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In this paper, we investigate the Lagrangian coherent structures (LCSs) and their heat-transport mechanism in turbulent Rayleigh-
Bénard (RB) convection. Direct numerical simulations (DNS) are performed in a closed square cell with Rayleigh numbers (Ra)
ranging from 10° to 10° and Prandt]l (Pr) number fixed at Pr = 0.7. First, our results show the power-law relationship between
Nusselt number (Nu) and Ra, Nu = 0.99Ra’3%+%92 confirming the results from previous studies. To gain insights into the material
transport, LCSs are extracted using the finite-time Lyapunov exponent (FTLE) method. Interestingly, lobe structures are widely
present, and we elucidate their role in transporting heat from the corner rolls to large-scale circulation. Next, the relationships
between LCSs and thermal plumes are examined, and we identify two behaviors of thermal plumes: first, most plumes transport
along the LCSs; second, few plumes are exposed to the bulk and subsequently mix with the turbulent background. Furthermore,
we quantify the heat flux along the LCSs, which contributes to about 85% of the total flux regardless of Ra. This suggests that
LCSs play a significant role in heat transport. Finally, the viscous (thermal) dissipation rate along the LCSs is quantified, which
is larger than 80% (60%) of the total value, suggesting that LCSs are responsible for the large viscous and thermal dissipations.
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1 Introduction

Turbulent thermal convection is omnipresent in natural
and industrial processes, such as atmospheric circulation
[1], oceanic movement [2], and electronic equipment [3].
The paradigm to study thermal convection is the classical
Rayleigh-Bénard (RB) convection, which is a fluid layer
heated from below and cooled from above [4-6]. An im-
portant issue in RB convection is heat transport, and a good
understanding of its mechanism is necessary to advance the
efficiency of engineering applications.
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The heat transfer efficiency in RB convection is usually
controlled by two dimensionless parameters: Rayleigh num-
ber (Ra) and Prandtl number (Pr). The response of RB con-
vection is characterized by the global heat and momentum
transport which can be expressed as the Nusselt number (Nu)
and Reynolds number (Re), respectively. The scalings of
the Nu and Re on Ra and Pr have been extensively studied
over the past years by experiments [7-9], numerical simu-
lations [10-12], and theories [5, 13, 14]. For example, the
Grossmann-Lohse (GL) theory [14] has been proposed as a
unifying theory for effective scaling in RB convection and
successfully predicts how Nu and Re depend on Ra and Pr
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over a wide parameter range. Additionally, the geometry of
the cell is relevant as well. For more details, we refer the
readers to the recent studies [15-18].

Coherent structures in RB convection play an essential role
in heat transport [19-26]. Several methods have been pro-
posed to extract coherent structures based on the Eulerian
perspective, such as the Q-criteria [27], proper orthogonal
decomposition (POD) [28-30], and dynamic mode decompo-
sition (DMD) [31, 32]. Typical examples of coherent struc-
tures in RB convection are thermal plumes, large-scale circu-
lation, and corner-flow rolls. The thermal plumes are the pri-
mary heat carriers in turbulent thermal convection. They are
ejected from the thermal boundary layers (BLs) and then self-
organized to form large-scale circulation. Large-scale circu-
lation has also been studied on its formation [21], movement
[24], stagnation [25], reversal [26], coupling with the corner-
flow rolls, and effects on heat transport. For instance, Huang
et al. [33] revealed that the competition between corner-flow
rolls and large-scale circulation leads to anomalous Nu-Pr re-
lations in the quasi-two-dimensional (2D) RB convection at
Pr = 2-3 for moderate Ra.

