sandwich structures for thermal protection[J]. Applied Mathematics and Mechanics, 2022,
43(5): 477-489.(in Chinese))

BOFFETTA G, ECKE R E. Two-dimensional turbulence[J]. Annual Review of Fluid Mechanics, 2012, 44: 427-
451.

TR, s, FEEE YL S 0 R A R [T ], R FHBEE R J12E, 2020, 41(2): 125-133. (NING Lizhong,
ZHANG Di, NING Bibo, et al. Periodicity of convection under lateral local heating[J]. Applied Mathematics and
Mechanics, 2020, 41(2): 125-133.(in Chinese))

TR, TRE, TR, A O R A b ) Z e B B (] BRI 4, 2020, 41(3): 250-259. (NING
Lizhong, ZHANG Ke, NING Bibo, et al. Multi-roll type convection patterns in cavities heated laterally[J]. Ap-
plied Mathematics and Mechanics, 2020, 41(3): 250-259.(in Chinese))

TR, TP, B, A BRGSO BE RN S g 2R LI R R 2 2020, 41(10): 1146-
1156. (NING Lizhong, NING Bibo, HU Biao, et al. Growth and dynamics of convection patterns with horizontal
flow[J]. Applied Mathematics and Mechanics, 2020, 41(10): 1146-1156.(in Chinese))

KRAICHNAN R H. Inertial ranges in two-dimensional turbulence[J]. Physics of Fluids, 1967, 10(7): 1417-1423.
LEITH C E. Diffusion approximation for two-dimensional turbulence[J]. The Physics of Fluids, 1968, 11(3).
DOLI: 10.1063/1.1691968.

BATCHELOR G K. Computation of the energy spectrum in homogeneous two-dimensional turbulence[J]. Phys-
ics of Fluids, 1969, 12(11): 233.

MEMEE, SEA, EHE. KRz shFAR Ty Bl g AT g [I]. N A 2%, 2007, 28(3): 349-358. (SHI Weihui,
SHEN Chun, WANG Yuepeng. Analytical solution of the basic equations set of atmospheric motion[J]. Applied
Mathematics and Mechanics, 2007, 28(3): 349-358.(in Chinese))

FRIELL, e & RN R AGUA 7 B T S SR A (0] 1 P A0 007, 2020, 41(9): 1036-1047.
(GUO Lianhong, LI Yuanfei. Continuous dependence on boundary parameters of the original equations for large
scale wet atmosphere[J]. Applied Mathematics and Mechanics, 2020, 41(9): 1036-1047.(in Chinese))

KELLAY H, GOLDBURG W I. Two-dimensional turbulence: a review of some recent experiments[J]. Reports
on Progress in Physics, 2002, 65(5): 845-894.

KELLAY H. Hydrodynamics experiments with soap films and soap bubbles: a short review of recent experi-
ments[J]. Physics of Fluids, 2017, 29(11): 111113.

SEYCHELLES F, AMAROUCHENE Y, BESSAFI M, et al. Thermal convection and emergence of isolated vor-
tices in soap bubbles[J]. Physics Review Letter, 2008, 100(14): 144501.

MEUEL T, XIONG Y L, FISCHER P, et al. Intensity of vortices: from soap bubbles to hurricanes[J]. Scientific
Report, 2013, 3: 3455.

SEYCHELLES F, INGREMEAU F, PRADERE C, et al. From intermittent to nonintermittent behavior in two
dimensional thermal convection in a soap bubble[J]. Physics Review Letter, 2010, 105(26): 264502.

MEUEL T, PRADO G, SEYCHELLES F, et al. Hurricane track forecast cones from fluctuations[J]. Scientific
Report, 2012, 2: 446.

MEUEL T, COUDERT M, FISCHER P, et al. Effects of rotation on temperature fluctuations in turbulent
thermal convection on a hemisphere[J]. Scientific Report, 2018, 8: 16513.

BRUNEAU C H, FISCHER P, XIONG Y L, et al. Numerical simulations of thermal convection on a
hemisphere[J]. Physical Review Fluids, 2018, 3: 043502.

