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Abstract

The transient processes of a turbulent large-scale convective circulation (LSC)
in a cubic cell are investigated using large-eddy simulations for Rayleigh num-
ber Ra = 10® and Prandtl number Pr = 0.7. For the first time, we have ex-
plicitly shown that LSC is accompanied by large-scale azimuthal flows with
non-zero total angular momentum. It is also shown that solid-body rotation
of the entire fluid is not realized. It is found that correlation between rotation
of LSC plane and the mean azimuthal motion is high during quasiperiodic
oscillations of LSC near the diagonal plane and relatively weak during LSC
reorientations. We propose a new plausible scenario for the reorientations of
the LSC in a cube that does not involve a mean azimuthal flow. Instead of a
single-roll, we introduce the superposition of a pair of large-scale orthogonal
quasi-two-dimensional (Q2D) rolls and the reorientation of the LSC occurs
as a result of the cessation of one of the Q2D rolls. This scenario is consistent
with all known experimental and numerical data.

Keywords: turbulent convection, large-scale circulation, OpenFoam, LES.
PACS: 47.55.pb, 47.27.De, 05.65.+b

1. Introduction

Thermal convection in closed volumes of different shapes has many inter-
esting features including variety of patterns and complex temporal dynam-
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ics [1, 2, 3, 4, 5]. One of the most interesting phenomenon is the formation
of large-scale circulation (LSC), known in turbulent convection as a mean
wind [6, 7, 8].

Sreenivasan et al. [6], Brown and Ahlers [7], Xi and Xia [8], and Mishra
et al. [9] performed experiments and numerical simulations on thermal con-
vection at high Rayleigh number in a cylindrical geometry and observed that
the plane containing the LSC exhibits random drift in the azimuthal direc-
tion. This phenomenon is called flow reorientation. Researchers argue that
the flow reorientations in a cylinder occur due to two reasons: (a) rotation-led
reorientation, which originates from an azimuthal reorientation of the LSC,
and (b) cessation-led reorientation, in which the largest roll disappears tem-
porarily during the reorientation and two secondary rolls become significant.
The primary roll reappears in a new direction that is not correlated to the
earlier roll direction. Long-time experimental realizations showed that the
azimuthal motion consists of erratic fluctuations and a time-periodic oscilla-
tion. For the most of the time, the orientation of the wind has a preferred
direction, with all other orientations appearing as transient states [10].

There have been only a few studies of LSC dynamics in a cube. At
moderate values of Rayleigh number (up to Ra = 1.58 x 107) Gallet et al.
[11], showed that the dominant orientation of the LSC is perpendicular to
one of the sidewalls. After Ra exceeds some critical value Ra ~ 4.3 x 106,
reorientations in which the LSC changes direction by 4+90° were observed.
It was proposed that the change of orientation is a result of competition
between two perpendicular large-scale rolls. Valencia et al. [12] showed in
an experimental and numerical study that in the range 3 x 107 < Ra < 108,
the LSC is a single roll with a predominant diagonal orientation. From their
numerical simulation, they also claimed that the LSC changes orientation due
to the rotation of a single roll around the vertical axis. At higher Rayleigh
number Ra = 5 x 108, the dominant LSC orientation was observed along one
of the diagonals [13]. Reversals of the LSC along one of the diagonals and
its reorientation to the other diagonal were noted by Liu and Ecke [14]. A
detailed study of turbulent convection in a cubic cell by Vasiliev et al. [15]
showed that the LSC switches from one to the other diagonal randomly. Bai
et al. [16] and Foroozani et al. [17] observed similar dynamics of LSC in an
experiment and in a numerical simulation, respectively.