Although the Eulerian method for coherent structure ex-
traction has been widely used, there are limitations on show-
ing the spatial-temporal evolution of coherent structures [34,
35]. Recently, investigations of the coherent structures from
the Lagrangian perspective have attracted significant atten-
tion [36—40]. In contrast to the traditional Eulerian analysis,
the Lagrangian perspective gained insight into the dispersion
of fluid elements [41]. Several heuristic and mathematical
detection methods have been developed to identify the co-
herent structures from the Lagrangian perspective [37], such
as the finite-time Lyapunov exponent (FTLE) [42], dynamic
Laplace operator method [43], and Lagrangian-averaged vor-
ticity deviation (LAVD) [44]. FTLE has been widely used
as an objective and robust Lagrangian method to identify the
flow structures in turbulent flows. This method was first pro-
posed by Haller and Yuan [42] to properly define the bound-
aries of Lagrangian coherent structure (LCSs). In their fol-
lowing studies, they enriched the LCSs theory [34, 45-48]
and defined the ridges in the FTLE fields as LCSs [49, 50].
Revealing the LCSs extracted from flow data is useful in un-
derstanding the material transport and mixing events. Shad-
den et al. [40] employed the FTLE method to study the pro-
cesses of entrainment and detrainment of materials by look-
ing at the so-called lobe structures. Green et al. [34] used
the FTLE method to identify LCSs in three-dimensional tur-
bulent flows. They showed the evolution of a single hairpin
vortex into a hairpin packet. He et al. [51] analyzed the evo-
lution of LCSs in a cylinder-wake disturbed flat plate BL and
extracted the mean convective velocity and average inclina-
tion angle of LCSs. Li et al. [52] obtained the characteris-
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tics and transport properties of LCSs in the turbulent channel
flow through spatial-temporal correlation analysis. The La-
grangian approach has also been used to analyze RB convec-
tion [36,53]. Schneide et al. [53] used the FTLE method to
identify LCSs in turbulent RB convection with different inte-
gration times. However, the investigation of the relationship
between LCSs and heat transport has received less attention.

In this paper, we employ the FTLE method to study the
LCSs in RB convection, and their effects on heat transport are
explored. It is hoped that the new information on the LCSs
can help to understand the mechanism of heat transport and
deepen the insights into the coherent structures in RB con-
vection.

The remainder of the paper is organized as follows. Sec-
tion 2 briefly describes the numerical and analytical methods,
and the results and discussion are presented in Section 3. Fi-
nally, Section 4 presents the conclusion.

2 Numerical and analytical methods

2.1 Numerical methods-DNS

In the Oberbeck-Boussinesq (OB) approximation, the dimen-
sionless governing equations for the dynamics of RB convec-
tion are given by

V-u=0,
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where u(u,w), 6, and p are the velocity, temperature, and
kinematic pressure fields, respectively, and Z is the vertical
No-slip boundary conditions for the velocity
fields are employed at all solid walls. For temperature, adi-

unit vector.

abatic boundary conditions were used for vertical sidewalls.
The top and bottom plates are fixed at constant dimensionless
temperatures 6 = —0.5 and 6 = 0.5, respectively. Two control
parameters in the RB convection: The Rayleigh number (Ra)
and Prandtl number (Pr) are defined as follows:
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where @, v, and « are the thermal expansion coefficient, kine-
matic viscosity, and thermal diffusivity of the fluid, respec-
tively; A is the temperature difference across the fluid layer of
height H; and g is the acceleration due to gravitation. The re-
sponse parameters for turbulent RB convection are expressed
in terms of the Nusselt number (Nu), which is expressed as
follows:

Nu = VRaPr{w0) —{00/dz), 3)
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where w is the vertical component of the velocity, and (-) de-
notes the average overtime and any horizontal line.

We conduct direct numerical simulations (DNS) of the tur-
bulent RB convection in a square box of height H spanning
10° < Ra < 10°. All simulations are conducted at fixed
Pr = 0.7, corresponding to a working fluid of air [54]. We
use the fourth-order finite-difference scheme with staggered
grids to solve the governing equations. The grid spacing is
uniform in horizontal and vertical directions. The number of
grid points increases from 256 x 256 to 1024 x 1024 as Ra
increases from 10° to 10°. The resolution has been chosen to
resolve the BLs and smallest scale of the turbulent flow. The
thermal BLs are resolved with at least 16 grid points for all
runs. Details of the grid resolution and flow parameters for
these simulations are given in Table 1. We note that the mea-
sured Nu is consistent with Zhang et al. [55] to a precision
of less than 1%. Bao et al. [56] used the same code as ours
to calculate the enhancement of heat transport in partitioned
thermal convection. Their simulations yield similar results to
the experiments for small numbers of partitions. Addition-
ally, our simulation code has been well validated and adopted
by Chen et al. [57] and Zhang et al. [15,58].

