CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Characteristics of temperature fluctuation in two-dimensional turbulent

Rayleigh-Bénard convection

Ming-Wei Fang( /7 B 1), Jian-Chao He({] Zit#), Zhan-Chao Hu(i# ki), and Yun Bao(fl %)t
Citation:Chin. Phys. B, 2022, 31 (1): 014701. DOI: 10.1088/1674-1056/ac012f
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Effects of Prandtl number in two-dimensional turbulent convection

Jian-Chao He({i] &), Ming-Wei Fang(J7 ¥ ), Zhen-Yuan Gao(/=:1/&¥5), Shi-Di Huang(®%%{1:if), and Yun Bao(f%
)

Chin. Phys. B, 2021, 30 (9): 094701. DOI: 10.1088/1674-1056/ac0781

Molecular-dynamics investigation of the simple droplet critical wetting behavior at a

stripe pillar edge defect

Xiaolong Liu(Xll/NJE), Chengyun Hong(Jth7t), Yong Ding( ] 5), Xuepeng Liu(X)Z5 A), Jianxi Yao(kZiz),
Songyuan Dai( A JT)
Chin. Phys. B, 2019, 28 (1): 014703. DOI: 10.1088/1674-1056/28/1/014703

Bifurcation phenomena and control for magnetohydrodynamic flows in a smooth

expanded channel

G. C. Layek, Mani Shankar Mandal, H. A. Khalaf
Chin. Phys. B, 2014, 23 (11): 114701. DOI: 10.1088/1674-1056/23/11/114701

Cross-diffusive effects on the onset of the double-diffusive convection in a horizontal

saturated porous fluid layer heated and salted from above

Rajib Basu, G. C. Layek
Chin. Phys. B, 2013, 22 (5): 054702. DOI: 10.1088/1674-1056/22/5/054702

Imperfect pitchfork bifurcation in asymmetric two-compartment granular gas

Zhang Yin, Li Yin-Chang, Liu Rui, Cui Fei-Fei, Pierre Evesque, Hou Mei-Ying
Chin. Phys. B, 2013, 22 (5): 054701. DOI: 10.1088/1674-1056/22/5/054701


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac012f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac012f
https://doi.org/10.1088/1674-1056/ac012f
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0781
https://doi.org/10.1088/1674-1056/ac0781
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/1/014703
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/1/014703
https://doi.org/10.1088/1674-1056/28/1/014703
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/11/114701
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/11/114701
https://doi.org/10.1088/1674-1056/23/11/114701
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/5/054702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/5/054702
https://doi.org/10.1088/1674-1056/22/5/054702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/5/054701
https://doi.org/10.1088/1674-1056/22/5/054701

Chin. Phys. B 31, 014701 (2022)

Characteristics of temperature fluctuation in two-dimensional
turbulent Rayleigh—-Bénard convection

Ming-Wei Fang(J5 W] ), Jian-Chao He(f1%#), Zhan-Chao Hu(#/i#), and Yun Bao(f73%)"

School of Aeronautics and Astronautics, Sun Yat-sen University, Guangzhou 510275, China
(Received 11 March 2021; revised manuscript received 11 May 2021; accepted manuscript online 14 May 2021)

We study the characteristics of temperature fluctuation in two-dimensional turbulent Rayleigh—Bénard convection in
a square cavity by direct numerical simulations. The Rayleigh number range is 1x10% < Ra < 1 x 10'3, and the Prandtl
number is selected as Pr = 0.7 and Pr = 4.3. It is found that the temperature fluctuation profiles with respect to Ra exhibit
two different distribution patterns. In the thermal boundary layer, the normalized fluctuation Opmys/ Orms,max is independent
of Ra and a power law relation is identified, i.e., Oms/6rms max ~ (z/5)0'99i0'01, where z/0 is a dimensionless distance
to the boundary (8 is the thickness of thermal boundary layer). Out of the boundary layer, when Ra < 5 x 10°, the
profiles of Bys/ Oms,max descend, then ascend, and finally drop dramatically as z /0 increases. While for Ra > 1 x 1010,
the profiles continuously decrease and finally overlap with each other. The two different characteristics of temperature
fluctuations are closely related to the formation of stable large-scale circulations and corner rolls. Besides, there is a critical
value of Ra indicating the transition, beyond which the fluctuation (6ms)y has a power law dependence on Ra, given by

(Bpms )y ~Ra~0-14+0.01.