The understanding of the observed LSC reorientation as a gradual ro-
tation needs to be clarified. The rotation of an LSC can be considered as
motion of the entire structure, which implies the appearance of an azimuthal



flow. Another approach assumes that this rotation occurs as a change of the
LSC direction, namely, as a rotation of the LSC plane only. The concept of
the azimuthal motion of the LSC derives from Cioni et al. [18]. From the
temperature measurements made at the top and bottom of a cell, the authors
proposed that the LSC moves azimuthally as a single structure. Though this
assumption is generally implicitly or explicitly accepted, there is no direct
evidence of global azimuthal flows based on velocity measurements or numer-
ical simulations, either in a cylinder or in a cube. So far, the existence of an
azimuthal flow is a key element of the suggested physical interpretations and
mechanisms for random LSC reorientations in a cylinder and the diagonal
switching of the LSC in a cube [19, 20, 21, 16, 17]. Hence, it raises a ques-
tion about the large-scale volumetric force required to produce a mechanical
rotation of the LSC as a single structure. In [22, 19, 20, 21|, two candidates
forces were proposed: the mean effect of stochastic turbulent fluctuations
and the Earth’s Coriolis force. However, some aspects of dynamics of the
flow during reorientation are still open for discussion.

In this paper, we consider the LSC reorientations in Rayleigh—Bénard
convection in a cube and provide numerical data that explicitly show the
appearance of the large-scale azimuthal flows and its relation to a rotation
of the LSC plane. We propose a plausible scenario describing reorientations
of the LSC in a cube without azimuthal rotating flow.

2. Numerical simulation

Numerical simulations of turbulent Rayleigh-Bénard convection in a cu-
bic cell were carried out using open-source software OpenFOAM 4.0. The
discretization of the 3D Navier—Stokes equations for incompressible flows
in Boussinesq approximation is based on the method of control volumes.
For turbulence modelling, we employ the large eddy simulation approach,
namely the Smagorinsky-Lilly model with the Smagorinsky constant 0.14
and turbulent Prandtl number 0.9. For the non-dimensionalization, we have
used the cube edge L as the length scale, Uy = /SgLAr (free-fall veloc-
ity) as the velocity scale, and Ap ( temperature difference between horizon-
tal isothermal plates) as the temperature scale. Governing parameters for
Rayleigh-Bénard convection are the Rayleigh number Ra = (agL3A7)/(vk)
and Prandtl number Pr = v/k, where g is the acceleration due to gravity;
v, Kk, o are respectively kinematic viscosity, thermal diffusion coefficient, and
thermal expansion coefficient.



Table 1: Simulation parameters for Ra = 10% and Pr = 0.7. N, N, and N, are number
of grid points along z, y, and z directions; AZ, , A? . are the minimum and maximum

grid spacing in the vertical z direction; Npy, is the number of grid points in the thermal
boundary layer.

Reference Ny x Ny x N, Az /L Az /L | Ngi | Nu
Present work | 64 x 64 x64 [ 1.5x107°|24x1072| 4 |35.7
Present work | 128 x 128 x 128 | 7.7 x 107% | 1.2 x 1072 9 |314

LES [17] 64 x 96 x 64 1.7x1073 | 1.6 x 1072 6 |31.6

DNS [23] | 290 x 290 x 290 - - 7 313

We employed the no-slip boundary condition for the velocity at all walls.
For the thermal field, adiabatic conditions are used for the vertical walls,
and isothermal conditions for the horizontal plates. z-axis is the vertical
axis which is oriented againts the gravity vector. Gaussian finite volume
integration is used to compute the spatial derivatives, and a second-order
Crank—Nicolson scheme is used for the time stepping. The value of Reynolds
number Re is estimated using as a characteristic velocity of LSC the maximal
value over the mean velocity field, calculated for the time period between
two consecutive reorientations and for this run Re is approximately 3000.
We employed a constant time step 1073 for which the Courant number is less
than 0.4, hence our simulations are well resolved in time.

The longest run was performed at Ra = 10® and Pr = 0.7 for 24000 free-
fall time units (¢; = L/Uy). The grid resolution of our simulation was 64°
in a nonuniform mesh with a higher grid concentration near the boundaries
in order to resolve the boundary layer. We used short runs with 128% mesh
elements to confirm the convergence. The characteristics of the mesh and
their comparison with similar studies are provided in Table 1. The general
structure of the flow and temperature distribution are in good agreement
with the results of the numerical simulations by Foroozani et al. [17].