2.2 Analytical methods-FTLE

The definitions of FTLE method are given by Haller and Yuan
[42] and Shadden et al. [S0]. According to the definitions, a
flow map function denoted by ¢} satisfies

@, = Xo P 7, (x0) = x(1; 10, Xo), 4)

where x is an initial particle distribution that is advected by
the flow at time 7y, and this point moves to t,o;) . after a time
interval T, as shown in Figure 1. To describe the amount of
stretching about this trajectory, we consider the evolution of
the perturbation point yo = x¢ + 0x(0), where dx(0) is in-
finitesimal and arbitrarily oriented. The perturbation after a
time interval 7" then becomes

ox(to +T) = 02" () — ¢l (x)

d §0+T( )
= 2 Zx(t) + Olx )P, 5)

where O(||6x(1)||?) is the infinitesimal amount of Taylor se-
ries expansion of the flow about point x, which can be ig-
nored here. The FTLE value is obtained from the following
equation:

1
ol = n VA D), (6)

where Anax 1S an operator that returns the largest eigenvalue
of the symmetric matrix.

R d90;2+T(x)* d¢§g+T(x)
- dx dx

(N

A is a finite-time version of the (right) Cauchy-Green defor-

dg010+T " d<p/0+T(x)
mation tensor, and —2 " denotes the adjoint of ’de

The ridges of FTLE fields given by eq. (6) represent the
LCSs at a finite-time interval T from x,. If the integration
time of the FTLE method calculation is positive (T > 0), the
ridges indicate repelling LCSs. In contrast, if the integration
time is negative (T < 0), the ridges indicate the location of
attracting LCSs.

One question this study faces is how the integration time
T should be selected. If T is too small, the critical LCSs
may not be identified. In contrast, if T is too large, more
flow details are generated, making it difficult to identify the
critical LCSs. In this paper, we take the large-scale circula-
tion turnover time tg := 47t/ (Jw.(?)|); (w. denotes the center
vorticity) [59] as the characteristic time-scale. Five different
integration times T (tg/4,tg/2,tg,3tg/2, and 2tg) are then
compared, and the results show that for T > tg/2, the contour
maps of FTLE fields are similar. Considering the accuracy of
the results, we selected 7z as the integration time T (refer to
Table 1). The forward time is used to identify the repelling

Table 1 Simulation parameters. N, X N, denotes the resolution in horizontal and vertical directions

Pr Ra Ny X N, Nu Re tg
0.7 1 % 10° 256 x 256 6.31 276 8.4
0.7 3% 10° 384 x 384 7.64 470 6.8
0.7 1 %107 512x512 11.42 1033 6.9
0.7 3% 107 720 x 720 16.54 1782 6.5
0.7 1x108 720 x 720 25.29 3623 6.3
0.7 3% 108 768 x 768 35.86 6883 5.3
0.7 5% 108 896 x 896 42.48 9413 4.6
0.7 1x10° 1024 x 1024 51.51 15551 2.8
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®  Fluid particle

—— Repelling in forward time

<«—— Attracting in backward time

Figure 1  Sketch of Lagrangian evolution of material points in backward
and forward time. The solid red line represents the sketch of the repelling
motions of fluid particles in the forward time; the dotted green line repre-
sents the sketch of the repelling motions of fluid particles in the backward
time.

LCSs in RB convection, which will be discussed further in
Section 3.2.

3 Results and analysis

Using the numerical and analytical methods presented in the
previous section, we first analyze the typical flow structures
in RB convection from the Eulerian perspective, as shown in
Section 3.1. Section 3.2 then presents the analysis of LCSs
and their effects on heat transport from the Lagrangian per-
spective.