Keywords: Rayleigh—Bénard, temperature fluctuation, distribution patterns, critical value

PACS: 47.27.te

1. Introduction

Turbulent thermal convection occurs ubiquitously in both
Turbulent Rayleigh—
Bénard convection (RBC), a closed fluid layer thermostatically

nature and engineering applications.

heated from the bottom and cooled from the top, has chroni-
cally been used to study thermally-driven turbulence.!'~#! The
enclosed working fluid forms convective motion through the
buoyancy force produced by the temperature difference be-
tween the bottom and the top plates of a convection cell of
height H.
Turbulent
sionless parameters, namely the Rayleigh number and the
Prandtl number, defined as Ra = agAOH?>/(kxv) and Pr =
v/, respectively, where A6 is the temperature difference,
g=9.81 m/s? is the gravitational acceleration, and o, v, and K

RBC is controlled primarily by two dimen-

are, respectively, the thermal expansion coefficient, the kine-
matic viscosity, and the thermal diffusivity. Apart from H,
the geometry of the convection cell also influences turbulent
RBC. Therefore, in classical cubic and cylindrical cells, the
aspect ratio also becomes a crucial parameter.

A core task in the study of turbulent RBC is to understand
the heat transport in turbulent flows. In general, the Nusselt
number, defined as

Nuz(x/Ra~Pr-v9>V7t—<(;Z> , (1)
Vi

where (---)y, represents the average over space and time. It
is usually calculated to reflect the strength of heat transport.
In 2000, Grossmann and Lohse put forward the so-called GL

fCorresponding author. E-mail: stsby @mail.sysu.edu.cn
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theory>~"! to predict Nu according to Ra and Pr by decom-
posing the energy dissipation. There are two kinds of char-
acteristic structures that are related to heat transport. One is
the large-scale circulation, also known as ‘wind’ of the bulk
fluid, 3191 and the other kind of structure is a cluster of ther-
mal plumes!!!=13) that erupts intermittently from the thermal
boundary layer. Previous researches have revealed that the
heat transport is governed primarily by thermal plumes.[!4-18]
Moreover, the intensity of thermal plumes can be measured
by the amplitude of local temperature fluctuations. In other
words, the local temperature fluctuations and heat transport
are closely linked to each other. According to the definition,
the amplitude of local temperature fluctuations is measured at
each specific point. To simplify the study, fortunately, it is
convenient to examine the profile of the local temperature fluc-
tuations, defined as

Orms (2) = (((6— (6))%)1/2),, )

where (---), represents the average over horizontal direction
and the subscript 7 of time average is omitted. One can extract
the information about flow state, plume distribution, and heat
transport from Oy (z). Therefore, Oy (z) has been studied
frequently in previous work.

According to the Castaing et al.’s theory,!'”) Adrian iden-
tified two new profiles, termed as A-I and A-IT models.*!
Recently, looking into the so-called mixing zone, the similari-
ties in Oyms(z) between the thin disk and the cylinder cells have
been revealed.>!??! He and Xia!?’! investigated ,ns(z) in the
shear-dominated zone and the plume-dominated mixing zone

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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in a elongated cubic cell. They that the reported O;ms(z) is a
power-law function of z in the former region, and a logarith-
mic function in the latter region. Afterward, such a power-law
has also been identified in non-elongated cells with different
geometries.[?*>3] There are also some experimental researches
only focusing on 6Oy in the cell center. The Ra-dependent
O:ms shows the diverse traits in different geometries. [26-31] Fop
example, Huang and Xial??! discovered that Ra-scaling of O
increases with the aspect ratio.

In this paper, we present a direct numerical study on the
characteristics of 6iys(2) in a two-dimensional (2D) turbulent
RBC. Two different values of Pr are considered, i.e., 0.7 and
4.3. For both of them, the same range of Ra is assigned:
1x108 < Ra < 1 x 10'3. The rest of this paper is arranged as
follows. In Section 2, we elaborate the governing equations
and numerical methods. In Sections 3 and 4, characteristics of
local temperature fluctuations and global temperature field for
Pr=4.3 and Pr = 0.7 are presented and discussed, respec-
tively. The Ra-dependence of the mean temperature fluctua-
tion is discussed in in Section 5. Our findings are summarized
and also some conclusions are drawn in Section 6 finally.