3. Transient flow and reorientations of LSC

Our main interest is a transition of the large-scale circulation. The global
angular momentum can be efficiently used as a measure of the large-scale
rotation (for 2D convection, e.g. Molenaar et al. [24], Castillo-Castellanos



et al. [25]). So we suggest to quantify characteristics of the LSC through the
3D angular momentum:

Q) = 1! /V’ro < u(t)dV, (1)

where 7, is the radius vector relative to the cube center and I = 1/8 is the
moment of inertia about the rotation axis of an inscribed cylinder with radius
1/2. The horizontal components 2, and €, characterize LSC orientational
angle ¢ = arctan(€2, /€, ) while Q, is the angular velocity of the rigid rotation
of the fluid around the vertical axis. Then we can determine angular velocity
of LSC reorientation as

()9, (1) — (1), (1)
N Q2(t) 4+ Q2(t)

(2)

We define the accumulated angle of mean azimuthal rotation as:

0.(t) = vi0)+ [ )t 3)

The dipolar azimuthal mode of the temperature or vertical velocity is
often used to characterize the dynamics of LSC [18, 7, 8,9, 16, 17]. This mode
is typically computed using the data measured by a set of probes installed
at several horizontal cross sections. For the comparison with [16, 17] we also
compute the amplitude § and the phase ¢ of the dipolar mode for the vertical
velocity wu,(t,r;) at 16 equispaced points located in the middle horizontal
cross section of the cube. We found out that ¢(t) coincides with v (t), so for
the studying of LSC orientation either local or integral characteristics can be
used.

Now we can clearly identify a reorientation process as rotation-led reori-
entation if

0-(t) = ¢(t) and Q.(t) = w(t). (4)

These conditions imply a rigid rotation of the entire fluid because the last
relation becomes exact under substitution of Q,(¢) = ¢sin,¢ and Q,(t) =
ccos,t in Eq. (3) (assuming that ¢ and 2, are constants). The full time
series of ¥ and 6, are shown in Fig. 1(a). The jumps of ¥ by 90° correspond
to the reorientations of the diagonal roll and they are like those presented
in [16, 17]. This proves that the specific properties of the LSC dynamics,
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Figure 1: (a) Time series of ¥ (¢) and 6, (t) (167 is subtracted from 6, at ¢t = 9800 for the
better layout). (b) Time series of w(t) = ¢'(t) and Q,(¢) = 0.(¢) (curves are smoothed
over 70 units of time). Selected reorientation are marked by vertical dashed lines.

such as reorientations, are very robust and can be reproduced using different
experimental realizations and numerical simulations. Evolution of 6, reveals
rather chaotic behaviour which is intermitted by monotonic changes about
several full turns. For example, such huge drop is observed near ¢ = 14500
but reorientation of the LSC is not happened (i) does not jump). Time
derivatives (angular velocities w and §2,) are shown in Fig. 1(b). Obviously
conditions (4) are not realized. However we note that some of pronounced
peaks 6, correspond to the selected peaks of ¢ (marked by dashed vertical
lines in Fig. 1).

The valuable information can be provided by probability distributions
shown in Fig. 2. These distributions for 6, and ¢ (Fig. 2(a)) clearly show
that ¢ mostly belongs to the diagonals (angles multiple to 45 degrees) while
0, is distributed more or less uniformly. In Fig. 2(b) we show joint probability
of increments of #, and ¥ (w and €2,). It looks mainly symmetrical about
axes which means the lack of correlations in the dynamics of two angles
except relatively rare events with high magnitudes. Further we perform
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Figure 2: (a) The probability distributions of 8, and v and (b) joint (two-dimensional)
probability distribution of 2, and w (these signals are shown in Fig. 1).

the correlation analysis to figure out the relation between the large scale
azimuthal flow and the reorientation of the LSC.

