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ABSTRACT ARTICLE HISTORY

We report of a series of laboratory experiments and numerical simula- Received 31 July 2020

tions of freely decaying rotating turbulent flows confined in domains ~ Accepted 17 November 2020
with variable height. We show that the vertical confinement has KEYWORDS

important effects on the formation of large-scale columnar vortices, Rotating turbulence;

the hallmark of rotating turbulence, and in particular delays the two-dimensional turbulence;
development of the cyclone-anticyclone asymmetry. We compare cyclone-anticyclone

the experimental and numerical results face-to-face, showing the asymmetry

robustness of the results.

1. Introduction

A distinctive feature of turbulent rotating flows is the spontaneous formation of coherent
columnar vortices aligned in the direction of the rotation axis. The presence of these long-
living, quasi-two-dimensional structures has been observed both in experiments [1-4] and
in numerical simulations [5-9]. The mechanisms which cause their formation, in partic-
ular concerning the interplay between inertial waves and nonlinear triadic interactions,
have been the subject of intense studies (for a recent review see, e.g. [10]).

Remarkably, most of these vortices are always co-rotating with the flow, i.e. they are
cyclones. The predominance of cyclones over anticyclones have been reported and investi-
gated in a large number of numerical and experimental studies, both in freely decaying
turbulence [4,5,11-15] and forced turbulence [9,16-18]. It has been observed also in
atmospheric measurements [19,20] and in rotating thermal convection [21-23]. The sym-
metry breaking is typically quantified in terms of the skewness S, = (w?)/(@?)3/? of the
vorticity w; in the direction of the rotation vector £ = Qe,. Other indicators have been
recently introduced, including third-order two-point velocity correlation functions [18],
the skewness of the azimuthal velocity increments [24] and the alignment statistics between
vorticity and the rotation vector [25].

Two types of arguments have been proposed to explain this phenomenon. First, cyclones
have alarger vortex stretching (2Q2 + w,)du,/dzin a rotating flow with given vertical strain
du,/0z. As a consequence, an isotropic turbulent flow suddenly put into rotation devel-
ops a positive skewness S,, [26]. The second type of explanations is based on the Rayleigh
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stability criterion, which shows that anticyclonic vortices are more subject to centrifugal
instabilities [5,27].

Previous studies have shown that the asymmetry is strongly dependent on the Rossby
number Ro. In particular, it is maximum for Ro of order unity [11]. In decaying rotating
flows the skewness S,, grows in time as Ro decreases from an initial large value [4,13,25].
A recovery of the symmetry has been observed in the late stage of the decay, when Ro «
1 [4,13]. Much less is known about the dependence of the asymmetry on the height H of
the fluid in the direction of the rotation axis, because this phenomenon is typically studied
in domains with the aspect ratio of order unity. Recently, it has been shown that the con-
finement of the flow in a thin layer causes a reduction of the asymmetry in forced rotating
turbulence [24].

The aim of this paper is to investigate by means of experiments and numerical simu-
lations of freely decaying rotating turbulence how the cyclone-anticyclone asymmetry is
affected by the thickness of the flow. This issue is closely connected to the puzzling relation
between rotation and two-dimensionalisation in turbulence. On the one hand, it is well
known that rotation induces a two-dimensionalisation of turbulent flow, which becomes
almost invariant along the rotation vector 2. On the other hand, the Coriolis force affects
the dynamics of the velocity field only if the latter has non-vanishing gradients in the direc-
tion of . In particular, in a perfectly two-dimensional (2D) flow the effects of rotation
disappear because the Coriolis force is cancelled by pressure gradients. Considering that
the reduction of the thickness H of the layer enhances the two-dimensionalisation of the
flow [24], we expect that also the cyclone-anticyclone asymmetry should be suppressed by
the confinement. is not intended to reproduce exactly the same physical set-up. Our aim is
to compare two systems with structural differences related to their boundary conditions.
In the experiment, the turbulent flow is subject to friction with the bottom wall of the tank,
which causes the development of an Ekman layer. In the numerics the boundary conditions
are periodic in all directions and the bottom friction is absent. In the numerical simulations
the large-scale energy transfer induced by rotation and vertical confinement [24] eventu-
ally leads to the phenomenon of spectral condensation at the horizontal scale of box. In the
experiments this phenomenon does not occur because the turbulent flow is surrounded by
still fluid and the diameter of the tank is much larger than the typical size of the vortices
generated by the comb. Despite these differences, we show that the effects of the vertical
confinement on the cyclone—anticyclone asymmetry is similar: it causes a retardation of
the growth of S,,.

2. Experimental set-up and procedure

The experiments have been performed in the rotating tank of the TurLab facility in Turin.
The tank has a diameter of 5m and it rotates anticlockwise with periods that range from
90 to 3 s. In the experiment the period of rotation was set to T = 17.6 s, corresponding to
an angular velocity Q = 27 /T = 0.357 rad/s.