3.1 Eulerian coherent structures

In Figure 2(a) and (b), we show the typical snapshots of the
instantaneous velocity fields (arrows), and the corresponding
temperature fields (color) obtained from the simulations with
Pr = 0.7 and Ra = 10% and 10°, respectively. As shown in
Figure 2, there is a large-scale circulation with several smaller
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secondary rolls at the corners [55, 60]. With increasing Ra,
the large-scale circulation shifts from a tilted (nearly) ellipti-
cal shape at Ra = 108 to a circular shape at Ra = 10°.

As Ra increases, the thermal buoyancy of the system in-
creases, changing the flow structure. To examine this change,
Figure 3(a) and (b) show the horizontal profiles of the time-
averaged vertical velocity (w(x)), and temperature (6(x)), ob-
tained at the mid-height of RB convection cell for various Ra.
It is seen that the peak velocities become larger and the peak
location gets closer to the sidewall, signaling thinner viscous
BLs, with increasing Ra. The positive peak of the vertical
velocity (refer to Figure 3(a)) is associated with the upward
moving hot fluid (refer to Figure 3(b)). The magnitudes of the
vertical velocity increase as Ra increases, whereas the mag-
nitudes of temperature decrease. This is because, as Ra in-
creases, the plumes enter the bulk region more often (refer to
Figure 2(b)).

Further, we will analyze the local Nu distribution for dif-
ferent Ra. Figure 4(a) shows the measured local heat flux
(Nu(x));/Nu as a function of x at the mid-height for different
Ra. Here, the formula for Nu is given in eq.(3). It can be seen
that for all Ra, the local heat flux exhibits a pronounced peak
near the sidewall. Additionally, the peak magnitudes of the
local heat flux increase with Ra. Figure 4(b) shows a log-log
plot of the measured Nu as a function of Ra. The data can be
well described by a power law relationship, and the dashed
line shows the best fit given by Nu = 0.99Ra?3%+002 " This
scaling is consistent with the previous numerical results for
2D convection cells [55].

3.2 Lagrangian coherent structures

In order to have a comprehensive understanding of the coher-
ent structures in RB convection, we use the FTLE method to
identify the coherent structures in the Lagrangian framework,

0.5
0.4
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0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5

Figure 2 Typical snapshots of the instantaneous flow fields for (a) Ra = 108 and (b) 10°. The magnitudes of velocity and temperature are coded in arrows

and color, respectively.
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Figure 3  The time-averaged horizontal profiles of the vertical velocity and temperature. The time-averaged horizontal profiles of (a) the vertical velocity
(w(x)); and (b) temperature (f(x)), obtained at the mid-height of a 2D convection cell at different Ra. The insets are zooms of the upper-plate region to reveal

the near-wall behaviors.
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(a) Normalized local heat flux (Nu(x));/Nu obtained at the mid-height of a convection cell for various Ra. The inset is a zoom in the right-plate

region to reveal the near-wall behaviors. (b) Ra-dependence of Nu, and Nu and Ra in log-log plot. The dashed lines represent the best power law fits to the
corresponding data. The insets show the compensated plots NuRa~%3 versus Ra.

where the FTLE fields are obtained from velocity fields using
the method introduced in the preceding section.
Theoretically, the LCSs are recognized as the ridges of
the FTLE fields. However, it is difficult and laborious to
locate the ridges from FLTE fields. Shadden et al. [50]
identified the LCSs according to the criterion: FTLE > c,
where ¢ is a given threshold. This method relies on ex-
perience, and the selection of the threshold depends on the
particular problem. Following the concept of identifying
plumes in RB convection, LCSs are defined as the regions
with FTLE(x, y) — (FTLE), > ¢FTLE, ;.. Here, c is a given
threshold. After our verification, the empirical threshold is
set to be ¢ = 1.2. Figure 5(a) shows a typical FTLE field at
Ra = 10°. Figure 5(b) and (c) show the LCSs identified from
FTLE fields using Shadden et al.’s method and our method,
respectively. It can be seen that the LCSs extracted using
the two methods are similar, and they capture the main struc-
tures (or skeleton) of FTLE fields. A careful comparison be-
tween the LCSs obtained using the two methods shows that
our method includes more flow structures than the Shadden

et al.’s method.