XIONG Y L, FISCHER P, BRUNEAU C H. Numerical simulations of two-dimensional turbulent thermal convec-


https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev-fluid-120710-101240
https://doi.org/10.1063/1.1762301
https://doi.org/10.1063/1.1691968
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.1088/0034-4885/65/5/204
https://doi.org/10.1088/0034-4885/65/5/204
https://doi.org/10.1063/1.4986003
https://doi.org/10.1103/PhysRevLett.100.144501
https://doi.org/10.1038/srep03455
https://doi.org/10.1038/srep03455
https://doi.org/10.1103/PhysRevLett.105.264502
https://doi.org/10.1038/srep00446
https://doi.org/10.1038/srep00446
https://doi.org/10.1038/s41598-018-34782-0
https://doi.org/10.1103/PhysRevFluids.3.043502
https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev.fluid.010908.165152
https://doi.org/10.1146/annurev-fluid-120710-101240
https://doi.org/10.1063/1.1762301
https://doi.org/10.1063/1.1691968
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.3321/j.issn:1000-0887.2007.03.011
https://doi.org/10.1088/0034-4885/65/5/204
https://doi.org/10.1088/0034-4885/65/5/204
https://doi.org/10.1063/1.4986003
https://doi.org/10.1103/PhysRevLett.100.144501
https://doi.org/10.1038/srep03455
https://doi.org/10.1038/srep03455
https://doi.org/10.1103/PhysRevLett.105.264502
https://doi.org/10.1038/srep00446
https://doi.org/10.1038/srep00446
https://doi.org/10.1038/s41598-018-34782-0
https://doi.org/10.1103/PhysRevFluids.3.043502

1104

VA S G L 2022 4F 5 43

[21]

[22]

[23]

[24]

[25]

[26]

tion on the surface of a soap bubble[C]//Proceedings of the 7th International Conference on Computational Flu-
id Dynamics. 2012: ICCFD7-3703.

HE X Q, BRAGG A D, XIONG Y L, et al. Turbulence and heat transfer on a rotating, heated half soap
bubble[J]. Journal of Fluid Mechanics, 2021, 924: A19.

STEVENS J A M R, CLERCX J H H, LOHSE D. Heat transport and flow structure in rotating Rayleigh-Bénard
convection[J]. Journal of Computational Physics, 2013, 40: 41-49.

VET, BRNI, £, 48, 2T £ GPUM A F Boltzmannyk X 18 18 i I 19 ELEEECE BRI LI, B =i 2%, 2013,
34(9): 956-964. (XU Ding, CHEN Gang, WANG Xian, et al. Direct numerical simulation of the wall-bounded
turbulent flow by lattice Boltzmann method based on multi-GPU[J]. Applied Mathematics and Mechanics, 2013,
34(9): 956-964.(in Chinese))

WHEET, BB, KRB, SRR RS = 2 R 5 SRR 5 5 AR R E AR T-SUE BB ST [J]. R A%k
127, 2017, 38(11): 1208-1221. (SHEN Luyu, LU Changgen, ZHU Xiaoqing. Numerical study of unstable T-S
waves excited by interaction between free-stream turbulence and 3D localized wall roughness in flat-plate bound-
ary layer[J]. Applied Mathematics and Mechanics, 2017, 38(11): 1208-1221.(in Chinese))

oI, B AOR. — PR = AEAERRAS XS GBS N R 0 kG B IR 2 40k = (], N FIECE R 1%, 2022, 43(2):
187-197. (WEI Jianying, GE Yongbin. A high-order finite difference scheme for 3D unsteady convection diffusion
reaction equations[J]. Applied Mathematics and Mechanics, 2022, 43(2): 187-197.(in Chinese))

BOFFETTA G, MAZZINO A. Incompressible Rayleigh-Taylor turbulence[J]. Annual Review of Fluid Mechan-
ics, 2017, 49: 119-143.


https://doi.org/10.1017/jfm.2021.610
https://doi.org/10.3879/j.issn.1000-0887.2013.09.009
https://doi.org/10.3879/j.issn.1000-0887.2013.09.009
https://doi.org/10.1146/annurev-fluid-010816-060111
https://doi.org/10.1146/annurev-fluid-010816-060111
https://doi.org/10.1146/annurev-fluid-010816-060111
https://doi.org/10.1017/jfm.2021.610
https://doi.org/10.3879/j.issn.1000-0887.2013.09.009
https://doi.org/10.3879/j.issn.1000-0887.2013.09.009
https://doi.org/10.1146/annurev-fluid-010816-060111
https://doi.org/10.1146/annurev-fluid-010816-060111
https://doi.org/10.1146/annurev-fluid-010816-060111

	引　　言
	1 模型介绍与控制方程
	2 数 值 方 法
	3 结 果 讨 论
	3.1 算例信息与瞬时流场
	3.2 动能与拟热能的波数谱与通量
	3.3 结构函数

	4 结论与展望
	参考文献