The tank has been filled with fresh water at four different heights H = (10, 16, 24, 32) cm.
Water is seeded with polyamide particles (Arkema Orgasol) with a density of 1.03 g/cm?
and diameter d = 20 = 2 wm, which are used for the visualisation of the flow using the
Particle Image Velocimetry technique. The particles are illuminated by an horizontal laser
sheet, at 6cm above the floor of the tank, generated by a Quantum Opus solid state
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diode green laser. The images are acquired by a 8-bits camera Dalsa Falcon 4M60 with
2352 x 1728 pixels resolution (further details of the tank and of the acquisition system can
be found in [28]). The camera is located 1.43 m above the horizontal laser sheet.

Before the beginning of the experiment, the fluid is set to solid body rotation by increas-
ing gradually the angular velocity of the tank. Then, trails of vortices are generated by the
horizontal motion of a comb, which is mounted on a motorised linear guide. The comb is
composed of six vertical flat plates of width a = 2.3 cm with a mesh size of M = 10 cm.
It moves with constant velocity V' = 18 cm/s over a distance L = 90 cm. In order to avoid
the formation of waves, the velocity of the comb is smoothly reduced to zero close to the
extremities of the guide, before inverting the direction of motion. The comb Reynolds
and Rossby numbers, defined in terms of the comb velocity V and the mesh spacing M
as in [4], are Re, = VM/v = 1.8 x 10* and Ro. = V/(2QM) = 2.5. A schematic of the
experimental set-up is represented in Figure 1.

After 10 min of initial forcing, the comb is stopped and the decay of the flow is recorded
for 1 min with an acquisition rate of 60 Hz. The forcing is resumed for a duration of 2 min
and then stopped before the next recording. The procedure is repeated 15 times for each
height H of the fluid layer.

The velocity fields are obtained by standard PIV analysis, using the Open Source
Particle Image Velocimetry software (OpenPIV, for more detail see [29]) with an inter-
rogation window of 32 x 32 pixels size and an overlap of 16 pixels. The resulting velocity
fields cover a rectangular area of size Ly = 28 cm and L, = 20.5cm and are defined on
a grid of 116 x 85 points with a uniform spatial resolution of Ax = Ay = 0.241 cm.
We reconstructed the velocity fields with a sampling rate of 0.1s, skipping an initial
time of 0.5s from the last passage of the comb to avoid the disturbances of the free
surface.

The measured velocity fields are the superposition of the turbulent fields u(x, ) and
a uniform velocity U(¢) which is due to the large-scale circulation induced by the comb
and the inertial waves. The inertial waves manifest in the time series of U,(t) and U, (¢) as
oscillations with a period which is half of the rotation period of the tank Ty = T/2 and
a phase shift of 77/2 between U, and U,,. Before proceeding to the analysis of the data we
have subtracted the uniform velocity U(#) (as in [4]).

Figure 1. Left panel: schematic of the experimental set-up. Right panel: photo of the experimental set-
up.
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The time series presented in Section 4 is first averaged at a fixed time over the
ensemble of 15 experiments at a given height and further time-averaged over a window
of 1s. The experimental data have been nondimensionalised using the comb scale M,
the rms horizontal velocity at initial time 1y = ((ui + u}z,) /2)1/2(t = 0) and the timescale
T() =M / Uup.

3. Numerical simulations

Besides the experiments, we also performed a series of direct numerical simulations
(DNS) of an incompressible velocity field in a rotating domain with variable height.
The dynamics of the velocity field u(x,t) is described by the rotating Navier-Stokes
equation:

\%
8tu+u-Vu+2Slxu:——p+vV2u (1)

0

where Q = (0, 0, 2) is the angular velocity of the reference frame, p is the uniform density
of the fluid, v is the kinematic viscosity and the pressure p is determined by the condition
V.-u=0.

We perform the DNS by means of a standard 2/3-dealiased, pseudospectral code
with second-order Runge-Kutta integration scheme. The velocity field is defined on a
triply periodic domain with fixed horizontal sizes Ly = L, = 27 and variable height
H=(1/4,1/2,1) x 2z. It is discretized on a uniform grid at resolution Ny = N), =
(H/Lx)N, = 512. For each height H, we consider two values of the angular velocity =
(1,2). The viscosity is set to v = 1073,

At time t = 0, the velocity field is initialised as the superposition of a large-scale
two-dimensional, two-component (2D2C) flow, and a small three-dimensional, three-
component (3D3C) perturbation. The 2D2C large-scale flow mimics the 2D vortices
generated by the comb in the experiment. Nonetheless, it is worth to notice that the initial
flows in the DNS and experiments are not identical. In the DNS the small 3D perturbation
requires some time to develop the 3D turbulent flow. In the experiments, 3D turbulence is
already present in the initial flow as a result of the previous passages of the comb. The veloc-
ities uy and uy of the 2D2C flow are defined in Fourier space as the sum of random Gaussian
horizontal modes (ky, ky, k; = 0) with k; = (kfc + ki)l/ 2 in the range 4 < k;, < 6. The
3D3D perturbation is defined in the Fourier space as the sum of random Gaussian modes
in the shell 2 < |k| < 8. The amplitude of the perturbation field is 5 x 10~% smaller than
the 2D2C flow.

