= Jm BRI & B s & EDKE) AR 2 WO

FEHE T AU 55 S L X Rayleigh-Bénard it 3
SNt

TR, Tfate, Aae
(K2 g T B FHBUE R S22 S, B, 200072, Email: gzhou@shu.edu.cn)

BE: AXZEATERLEBLN AREROTH, RIBART 5 MNEEHETES
B AR TAE R, S5 EE A 10<Ra<10°, Pr=0. 7. RIEHEE b ALR T oA B4 &,
BRINTATEBA ) KT L, —KRZATEHERETHRS THER; F—X(2 N EEHH
RITEENHHER  ERZIAATEH A HEE A Rayleigh-Bénard (RB) # 4ife # iy
HERRLWNFEUNEEENENR L A RFEROINELRE L TR L S5ERK,
MRFHR /AR RS RENARTE, FRARENREMERL ETHE, ERAREE
&, HWMREHXT AME

XA W ARTR; B R

1 5

a3

AL S Rayleigh-Bénard (RB) R4tH, ik b T RBU2GIE M. R, FERZHN
AT EARI G, B2 02 R BE, BERRS o] DAEAE IVE T I R FEEZE R .
1, RS R PR X I 52 b 3k 2 TR A T2 () 520 s SR T RELRS Jod o FH T 184 s b /74 47
RETRPER . LR, A%mM RB X RURE 700 A& A Bt 50k v . SR A
Jiifl, XF Nu=APrD)RA MR RAAFM SR . W2 AL S Malkus
T pAR A 5, IR s NS RIRR RS B BN, 7EFH Shen 5SS
B SRR G R FE R T RIS R T R R, RTIAT AP D) BN T K4 20%. R
o S TR PR AZ 18 9 R o TR TR R 22 IR ). Du & Tong Vi i 189 hik ke i
TCEMIEE, RILHTHF APr.D)fPs 0. Roche, Qiul®, Tisserand!” Salort™ F1 Weil”!
SR T AR AR, M p=1/3 B p=1/2. LA, Xie &Xial'" Al Rusaouén i) 5
VT PR IR SEI AT 58 R bR BER ) — A, HPREEAREC N 3 12 DU, AR METIR KT
TG SRR, AR BRI R T BRI RS 70 14 BURT A 72 1Y) Ra 20F1 Pr 236

-26-



= Jm BRI & B s & EDKE) AR 2 WO

Jiang i T —AMRABRIOHT 7, bR _E AR T 7 AR R (KR A LR ST A, R
PR RRARE TR R, A 30 KR BE BRI 16 7 T R UK

TN RE AR &, MRS RB X B = 4 B 42 K R R i 4T
Stringano %5 P 7t T JERA AV TEALRS 50 10 B RO JAAE P9 (A% 3, -5 M D s g 4 SR
BEAT T B L %% - Wagner 1 Shishkina T 58 T BAG i /N 7 AKEDRE 76 16 = 446 T AT
ST, FFEER] T W AlbR B IX 4. Srikanth 25U b SERCHA IESRRLRE T H) —
YEXTAAERAT T EEEEEAERL, A T KRR SRR EAER . IEQnZ25 3CHR[13,16]
BT ER E 1), REERETCHEA SRR IR AL, MRS R IR/, B PR ik
P, Zhang SRR T IX R BB/ IONLEE, R ELR RO AERLRE T RO, AR
FHERESIEN, SUERELRERE, MEW IR BEARN, Kk #EE
%o 7248 FH IESZHRE T I e it e ip U, R AR B Bk THLRE T K - Zhu
SGEPOBE IR T AR A A AR A T I X SRR BORIA L2 AR 18] A L R 284k » Ra B3t
— SN SR TR M A E S BENRARZ, HKE TR R ZEEPRES, A
T A5 P 8 508/ N B e e v s L iR

RB i AR R GE A% O S8 1) 2 — R AR AT iz . B ATRIM W 7t K%
FORWEFL BN AROGIE AR KRR R o R HE A AR Y, E SRR I [ AR I AAREDRE B T (14
R TCHEBIASZ R 1R, I HRDRS 6 A RS 7 300 R Gk R sh &5 it s e b, [
UL RS SCA FHESI) RB AR R G, W AT AR SR T X IAE 1] B3R i A 7
FIMLEE A R .