2. Model and numerical methods

We perform direct numerical simulations (DNS) of 2D
turbulent RBC in a square cavity. The non-dimensional gov-
erning equations under the Oberbeck—Boussinesq approxima-
tion are given by

V-u=0,

a—qu(u Viu=-V +;V2u+9k

ot P JRajpr NG
d0 1

— V)0 = —=V?0,

ot V) VRa-Pr

where u, 6, and p are respectively the non-dimensional veloc-
ity, temperature, and pressure, k is the vertical unit vector. Ra
and Pr are the control parameters of the system as mentioned
previously. Impermeable and no-slip boundary conditions are
imposed on all walls. For temperature, the two vertical side-
walls are adiabatic, while the top and bottom plates are fixed
at 6, = —0.5 and 6, = 0.5, respectively. Thus, the dimension-
less temperature difference between the two horizontal plates
is A = 6, — 6, = 1. Governing equations are solved by the par-
allel direct method (PDM) of DNS (or PDM-DNS)[33:34 with
using staggered grids.

All simulations are carried out on the Tianhe-2 supercom-
puter. The parameters of all cases are summarized in Fig. 1(a).
Figure 1(b) presents a sketch of the time-averaged temperature
fluctuation field, in which the thick black solid line (the cen-
tral line) is the sampling region analyzed in this paper. In view
of its symmetry, we choose the zone from the bottom to the
center of the sampling region.
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Fig. 1. (a) Simulated cases scattered in (Ra, Pr) plane. (b) Contour plot of
time-averaged temperature fluctuation field, with solid line denoting sampling
region.

Table 1. Parameters of conducted DNS of 2D RBC.

Pr Ra Ny X Ny Ntayg Nu Re

07 1x108 512 %x 576 1000 2.52x10'  6.77x10°
07 2x108 512 % 576 1000 3.13x10'  9.74x10°
07 5x108 1024 x 1152 1000  4.21x10! 1.60x 10*
07  1x10° 1024 x 1152 400 5.05x10'  1.57x10*
07 2x10° 1024 x 1152 400 598x10"  2.33x10*
07  5x10° 1024 x 1152 400 7.83x10'  3.68x10*
0.7 1x10"  1536x 1728 400 9.53x10'  5.65x10*
0.7 2x100 2048 x2304 400 1.18x10*>  8.19x10*
0.7  5x10'0 2048 x 2304 400 1.58x10%2  1.45%x10°
0.7 1x10" 2048 x 2304 400 1.98x10%2  2.11x10°
0.7  2x10"" 2560 x 2880 200 243x10%2  2.81x10°
0.7  5x10"" 2560 x 2880 200 3.26x10%  4.64x10°
0.7 1x10% 4096 x 4608 400  4.00x10>  6.43x10°
0.7 2x102 4096 x 4608 300 5.02x10%  9.17x10°
0.7 5x102 5120 x5760 200 6.67x10%2  1.42x10°
0.7 1x10"% 51205760 100 8.40x10%>  2.04x10°
43 1x108 512 %576 250 257x100  1.21x103
43 2x108 512 %576 700 3.14x10"  1.92x10°
43 5x108 512 x 576 400 4.13x10'  3.38x10°
43 1x10°  1024x1152 400  5.08x10'  4.96x10°
43 2x10° 1024 x 1152 400 6.32x100  7.23%x103
43 5x10° 1024 x 1152 400 8.37x 10! 1.20x10*
43 1x100 1024 x1152 800 1.02x10%>  1.28x10*
43 2x100 1536 x 1728 800 1.24x102  1.83x10*
43 5x1010 2048 x 2304 600 1.60x10%2  2.91x10*
43 1x10" 2560 x 2880 500 1.94x10*>  4.51x10*
43 2x10"  2560x2880 400 236x10%2  6.74x10*
43 5x10M  2560x2880 400  3.13x10>  1.25x10°
43 1x102 3072 %3456 600 3.93x10>  1.39x10°
43 2x10'2 3840 %4320 600  4.88x10%  2.06x10°
43 5x102 4096 x 4608 250 6.52x10%2  3.61x10°
43 1x10" 5120 %5760 100 8.08x10%2  4.73x10°
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Table 1 shows the detailed parameters of the simulation
of RBC. The number of nodes in each direction of the compu-
tational mesh is Ny X Ny - Nty is the number of dimensionless
time (7) units used for the statistical averaging. Nu and Re
numbers are the statistical non-dimensional heat transfer Nu
number and the small scale Reynolds number, respectively.