Figures 6 and 7 show the snapshots of LCSs at Ra = 108
and 10°, respectively, illustrating the difference between the
evolution of LCSs at different Ra. Additionally, Figures 6
and 7 show the flow and temperature fields at the same in-
stant for comparison. As shown in Figure 6, the large-scale
circulation is surrounded by LCSs, the boundaries of which
vary slightly within a large-scale circulation period. This in-
dicates that the fluid in the large-scale circulation can only
weakly mix with the surroundings. Interestingly, many lobe
structures exist in the corner and sidewall regions. However,
such lobe structures cannot be realized from the flow and tem-
perature fields (see left panel of Figure 6(a)—(d)). To depict
the roles of lobe structures in RB convection, particular atten-
tion should be paid to those structures in the corner-flow roll.
As shown in Figure 6(a), the hot fluid which detaches from
the thermal BL is first trapped in the lobe structure (refer to
the position indicated by the green arrow in the blue frame of
Figure 6). As time evolves (refer to Figure 6(b) and (c)), the
hot fluids in the lobe structure are conducted from the corner-
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(a) 1

(b) 1

0.2 0.4

X

Figure 5 (a) Typical snapshots of FTLE fields at Ra = 10°. (b) The LCSs identified according to the method used by Shadden et al. (c) The LCSs identified
by applying the method of FTLE(x,y) — (FTLE), > ¢FTLE; ..

0 I
(a) 05 -04 -03 -02 0.1 0 0.1 02 03 04 05 (b)

0.5 04 -03 02 -01 0 01 02 03 04 05

Figure 6 Time sequences of instantaneous temperature fields (color) and streamlines (black lines with arrows) at Ra = 108 are shown on the left panel of the
subplot. The right panel of the subplot shows the LCSs (red lines) at the corresponding times. The lobe structures are marked in the figures with purple-dashed
lines and green arrows, and their positions in the Eulerian fields are marked in the same way for the reader’s observation. An evolution of the lobe structure in
the blue frame shows its entrainment and detrainment process for heat. (a) t = 1004.2; (b) r = 1004.8; (c) t = 1005.4; (d) t = 1006.0.
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Figure 7 Time sequences of instantaneous temperature fields (color) and streamlines (black lines with arrows) at Ra = 10° are shown on the left panel of the
subplot. The right panel of the subplot shows the LCSs (red lines) at the corresponding times. An evolution of the structures in the blue frame shows the vortex
detached from the corner. (a) t = 2132.4; (b) t = 2133.4; (c) t = 2134.4; (d) t = 2135.4.

flow roll and further advected along the large-scale circu-
lation (refer to Figure 6(d)).
the lobe structures demonstrates the process of the entrain-
ment/detrainment of fluids from the corner to the large-scale
circulation, giving rise to heat exchange between them. It
is worth noting that the lobe structures and their roles in the
mass transfer have been studied briefly by Shadden et al. [40].

The periodic appearance of

As Ra increases, the turbulence in the RB convection in-
tensifies, and the corner-flow rolls become more unstable.
Figure 7 shows snapshots of the instantaneous LCSs at Ra =
10°. As shown in the figure, the main features of LCSs (in-
cluding lobe structures and their entrainment and detrainment
behavior) are similar to that at Ra = 108. We note that a part
of the hot fluids carried by lobe structures in the corner rolls
can be separated by LCSs, such that they eventually mix with
the turbulent bulk (refer to Figure 7(d)). The other parts of
hot fluids (plumes) remain in LCSs, move upwards and reach
the top plate (refer to Figure 7(c)). A similar phenomenon is
found for cold plumes near the upper plate (see the additional
animation for more details).

From the preceding analysis of LCSs at different Ra, we
conclude that the coherent structures obtained from the La-
grangian perspective can reveal more details of flow struc-
tures, mass transfer, and heat transport than those from the
Eulerian perspective. Furthermore, LCSs, the representative
structures of mass transfer, are responsible for the heat trans-
port in RB convection.