2 WIERA KE Tk

f£ Oberbeck-Boussinesq T\~ , MK EN H , FOEEEN /H , FEE
FEAN &, BFEREDN B, TEANMLIE RB XA ARG R R R4

V-u=0, 1)
%-}- (u-VYu=-Vp+PrV?>u+ RaPrT é,, (2)
%—];ﬂ u-V)T =V°T. &)

PAERITTRE AL AR T ARG R, ShE, MEERNTIE. TRATK o Z2EEXR
B, T RRE, p KN, g REIMEE, é NEETTHK ALK E,

AT AR LT A 1 frs . MAEAL 1-1 B 1-5, &R AR o it w2
AAZ, h=1/24, ANFERERRRE TR T8 R LA, 58 ELBCON, RS T H g, A
i Tola] R BRI N, ER AR A RS T S BURAR R . B 1 s,
1-1 BUREAY 1-5 MRS o OB B T I, AL 1-1 U — MRS 7T, ORI GIRAL. Br

-27 -



F=t mEEKS AT & B U m e EKE) 1A AR S WO

AT R SO R S = A . RATEIIX 5 AMEAIEE T LR SRR T A 7 s Ext
RB X & GefE 5

TERA TR BUE I 5, PrBUE EAE Pr=0.7, Ra BHIALTEEA 10°<Ra<10’,
IR R 5007, X o= Rapr & HHEIEEREL. T AR B
1, WHAREA R TTHEAT TN . RN TR TE R T P Fm RN A
BB R R T BRI 5 K PxP K, fEARSCH, P=11.

[ g gl
modell-1 modell-2 modell-3
h
...} i i | \‘!1 P u
0.5 0.5 05 ‘
e ——| F 1
v o w bbb b b 4 T:()-_u:()
modell-4 modell-5 \ smooth /
adiabatic
PN PPN T=1;u=0
0.5 0.5
Roughness I
! Jh
1" e
S PE—

B HRSEm L T ASFEERLREAE R RN e g w2 ) {7 B, MRE SO e s b T 2 UNIRII K 1 5/ h 2
MR CEERE E A h=1/24, MR TR ELL Ty AR 1-1 FRERY 1-5 RN TR=12, Ix=6, [x=4,
FR:3; FR:2.40

A, N T ISIESUESUR IR EYE, B T RAIERG], IR R ORI
MZRBAT TR (R D o WHREREER2IPARED MR IRZDNT 1%. I
R UEH, ACER SR RT G HARRE I, WA EUE VAR BUE IR Z R,
MTBAIE 1 ASSC A R 5

-28-



= m A EUKS S 2 B - m A UK F AR S RO

®1 TE Ra B THELRS Zhang Z" LR

Ra 10° 107 10® 10°
Nu 6.29 11.35 25.02 53.12
Ref.?! 6.30 11.37 25.25 53.51

3 RHBE T TR i E XS R G AR B

RATH LS TR Ra $CT, 5 HOREELI R RS AR, BLAR2: R 2,
T TR B E RN, JRATFTAIIR Ra SChIE TR Nu HXHT
IR Nu HORATII— (Lo W\ N SR 42T DL MO SUR B RB
RGHANMRN. W RATTUWEEIENR 10°< Ra < 10° WM, B 13, B0 14
RIBLR 1.5 (AN ARSI, Kt e i s 0 O R — B0t AR 210
SRR BUR 15, AR Ra = 2x107, ARS8 75 H AR I L
7oA R RIS, B 11 AR K TR 5% ~7% /5, B 12 AR
WSHRERERRK. 2 10°<Ra<10° B, E—HL/FM Nu —Hibi Ra SRR
Bk

1.2 ‘
-&-modell-1
—-A-modell-2
-@ modell-3
1.1H#modell-4
--modell-5
=
3 ./.\./.kf.\._kr.
N /;:;%
<°1.0
<
S
=,
0.9+
0.81 ‘ ‘ ‘
10° 10’ 10° 10’
Ra

K2 TR RGUEIRENIRE Ra BTG DL, B RPN ARBR TS0 A% G B AR X L
KN, R RDEH RO IR A5 2 Nutgoon AT IH—14

BAIKKE Iy BRI 1-1, &5 1-2)3H Nu BN EL Iy S8R
RIGREAY 1-3, A 1-4, FERY 1-5)F85E . RUbx TR 1-3, #EAY 1-4, #EAY 1-5 SRiifEITE

-29 -



=t e EUKS T & B TUm A EKEh 2 R SR

% Ra X [EAEINFEAR, 72/ Ra BUIXIEAEAGEIN; TR 1-1 A1 1-2 X RB AR GEHI1E#
MY Ra BIRRAK, JUHEBA 1-1, HEEmfkAaopls] 5 e B m R Stk
RN R ANF .