3. Results and discussion for Pr =4.3

3.1. Mean temperature profile and probability density dis-
tribution of temperature

The thermal plumes, emitted intermittently from the con-
ducting plates, play an important role in heat transfer of turbu-
lent thermal convection. The plume is the only thermal struc-
ture in the system, and its temperature characteristics are ana-
lyzed through temperature statistics. We present the statistical
results of temperature at different values of Ra.

1.2

1.0

0.8

® 0.6

0.2 1§ ° Ra = 1x107
© Ra = 1Xx10%!
% 1 2 3 4 5
z/6
0.12
(b) ® Ra=1x10?
0.10 ® Ra =1x101
0.08
£ 0.06
>
0.04
0.02
% 1 2 3 4 5

z/0

Fig. 2. (a) Profiles of normalized mean temperature @ at two different values
of Ra for Pr =4.3. (b) Corresponding temperature fluctuation 6, profiles.

Figure 2 shows the calculated mean temperature profile ©®
(open circles) and temperature fluctuation profile 8, (solid
circles) each as a function of normalized distance z/8 from
the lower plate along central axis region of flow space for two
typical Ra values, with Pr = 4.3 fixed. Here 0 is the thick-
ness of the thermal boundary layer (BL) defined by the slope
method.?>! The mean temperature @ is normalized and de-
fined as ©® = [Byor — (0(x,2))x]/Obot, Where Bpo and (- - - ) are
respectively the temperature of the bottom plate and the av-
erage over horizontal direction. In Fig. 2(a), the mean tem-
perature profiles overlap each other and rise rapidly inside the

thermal BL. When z/8 > 1, the mean temperature gradually
approaches to the central temperature. At Ra = 1 x 10!, it
tends to the central temperature more slowly. After three ther-
mal BLs, the temperature profiles overlap again and reach the
core temperature. Note also from Fig. 2(b) that the temper-
ature fluctuation profiles show significantly different charac-
teristics. The temperature fluctuation rises fast and reaches
a maximum value, then always decays for Ra = 1 x 10!,
While for Ra = 1 x 10°, the temperature fluctuation change
is relatively small. The overall temperature fluctuation first in-
creases, then decreases, and finally rises slowly. The temper-
ature fluctuation profiles of two Ra numbers reach their corre-
sponding maximum values near the thermal boundary layers.

103
(a) Pr=4.3
) 0 Ra=1x108
10%¢ Qz% A Ra = 1x10°
— 10
&> v Ra =1X10
101} Ra =1x10"
= ¢ Ra=1x10"?
o & * Ra =1X1013
10°
10-1L
10-2
0.4
(%
1
0 Ra =1X108
A Ra = 1X10°
100k v Ra = 1x10°
Ra =1x1011
Ra = 1X10"2
E 1o-1 rovk Ra = 1Xx1013
[
10-2 L
o™i
1073 1 1 1 1 1 1 1

Fig. 3. PDF of local temperature and normalized temperature fluctuations for
several values of Ra.

Temperature probability density distribution (PDF) rep-
resents the proportion of the temperature distribution in the
region, where PDF stands for probability density distribution.
Figure 3(a) shows PDF of the temperature in the central axis
region (from the bottom to the center) for different values of
Ra. 1t is seen that the PDFs from five different values of
Ra are very similar, and can be well described as exponential
functions. The bulk temperature s skews significantly towards
higher temperature. It is seen that as Ra increases, the prob-
ability of occurrence of lower temperature at the left tail de-
creases, while the phenomenon does not exist for higher tem-
perature at the right tail. By measuring the temperatures of six
different positions on the central axis, Zhou and Xial**! found

014701-3
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that the PDF of temperature in the boundary layer presents a
nearly Gaussian shape, and the PDFs of other positions are
different from each other.