3.2.1 The spatial distributions of LCSs and plumes

It is well-known that plumes are crucial to the formation of
large-scale circulation and heat transport in RB convection.
Recalling that the LCSs are recognized as the main structure
responsible for heat transport in the last section, it is there-
fore essential to investigate the relationship between plumes
and LCSs. To this aim, we compare the spatial distribution
of plumes and LCSs. To identify thermal plumes, we follow
the approach introduced by Zhang et al. [55] and Wang et al.
[61]. Accordingly, the thermal plumes are defined as regions,
where

|0(X, Y) - <0>x| > Cer.m.s. and

8
VRaPr|w(x,y)0(x,y)| > cNu. ®

The empirical constant c is set to 1.2, the same as that intro-
duced by Zhang et al. [55]. The plume regions at t = 2133.4
in the case of Ra = 10° obtained by this criterion are shown
in Figure 8(a). Here, the red (blue) color represents the hot
(clod) plumes, and the corresponding LCSs are shown in
Figure 8(b). The comparison of the spatial distributions of
plumes and LCSs shows that plumes and LCSs are abundant
near the sidewalls and overlap with each other in most places
(refer to Figure 8(c)). To quantitatively describe the overlap,
we calculate the mean ratios of the overlapping regions to
plume and LCSs regions, respectively. As shown in Figure 9,
both ratios are larger than 40%, indicating that most plumes
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Figure 8 (a) Typical snapshots of the plume areas (color) at Ra = 10%; (b) the corresponding instantaneous LCS areas (red); (c) overlap areas of plumes and

LCSs (blue).
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Figure 9  The time-averaged ratios of the overlap area to the LCS area

(red dot) and the ratio of the overlap area (black dot) to the plume area as
functions of Ra at Pr = 0.7, respectively.

may move along with LCSs. In this regard, we speculate that
LCSs may be the main channel of heat transport.

3.2.2 The relationship between LCSs and heat transport

Furthermore, we quantify the vertical heat flux: Q =
VRaPrw(x,y)0(x,y) along the LCSs in RB convection. The
mean ratios of heat flux by LCSs to the total flux for different
Ra are shown in Figure 10, and the portions of the area occu-
pied by LCSs over the entire cell area are shown. The most
important finding from Figure 10 is that the heat flux ratios
along the LCSs are larger than 85% of the total flux regard-
less of Ra. In contrast, the mean area ratios of LCSs to the
cell are less than 20%. This confirms that LCSs are the main
channels responsible for heat transport in RB convection.

3.2.3 The relationship between LCSs and dissipation struc-
tures

Viscous dissipation and thermal dissipation rates are two im-
portant quantities that have been extensively studied from the

e Lcsshealﬂux
1.0k °LCSs,.. |
° . ° ° . . .
0.8f * .
9o
5 0.6F g
4
0.4F i
0.2F g
° . * . ° e o )
0.0 Lt L ; )
106 107 108 10°
Ra

Figure 10 The time-averaged ratios of heat flux along the LCSs to the total
heat flux (black dots) and the time-averaged ratios of LCS area to the cell
area (green dots) as functions of Ra at Pr = 0.7.

Eulerian perspective in the turbulent RB convection. We in-
vestigate the relationship between LCSs and these two dissi-
pation rates from the Lagrangian perspective in this section.
We question whether LCSs are also the main structures re-
sponsible for these two dissipation rates.

In order to answer this, we first calculate the viscous dis-
sipation and thermal dissipation rates, which are respectively
given by

1 Ouj(x,t)  Oui(x,1) 2
= Zy3. 9
Eu 2V l,j|: aXi + axj ( )
and
2
89=Kzi[39(x’f)] , (10)
c')xi

where u(x,t) and 6(x,t) are the velocity and temperature
fields; and v and k are the kinematic viscosity and thermal
diffusivity of the fluid. The summation is calculated for i and
jwithl - Nyand 1 — N,.