Calculating the cross-correlation coefficient of two angles, 6,(t) and ¥(¢),
we obtained a value of 0.66. However, considering the angular velocities w
and {2, we have got the correlation coefficient 0.11 only, which indicates a
very weak correlation and proves our analysis of Fig. 2(b). This result means
that these two values are determined by different components of signals,
namely, by short and long time variations. To quantify the role of different
time-scales, we apply the wavelet analysis [26] which is an efficient tool to
perform the scale-by-scale cross-correlation analysis [27]. The continuous
wavelet transform decomposes the signal f(t) into map Wy(7,¢) in the time-
frequency space (we use a characteristic period (time-scale) as variable) as

Witr) = feyw (S8 ar )

—00

where the so-called Morlet wavelet 1 (t) = exp(—t*+127t). Complex wavelet
coefficients W(7,t) determine an amplitude and phase of oscillation with a
period 7 at vicinity of time t. The global wavelet spectrum (corresponding
generalization of the Fourier spectrum) is

Efr)=r  |Wylno)Pd. (©)

—0o0

The wavelet cross-correlation function C'(7) for two signals w and €, is cal-
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Figure 3: Wavelet spectra (a) and the wavelet cross-correlation function (b) for €, (¢) and
w(t). Different scales are used for modulus and phase of C(7) in the panel (b).

culated as
o0

C(r)=7(B,Eq,) ' Wu(r, )W (1, t)dt. (7)
Wavelet cross-correlation function and individual wavelet spectra for €2, ()
and w(t) are shown in Fig. 3. The spectra of both signals display a strong
peak at 7 &~ 40, which corresponds to quasiperiodic oscillations of LSC near
the diagonal plane. Such oscillations with similar frequency were observed in
laboratory experiments of Vasiliev et al. [15]. E,,(t) reaches broad plateau at
7 ~ 200 which represents characteristic time of reorientations (as we show it
below in Fig. 4). Peaks at longer time scales correspond to inter-reorientation
period and they are seen in both spectra. The large-scale spectral power of
.(t) is much stronger than the spectral power of w(t). The module C(7)
displays a perfect correlation at 7 =~ 40. To be exact, the phase of C(7) for
this peak corresponds to an anti-correlation. The peak of |C| at 7 ~ 200
reveals a relatively weak correlation of w and €2, during reorientation. We
note that this admits w oc €, instead of relation (4). |C| slowly increases
with scale at 7 > 100, reaching a level of about 0.7 at time-scale of inter-
reorientation period. The wavelet spectra for angles 6, () and 1 (t) differ from
the corresponding spectra of angular velocities just by a factor of 72, while the
cross-correlation function is identical. Thus, the scale-by-scale analysis ex-
plicitly shows that correlation between w and €2, is high for the time period
of quasiperiodic oscillations of LSC near the diagonal plane and relatively
weak for the time period of LSC reorientations.
To analyze the transition process in detail we consider velocity field in
separated short time intervals near moments ¢; such that one of 2, or €,
changes the sign while another one does not. These eight reorientations are

8
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Figure 4: Time series of €2 components during selected reorientations (thin lines) and the
ensemble averages (thick lines). Dashed line shows |€}].

marked in Fig. 1. Unlike the others the sixth reorientation is the clock-wise
rotation. In this case we apply mirror-reflection of the velocity field rela-
tive to the horizontal plane to get w(?;) > 0 in all reorientations. Then
we rotate coordinate system about the vertical axis by 90 or 180 degrees in
order to adjust the same initial values of €}, and €,. This means that all
reorientations start from the same diagonal plane. As a result we obtain
similar transition behaviour of €2 components in all reorientations, Fig. 4
shows individual time series (thin lines) after transformations and the en-
semble averages (thick lines). First, we analyze the horizontal components
of the angular momentum. The component €2, decays to zero and reappears
with the opposite sign. During the reorientation, the other component — €2,
undergoes a relatively weak enhancement. The ensemble mean of €2, is very
weak during stable states but increases significantly (by more than its stan-
dard deviation of 0.002) during the reorientation. Thus, we have explicitly
shown statistically robust result that the reorientation is accompanied by
mean azimuthal motion. However it is evident that the azimuthal motion
does not necessarily lead to the reorientation of the LSC (Fig. 1). It raises a
question of the requirement of the large-scale azimuthal flow for reorientation
of the LSC. Below we propose a plausible scenario describing reorientations
of the LSC in a cube without azimuthal rotating flow.



Figure 5: Schematic diagram depicting that the superposition of PLSC(a) and PLSC(b)
gives the diagonal LSC(c) and the same (d) and (e) gives (f). If one PLSC switches sign
(from (a) to (d)) and other PLSC stays the same then LSC changes its orientation from
one diagonal to the other (from (c) to (f)).