Figure 3(b) shows the plots of the corresponding PDFs of
the normalized temperature fluctuations obtained at different
values of Ra. It is seen that all the PDFs exhibit almost an ex-
ponential shape of symmetry. While, in previous experiments
it was found that the normalized temperature fluctuation in the
center of the cell can be well described by a stretched exponen-
tial function. [31-32:36:371 The right tail shifts slightly downward
high Ra, indicating that the probability of larger temperature
fluctuation decreases. The PDF form of temperature fluctua-
tion has apparent distinctions for different flowing states.

3.2. Local temperature fluctuations

Plume, as the most prominent thermal structure in RB
system, is closely related to the temperature fluctuation of the
system, and it possesses its own characteristics and motion
mode. The local temperature fluctuation is an important in-
dication for plume spatial distribution. Figure 4 shows a log-
log plot of temperature fluctuation 6;ys as a function of the
normalized distance z/0 for various values of Ra.

0 Ra=1x10*° ORa=1x101 ¥ Ra—=1x10!

O Ra=2X10®  + Ra=2x10'! & Ra=2x10'2

Aga:i)ﬁgz Ra=5X10"" & Ra =5x1012
10—1 LV Ra = -

© Ra = 2x10°

4 Ra = 5x109

Ra =1Xx101°
O Ra =2x10'°
Ra = 5X10'%4

103}

10-3 10-2 10! 100 10! 10? 103

z/8
Fig. 4. Profiles of measured temperature fluctuation By, corresponding to
half the black solid line region in Fig. 1(b) (from bottom plate to center), and
at various values of Ra from 1.0 x 108 to 1.0 x 1013,

Figure 2 shows that the temperature fluctuation profile in-
creases linearly in the boundary layer, and then decays away
from the plate. It can be seen from Fig. 4 that there are two
distribution patterns. Under 1 x 108<Ra < 5 x 10°, the tem-
perature fluctuation profiles have two peaks at about z/0 = 1
and z/6 = 10 respectively. The two peaks of the tempera-
ture fluctuation profiles decrease with Ra increasing. It is seen
from this figure that for Ra greater than 5x10°, the tempera-
ture fluctuation profiles all collapse into a single curve. The
O:ms profiles rise first and then decrease when leaving from the
bottom plate, reaching a peak at about z/5 = 1.

The comparison between the two types of B, profiles of
Ra <5x 10° and Ra >1x 10" shows that the O:ms profiles

are overall significantly larger for Ra > 1 x 10'°. This means
that system flow status and plume distribution are obviously
different.

Figure 5 shows the plots of the normalized temperature
fluctuation BOpms/Ormsmax versus z/8 and in these figures the
values of Oy were measured in the thin disk from Wang et
al.?1-22! and in the cylinder from Wang et al.,[*?! respectively,
where Oms max represents the maximum value of G;y. It shows
clearly that all profiles of the normalized temperature fluctu-
ation Orms/Orms max for different values of Ra collapse into a
single curve quite well inside the thermal BL, which implies
that in the 6ms/Orms max profiles there exists a self-similarity
or independence of Ra. Beyond the boundary layer, for differ-
ent values of Ra, Orms/ Oms max profiles take on different distri-
bution characteristics. In the range of Ra < 1 X 10'°, when
moving away from the BL, temperature fluctuation profiles
Orms/ Orms,max decrease with z/6 increasing, then moderately
increase in the region 1 < z/8 < 10, and finally drop dramat-
ically. With z/8 varying from 1 to 10, the ascending slope
gradually decreases with Ra increasing. The appearance may
be caused by corner rolls’ motion. For Ra > 1 x 1010, the
Orms/ Orms,max profiles always decrease with increasing the dis-
tance from the BL. As shown in Fig. 5, our DNS results accord
well with the experimental data measured by Wang (red and
blue open circles) in the range of z/8 from 1 to 8 and the DNS
results obtained by Wang (green solid circles) for 1 <z/5 <2.