Bl 32 Ra=1x10° I GIREALRT S KRS BIRL ) P 0 BE S F P 3 . IR eT LU
2, 5 MBS SAT BT SR AR R BIFE RS T2 B R A N . (H il TR T
BT RAF BANTE], MRS TCIK) T ORI (B 1-1 FOREAY 1-2 o DS 7o 8] AR fls fAox i 1 o
HE IR TR R R A1 A/ T At 3 MR, S BRI A RS it 5
TX AP RITARR S, RB IR ST v is 52 21906 AT AR T BAE o 1-3.
B 14, B 1-S)FR AL AN AT LU Zhang 7 TARMERE . AP35 A0 B ]
DER], AR 1-3, B 1-4, AU 1-5 v, JRUUR ARG PEAE AR AR o 2 [A) ) s e e 3=
FAERT, TR RUBE R AU AR HE 2 M SRS Jo 2 W)l 4R AR sl . BRI, FEXAPIE LT,
s R AR

(a)

(W] ©

(@

3 FHAVHIRESAEA Ra=10° B &MY 1 E1
(@) JOHIERL (b) BERY 1-1, (c) AL 1-2, (d) %Y 1-3, (e) HEAL 1-4, () KA 1-5

FEREAY 1-1 FIRERY 12, BRATE BIXE R SR 1-3, 1-4, 1-5 AL,
ESENSRLE Nu BRI AR 1-1 AR 1-2 oh s T-AH AR KRS TC < [H] R BE B 0K,
KRB B 75 5y 5 RS T 18] AR R RS Bl . BRARORLRE o2k i b 2 BEJICE 22 1R P
BT I AR SRR ST RO D, LR O SR B R B AR D o DRI
AT ) A IR 1 T A =AM R ) S R AN B O B A . 38 I i
AREAE T 3K PSR A PR T A R P S DR 45 T ORFRATTRE 8 3 At T B s X
AR R AR AT s L EE

-30 -



=t e EUKS T & B TUm A EKEh 2 R SR

i A B A BATRT LA, AR 11 AR 1-2 A AR AL AL SN LB AN R (14 iR
R, AR Tt 7P IRE . BRATT5 RS IR -T- B RE ) 23 18] 73 A A& AN A2 52 A% 34
MIPLER DR o A X AN, BATTHSE T AR E3h e, shfgse XON:

K= +v2)/2 @)

THEAE R WA 4 Fron, 8 E A R BIEh B AT BA TR 7R 1-1 AR
1-2 A 3G T HARBE R B TR o AP ] AR B3R 21, Pl A B8 1 s 3 R X AT A i i
(R BERIT . JEMTREAY . MRS 1-1 FIRERY 1-2 1zl Ay b HAR SR S e i B, S
SR BN IEER mEh AR AL TR 2 IR, IR LR IR SIS AL AN A BRI
PR A, T b AR B =) X o B (1 3 1 S B0 B T 5 R R R B 454
HE -

(@)

(d

Bl 4 TR Ra=10° I & MEREFER .
(a) MR (b) KR 1-1, (c) HE%Y 1-2, (d) KT 1-3, (e) Hi%Y 1-4, () KA 1-5

PRI 1-1 AR 1-2 (4R FANLAR 3 B2 T LTRSS AR L3R o RFBR K LA R
A X UL 2R G 1Y) R B X I T i0 B, SRR G IS th PR U 2 AR O K R
Ehehtmia, BRI MR AL L 5 e AR . B A BAT4S e PRI 2 i
B, BORL 12 h b AR BN AR X A A R B S R TR, TUATE Ra < 10° B, 54
1-2 FPHE RS RI IR ALT AR S, 7F Ra > 10° B, pT1R B 10 52 A8 RS JO AR R
LRI, KA AR . T 1-1 s Bl aE DO il bR IABE, IR
LN AR ] DA AE B 2 3G, R 1-1 B ETHSER Ra VS A HEG i