Figure 11 shows typical snapshots of the instantaneous
logarithmic fields for viscous dissipation rates (log,,&,) and
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t=1004.8

r-ro0ss
A

Figure 11  Typical snapshots of the instantaneous logarithmic fields of viscous log;y&,(x, z) ((a) and (b)) and thermal log;&g(x, z) ((c) and (d)) dissipation
rates at two different Ra numbers Ra = 108 ((a) and (c)) and Ra = 10° ((b) and (d)).

thermal dissipation rates (log;&y) for Ra = 10® and Ra =
10°, respectively. The related FTLE and temperature fields
correspond to Figures 6(b) and 7(b). As shown in these fig-
ures, the intense dissipation regions of &, and &y almost co-
incide with hot and cold plume regions. It is also seen that
the LCS regions are closely related to two intense dissipation
regions.

Moreover, we quantify the contribution of LCSs to two
dissipations at different Ra. The results are shown in Fig-
ure 12, where the time-averaged ratios of viscous dissipation
rates along the LCSs to the total one (indicated by black dots)
and that for thermal dissipation (indicated by red dots) are
plotted as functions of Ra, respectively. As shown in Fig-
ure 12, the contributions of LCSs to viscous (thermal) dissi-
pation rates are larger than 80% (60%) for all Ra considered
in this paper. The higher contribution ratio of LCSs to vis-
cous dissipation is because LCSs represent the most shear-
ing regions [48]. Additionally, the lower contribution ratio of
LCSs to thermal dissipation is caused by the partial overlap-
ping of LCSs and plumes (refer to Figure 9). As shown in
Figures 6, 7, 11, and 12, we conclude that LCSs are closely
related to the high dissipative structures.
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Figure 12 The time-averaged ratios of viscous dissipation rates along the
LCSs to the total one (indicated by black dots) and that for thermal dissi-
pation (indicated by red dots) are plotted as functions of Ra at Pr = 0.7,
respectively.

4 Conclusions

In this paper, we have numerically investigated the role of
LCSs in heat transport, viscous dissipation, and thermal dissi-
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pation in RB convection with Ra ranging from 10° to 10° and
Pr fixed at 0.7. First, we examine the self-organized coherent
structures based on the Eulerian perspective and demonstrate
the Nu-Ra scaling relationship, Nu = 0.99Ra®30+992 which
is consistent with the previous studies. Second, we employ
the FTLE method to identify LCSs to reveal how LCSs are
intimately related to heat transport and large viscous and ther-
mal dissipation events. The main results are summarized as
follows.

(1) Based on LCSs, widespread lobe structures are found,
which are related to the detrainment/entrainment process. We
have particularly observed the periodicity of the lobe struc-
tures in the corner-flow rolls, corresponding to the heat ex-
change between the large-scale circulation and corner-flow
rolls. Such information on heat exchange is not included in
the traditional Eulerian analysis.

(2) By examining the relationship between LCSs and ther-
mal plumes, we obtain that most plumes transport along the
LCSs. In contrast, some plumes are exposed to the bulk and
finally mix with the turbulent background. By virtue of LCSs,
we have identified two distinct behaviors of thermal plumes.

(3) The ratio of the heat flux along the LCSs to the total
value and occupied area of LCSs is calculated to quantita-
tively describe the role of LCSs in heat transport. The results
show that the heat flux along the LCSs is larger than 85% of
the total value, despite that LCSs only occupy less than 20%
of the area. This indicates the significant role of LCSs in heat
transport.

(4) By analyzing the viscous and thermal dissipations along
the LCSs, we obtain that the viscous and thermal dissipa-
tion along the LCSs are larger than 80% and 60% of the total
value, respectively. This suggests that LCSs are related to the
strong viscous and thermal dissipation events.

Finally, we have demonstrated that analyzing LCSs is use-
ful to deepen our understanding of heat transport. For ex-
ample, the lobe structure is the hallmark feature as revealed
using the Lagrangian approach, by which we elucidate how
heat is exchanged between the large-scale circulation and the
corner-flow rolls.
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