0O Ra=1x10% @ DNS (disk, Ra =5x107)
<l Ra =2x10% O Experiment (disk, Ra =4.23X10)
Ra =5x108 O Experiment (cylinder, Ra = 1x107)
100 L © Ra=1x10° ad
O Ra =2x10?Y
¥ Ra =5x107

® Ra=1x10'°
A Ra=2x1010

Ra =5x1010
@® Ra=1x10"

erms / grms ,max
=
o
L
T

*
« Ra=2x10"
‘A » Ra=5x101!
_ 2 o)
. ® Ra=1x10'
9 % Ra=2x102 Do

® Ra=5x101
1 1 1 1 1
103 10=2 10! 100 10t 102 103
z/0

Fig. 5. Here data the same as in Fig. 4 but normalized by maximal value
O:ms max Of temperature fluctuations 6.,¢ where green solid circles and blue
empty circles are for thin disk and cylinder, taken from Ref. [21] and red
open circles for thin disk taken from Refs. [21,22].

Note that outside 10 BLs, the profiles of the Brms/ Brms,max
presented expose some different features from the results ac-
quired Wang, where the temperature fluctuation is found to
decrease continuously, probably due to the fact that the effect
of corner rolls for their experiments conducted in the thin disk
is neglected. However, inside the thermal BL, our data slightly
deviate from the experiment data, which may be because there

are too few data measured in the boundary layer.
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o Ra = 1x108 (a)
<4 Ra =2X10%
Ra =5X108 —1.27
ol v 2/0
10 O Ra = 1x10° /
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g * Ra =5%10° &
< 1071t
>
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<
1072.
103 101 10t 10%
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0 Ra=1x10"2 (b)
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100F #* Ra=5x10!2 ‘
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< 10t
~
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Fig. 6. Here data the same as those in Fig. 5, but divided into two plots: (a)
from 1.0 x 108 to 5.0 x 10, (b) from 1.0 x 10'® to 5.0 x 10'2, where solid
lines show the power-law fits.

To show the temperature fluctuation profiles more clearly,
in the following Fig. 6, we plot the same data as those in Fig. 5
but two forms drawn separately corresponding to different val-
ues of Ra.

Figure 6(a) presents the normalized temperature fluc-
tuation profiles BOrms/6Omsmax in the range of Ra from 1 x
10® to 5 x 10°.
Orms/ Orms,max remains unchanged with Ra varying and scales

It is seen that the temperature fluctuation

with z/6 in boundary layer, which is in excellent agree-
ment with the previous experimental results.>>2°! The tem-
perature fluctuation Opms/Omsmax can be well described by
the power law, Oums/BOms max ~ (2/ 6)0'99 with z/8 < 1, and

(a) ' (b)

Orms / Orms,max ~ (Z/5)71'27 in the region 1 < z/6 < 2.

It is seen from Fig. 6(b) that in a wide range of Ra, i.e.,
Ra > 1 x10'% and these profiles collapse into a single curve
irrespective of Ra, but there is slight fluctuation in the mix-
ing zone 6 < z/6 < 50. In the boundary layer, the solid line
represents a best fit to the data: Opms/6rmsmax ~ (z/ 5)0'99, this
scaling law is the same as the one in Fig. 5(a). In the region
1 <z/8 <5, the data can be well described by a power law,
i.e., Bms/Brmsmax ~ (z/ 5)70'978 that are consistent with the
DNS result!>?! for the thin disk.

3.3. Global flow features

Regarding the two different characteristics of the temper-
ature fluctuation profiles discussed above, to find the real vari-
ation characteristic for the temperature fluctuation, now we
come to discuss the temperature and flow characteristics of the
system in detail by visualizing the instantaneous temperature
fields.

Figure 7 shows the typical example of instantaneous tem-
perature fields at Pr = 4.3 with five different values of Ra, in
which the colormap limit for all temperature snapshots in our
study is set between —0.1 < 6 < 0.1, so that the flow structure
can be shown clearly. As shown in Figs. 7(a) and 7(b), the
overall flow pattern consists of a large clockwise titled-ellipse
motion (large-scale circulation) and two corner rolls diago-
nally opposite to each other. This flow pattern is the same as
those observed in previous studies. *®-3] When Ra increases to
Ra =1 x 10'° (Fig. 7(c)), surprisingly, the LSC and two sec-
ondary rolls vanish, and the whole flow becomes chaotic. As
Ra further increases, it is clearly seen from Figs. 7(d) and 7(e)
that the flow becomes more chaotic and there are a lot of free
cold and hot small vortices. We note that the instantaneous
temperature fields before and after Ra = 1 x 10'% show com-
pletely different flow states, suggesting that the mechanism
of temperature fluctuation distribution showing two different
characteristics may be due to the convective flow change.