4. Non-rotational reorientation scenario

We proposed consider LSC as a result of two planar LSCs (PLSCs) in
vertical orthogonal planes, zOz and yOz (see Fig. 5). If the PLSC in the
2Oz plane changes direction (reverses), as shown in Fig. 5(a,d), while the
PLSC in the yOz plane stays in the same direction (Fig. 5(b,e)), then the
diagonal LSC switches to the other diagonal (Fig. 5(c,f)). Thus, the dynamics
of these PLSCs defines the orientation and intensity of the LSC. It can be
interpreted as a planar cessation-led reorientation that provides a consistent
description of the LSC dynamics.

To validate our proposed interpretation, we compute the 2D velocity and
temperature fields by averaging over the third coordinate. In Fig. 6 we
present the 2D velocity fields:

a9y, 2) = [Huy(w,y.2),u.(2,y, 2) }d,
a (z,2) = [} {u.(z,y,2),u.(z,y, 2) }dy, 8)
ﬁ’<z>($7y) :fol{uz(x,y,z),uy(x,y,z)}dz

N

N

and corresponding 2D temperature fields T (y, z), T% (z, z) and T%) (z, ),
to illustrate the quasi-two-dimensional (Q2D) structures before, during, and
after the reorientation. Note that angular momentum of each Q2D roll is
equal to the corresponding component of 2.
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A careful observation of Fig. 6 indicates that the velocity field u¥) (x, 2)
does not reverse, but the field @* (y, z) does. So, one PLSC vanishes and
then reappears circulating in the opposite direction while the other PLSC
remains stable during the reorientation. This is like the situation in the Fig. 5,
where the roll in the xOz plane reverses, but that in the yOz plane does not.
This transformation of velocity fields holds for all observed reorientations
and it fits the planar cessation-led reorientation scenario perfectly.

Also note that the reversal of the PLSC follows a very similar path as in
2D convection [28, 29, 25]. The stable PLSC consists of one central roll with
the largest possible scale and two smaller counter-rotating rolls in opposite
corners. This mean-flow configuration is typical for 2D turbulent convection
in square cells [30, 31]. During the cessation, the two corner rolls grow and
finally reconnect to form a large-scale roll with opposite rotation. The two
small-scale vortices appear at the opposite corners.

5. Conclusions

In summary, considering the transient processes of large-scale flow in a
turbulent convective cubic cell, we analysed the integral characteristic (total
angular momentum) to understand the LSC dynamics. For the first time, we
have explicitly shown that LSC is accompanied by spontaneous large-scale
azimuthal flows with non-zero total angular momentum. Appearance of mean
azimuthal motion in non-rotating turbulent Rayleigh - Bénard convection can
be very interesting for different geophysical and technological applications.
We have found that rotation of LSC plane and solid-body rotation of the en-
tire fluid are only partly correlated at the characteristic time of reorientation
process. The most of azimuthal flow spurts do not cause a reorientation of
LSC. High correlation (with some phase shift) between components of total
angular momentum is found for fast quasiperiodic oscillations of LSC near
the diagonal. We propose a new plausible scenario for the reorientations of
the LSC in a cube that does not involve a mean azimuthal flow. Instead of a
single-roll, we consider the superposition of a pair of large-scale orthogonal
Q2D rolls and the reorientation of the LSC occurs as a result of the cessation
of one of the Q2D rolls. We emphasise similarity of the Q2D rolls transition
to the known scenario of LSC reversals in the 2D convection.
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Figure 6: Velocity fields @*) (y, z), u‘¥) (z, ), and @'*) (z,y) are shown by streamlines and
temperature fields T*) (y, z), TW (x, z), and T**) (2, ) by a colour density distribution in
the orthogonal planes: (a) Before reorientation, (b) during reorientation at ¢ = 11057, and
(c) after reorientation. Temperature variation is shown in the dynamic range [—0.1,0.1]

(the full range is [—0.5,0.5]). The intensity of grey of the streamlines is proportional to
the velocity.
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