-31 -



= Jm BRI & B s & EDKE) AR 2 WO

=2

RE
=

10

11

12

13

14

15

& % X M

Malkus, W V R. The Heat Transport and Spectrum of Thermal Turbulence. Proceedings of the Royal Society
of London, 1954, 225(1161): 196-212
Shen Y, Tong P, Xia K Q. Turbulent convection over rough surfaces. Physical Review Letters, 1996, 76(6):
908-911
Du Y B, Tong P. Enhanced Heat Transport in Turbulent Convection over a Rough Surface. Physical Review
Letters, 1998, 81(5): 987-990
Du Y B, Tong P. Turbulent thermal convection in a cell with ordered rough boundaries. Journal of Fluid
Mechanics, 2000, 407: 57-84
Roche P E, Castaing B, Chabaud B, Hebral B. Observation of the 1/2 power law in Rayleigh-Bénard
convection. Physical Review E, 2001, 63(4): 045303
Qiu X L, Xia K Q, Tong P. Experimental study of velocity boundary layer near a rough conducting surface in
turbulent natural convection. Journal of Turbulence, 2005, 6(30): 1-13
Tisserand J C, Creyssels M, Gasteuil Y, Pabiou H, Gibert M, Castaing B. Chilla F. Comparison between
rough and smooth plates within the same Rayleigh-Bénard cell. Physics of Fluids, 2011, 23(1): 6421
Salort J, Liot O, Rusaouen E, Seychelles F, Tisserand J C, Creyssels M, Castaing B, Chilla F. Thermal
boundary layer near roughnesses in turbulent Rayleigh-Bénard convection: Flow structure and multistability.
Physics of Fluids, 2014, 26(1): 529-546
Wei P, Chan T S, Ni R, Zhao X Z, Xia K Q. Heat transport properties of plates with smooth and rough
surfaces in turbulent thermal convection. Journal of Fluid Mechanics, 2014, 740: 28-46

Xie Y C, Xia K Q. Turbulent thermal convection over rough plates with varying roughness geometries.
Journal of Fluid Mechanics, 2017, 825: 573-599

Rusaouén E, Liot O, Castaing B, Salort J, Chilla F. Thermal transfer in Rayleigh-Bénard cell with smooth or
rough boundaries. Journal of Fluid Mechanics, 2018, 837: 443-460

Jiang H C, Zhu X J, Mathai V, Verzicco R, Lohse D, Sun C. Controlling Heat Transport and Flow Structures
in Thermal Turbulence Using Ratchet Surfaces. Physical Review Letters, 2018, 120(4): 044501

Stringano G, Pascazio G, VerziccoR. Turbulent thermal convection over grooved plates. Journal of Fluid
Mechanics, 2006,557: 307-336

Wagner S, Shishkina O. Heat flux enhancement by regular surface roughness in turbulent thermal
convection. Journal of Fluid Mechanics, 2015, 763: 109-135

Toppaladoddi S, Succi S, Wettlaufer J S. Breaking the boundary layer symmetry in turbulent convection

-32-



= Jm BRI & B s & EDKE) AR 2 WO

using wall geometry. Eprint Arxiv, 2014, 2-7

16 Shishkina O, Wagner C. Modelling the influence of wall roughness on heat transfer in thermal convection.
Journal of Fluid Mechanics, 2011, 686:568-582

17 Zhang Y Z, Sun C, Bao Y, Zhou Q. How surface roughness reduces heat transport for small roughness
heights in turbulent Rayleigh-Bénard convection. Journal of Fluid Mechanics, 2018, 836:R2

18 Toppaladoddi S, Succi S, Wettlaufer J S. Tailoring boundary geometry to optimize heat transport in turbulent
convection. Europhysics Letters, 2015, 111(4):1-6

19 Toppaladoddi S, Succi S, Wettlaufer J S. Roughness as a Route to the Ultimate Regime of Thermal
Convection. Physical Review Letters, 2017, 118(7):074503

20 Zhu X J, Stevens R J A M, Verzicco R, Lohse D. Roughness-Facilitated Local 1/2 Scaling Does Not Imply
the Onset of the Ultimate Regime of Thermal Convection. Physical Review Letters, 2017,119(15):154501

21 Zhang Y, Zhou Q, Sun C. Statistics of kinetic and thermal energy dissipation rates in two-dimensional

turbulent Rayleigh-Bénard convection. Journal of Fluid Mechanics, 2017,814:165-184

The effect of rough element on heat transfer in Rayleigh—Bénard
convection

DONG Dao-liang, WANG Bo-fu, ZHOU Quan

Shanghai Institute of Applied Mathematics and Mechanics,Shanghai University, Shanghai, 200072, Email:
g
qzhou@shu.edu.cn)

Abstract: In this paper, the effect of aspect ratio of rough elements on heat transfer of the system
is studied. Five rough models with the same height and different aspect ratio were selected. The
parameters ranged from 10° < Ra < 10° and Pr=0.7. According to the characteristics of rough
element distribution in the model, we roughly divide the model into two categories, one is the
sparse distribution model of rough element with large aspect ratio, the other is the dense
distribution model of rough element with small aspect ratio. The results show that the heat
transfer enhancement effect of the sparse model with large aspect ratio is much better than that of
the dense model with small aspect ratio. Its mechanism of promoting heat transfer is not more
plume excitation and release, but different restrictions on fluid due to special geometry, which
results in large-scale circulation closer to the upper and lower walls, thinning the thermal
boundary layer and further promoting heat transport.

Key words: Turbulent heat convection; Heat transfer; Roughness;
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