—0.10 —0.05

SR 4 N
/s
Y, s S
(d) (e)
0.05 0.10

Fig. 7. Typical evolution of the instantaneous temperature field with Ra at Pr =4.3: (a) Ra =1 x 108, (b) Ra =1 x 10°, (¢c) Ra =1 x 1019,

(dRa=1x10", () Ra=1x 10"
4. Results and discussion for Pr = 0.7

The temperature fluctuation and flow structure are dis-
cussed in detail for Pr = 4.3 above. Next, we will study the

temperature fluctuation and flow characteristics with Pr=0.7.

Figure 8(a) shows the variations of temperature fluctua-

tion Byys with distance z/8 from the bottom plate for different
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values of Ra and fixed Pr = 0.7. It is seen that the temperature 0 Ra—1x108 O fa = 0L Fla=Daos
fluctuation 6, profiles also present two different morpholo- ok & Ra=ox108 R Z3X10% $R":5X1°]2(a)
gies. To compare with Pr = 4.3, we note that the turning point § Ra=2d10]
of the Ra of the two morphologies becomes Ra = 1 x 10 and CRe=Danl
the temperature fluctuation 6,y does not rise outside the BL. i fla=5x10%
We plot, in Fig. 8(b), the same data as in Fig. 8(a) but O, Qbé 1072¢
normalized by maximal value O;ys max. Inside the BL, all data |
profiles for different values of Ra always collapse on the top @gb
of each other. The solid line represents a power-law fit to the 1073 ¢
data, Brms/ Orms max ~ (2/8)"%. For 2 < z/8 < 30, there are 1075102 101 100 100 107 10%
some discrepancies between fluctuation profiles. The temper- z/8
ature fluctuation profiles collapse into a single master curve 0Ra=1X10° O Ra=1x10"" % Ra=1x10"
again when z/8 > 30 for Ra > 1 x 10°. o TR o TR ol
Figure 9 shows snapshots of the typical temperature field 107 §§‘;§;§}3§ (b)
at five different values of Ra for Pr = 0.7. It is seen from : > ggi’gf?gg Y .
Fig. 9(a) that the flow consists of large-scale circulation of ; Ra =5x10", :
an ellipse in the bulk and two corner rolls in the upper left ii 107t -
and lower right corners. When Ra increases to Ra = 1 X 10°, q;g
the flow structure becomes unexpectedly different, the large-
scale circulation of ellipse and two corner rolls disappearing, 10—2F
the convection flows disorderly. Comparing with diverse char- 103 10',2 10',1 1(')0 161 162 108
acteristic of the temperature fluctuation profiles observed in z/68

Fig. 8, we find the flow status transition Ra is consistent with
the turning point of fluctuation profiles morphology.

(a)

Fig. 8. (a) Profiles of temperature fluctuation 6y, for different values of Ra,
and (b) normalized 6/ Orms,max profiles.

H F=ET

—0.10 —0.05

0.05 0.10

Fig. 9. Typical evolution of instantaneous temperature field with Ra at Pr = 0.7: (a) Ra =1 X 108, (b) Ra =1 x 10°, (c) Ra = 1 x 1010, (d)

Ra=1x10", (e) Ra=1x10'2.

The different distribution characteristics of the temper-
ature fluctuation correspond to various flow statuses and
plumes’ morphologies, and the physical mechanism of the
phenomenon correlation will be further discussed.

5. The Ra dependence of temperature fluctua-
tion properties

Finally, we discuss the Ra dependence of (O;ms)y for the
temperature fluctuation at Pr = 0.7 and 4.3, respectively. Here
(--+)v represents a time average and a spatial average in the
black shaded region in Fig. 1(b) (from the bottom plate to the
center). Figure 10 show a log—log plot of the temperature fluc-
tuation (BO;ms)v as a function of Ra.

It is seen from Fig. 10(a) that the (Oys)y versus Ra has
an apparent transition at Ra = 1 x 10°. When Ra is below

this transition point, there is no obvious characteristic law that
describes the relation of (Oyys)y with Ra. At the transition
point, (6:ms)y suddenly increases, then decreases as Ra in-
creases and the change relation between the two quantities is

described as (B )y ~Ra 013001

. Note that the scaling ex-
ponent reported here accords well with the previous measure-
ment conducted by Zhou and Xial**! in a rectangular cell.
Figure 10(b) shows the (O:ms)y as a function of Ra at
Pr =4.3. Tt can be seen that a similar transition point also
exists, which is obviously larger than that at Pr = 0.7, i.e.,
Ra = 1 x 10'°, Below the transition point,(Bms)y exhibits
reduction along with obvious fluctuations. When Ra is be-
yond this transition point, (6ys)y also decreases with Ra in-
creasing and the data can be well described by the power law,
(Bims)v ~ (—0.68+0.01)Ra*1**%! Interestingly, the ex-
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ponent of the power law is the same as the results obtained

from experiments.[1%-26-31.37]
101
(a) e Pr=0.7
Fitting
=
7102} Ra-0-15
< o ©
°
073 L 1 1 1 1 1
107 108 10 109 101t 1012 10138
Ra
10-1
(b) o Pr=43
Fitting
=
Qé 102 ®e ° Ra—0-14
®e o\
10-3 . . . . . -
107 108 10 10 10t 10!2 10!

Ra

Fig. 10. Variations of (Oums)y versus Ra in central axis range of cell: (a)
Pr=0.7, (b) Pr =4.3. The solid lines are power-law fits.

6. Conclusions

In this work, we systematically study the statistical prop-
erties of the local temperature fluctuation in 2D RBC of aspect
ratio unity with the Prandtl number fixed at 0.7 and 4.3 and
the Rayleigh number varying from 1 x 10% to 1 x 10'3. For
the study of temperature fluctuation in the central axis region,
we summarize the major findings as follows.

(i) The PDF of the temperature and the temperature fluc-
tuation generally presents a consistent form and can be well
described by an exponential function at fixed Prandtl number
4.3 for different values of Ra. Integrally, the temperature PDF
skews significantly towards higher temperature. The PDF of
the temperature fluctuation takes on a symmetrical exponen-
tial shape, nevertheless, on the whole it slightly inclines to the
right at Ra = 1 x 10'3, It is found that the PDF of the temper-
ature and the temperature fluctuation have similar characteris-
tics under each Ra.

(i) With the variation of Ra, the profile of tempera-
ture fluctuation exhibits two different distribution character-
istics at Pr = 0.7 and Pr = 4.3. When Pr = 4.3, in the
BL region, all the temperature fluctuation profiles 6;ys col-
lapse into a single master curve. Beyond the boundary layer,

the 6.5 profiles decrease with z/J increasing, then increase

gradually and finally drop dramatically for Ra < 1 x 10'°.
When Ra > 1 x 10'9, the Opms profiles continuously decrease
and overlap with each other. Normalized fluctuation pro-
files Orms/Orms,max also have similar features. Inside the BL,
there is a power 1aw, BGrms/6msmax ~ (2/ 5)0'99. Outside the
boundary layer, under Ra < 5 X 10%, the B /Brms,max can
be described by a power 1aw, Orms/ 6rms,max ~ (z/8 )_1'27 with
/8 <2. For Ra > 1% 10", s/ Bums max ~ (2/8)*°"® with
z/8 < 5. In particular, when Pr = 0.7, the temperature fluctu-
ation B/ Orms,max profile distribution is similar to that when
Pr = 4.3. Especially, beyond the temperature boundary layer,
the profile always drops and does not upraise. The two differ-
ent distribution characteristics of temperature fluctuations are
closely related to whether there are stable large-scale circula-
tions and corner rolls in the instantaneous flow.

(iii) The (Bms)v, the spatiotemporal averages of local
temperature fluctuation, have similar dependence on Ra for
two different Pr numbers. For Pr = 0.7, when Ra is above this
transition point, i.e., Ra = 1 x 10°, (6ms)v as a function of
Ra is well described by the power law (85 )y ~Ra0-13+0-01,
While Pr = 4.3, the transition point is given by Ra = 1 x
10'°. Beyond this transition point, there is also a power law
<6rms>VNRa70.l4iO.Ol.
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