For each height H we performed 10 simulations with different initial random flow, keep-
ing constant the kinetic energies of the base flow and of the perturbation. The time series
presented in Section 4 is obtained from the ensemble average at fixed time of the data
obtained in the 10 simulations with given H. The data of the DNS are nondimension-
alised using the scale Ly = 27 /4, corresponding to the largest wavelength of the initial
flow, the rms horizontal velocity at initial time uy = ((ui + uf,)/Z)l/z(t =0), (up = 0.93
for all (H, ©2)) and the timescale To = Lo/ up.
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4. Experimental and numerical results

In Figure 2 we show two examples of the typical vorticity fields obtained in the experi-
ments and in the DNS. More precisely, the left panel shows a square portion (with size
Ly x Ly) of the vertical vorticity field w, = 0yu, — dyu, at time t = 1.8Ty in the experi-
ments at H = 32 cm, while the right panel shows a section at z = 0 of the vertical vorticity
field w,(x, y,z = 0) at time t = 7.1Ty in the simulations at H = /2 and = 1. In both
the experiments and the DNS it is clearly visible the presence of Large observable vortices
are all cyclonic (in red).

The formation of these structures during the decay of the rotating flow causes an
increase of the horizontal correlation scale. In order to quantify this effect we first com-
pute the longitudinal correlation function of horizontal velocity C(r, t) = (uy (x, ) uq (x +
rey, t))/{uq (x, 1)) with @ = (x, y). Then we define the correlation length L.(¢) as the scale
at which C(L;) = 0.8. The time evolution of L. is shown in Figure 3. In both the experi-
ments and the DNS we observe a weak dependence of L. on H. The scale L. increases almost
linearly in time for t > Tj. Previous studies have reported a different scaling L.(t) ~ tP
with exponent 8 in the range (0.2, 0.4) [4,30]. We note that the growth of L, is faster in the
DNS than in the experiments: in the DNS the average growth rate of L. is L. /Ly =~ 0.05t/ T,
while in the experiments it is L./M =~ 0.03t/Ty. This effect could be caused by the 2D2C
initial condition in the DNS, which induces a 2D dynamics characterised by stronger
large-scale energy transfer.

The growth of the correlation scale influences the time evolution of the Reynolds and
Rossby numbers, defined as

L
Re(t) = =€ Ro(t) = ;‘Q—’“L
v c

(2)

where uj, is the rms horizontal velocity u, = (((14,2c + u)z,) /2)1/2). As shown in Figure 4 (left
panel), in the experiments, after an initial rapid decay at t < Ty, the Reynolds number
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Figure 2. Vertical vorticity field in the experiments with H = 32 cm attime t = 1.87 (left panel) and in
the DNS with H = /2 and Q = 1 at time t = 7.1T (right panel). Cyclonic vortices are represented in
red.
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Figure 3. Left panel: velocity correlation length L. in the experiments at € = 0.357rad/s with
H = 10cm (red squares), H = 16 cm (green triangles), H = 24 cm (purple down-pointing triangles)
and H= 32 cm (blue circles). Right panel: Velocity correlation length L, in the DNS with H = 7/2 (red
squares), H = m (green triangles) and H = 2 (blue circles) at angular velocity &2 = 1 (empty symbols)
and © = 2 (filled symbols).
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Figure 4. Reynolds number Re = Lcuyms/v in the experiments (left panel) and in the DNS (right panel)
atangular velocity Q2 = 1 (empty symbols) and 2 = 2 (filled symbols). Symbols as in Figure 3.

remains approximatively constant with some fluctuations (similar to what was observed
in [4]). Conversely, in the DNS we observe an almost linear increase of Re(t), which
indicates that the growth of L.(¢) overwhelms the decay of the velocities. We argue that
the difference between the behaviour of two systems could be ascribed to their differ-
ent boundary conditions. In the experiments the bottom friction (which is absent in the
DNS) causes a faster decay of the velocities, resulting in a different temporal evolution
of Re. The dependence of Re(t) on H is unclear: in the experiments with the thinner layer
(H = 10 cm) the values of Re are on average smaller than those measured with the thickest
layer (H = 32 cm), but we observe the opposite behavior in the DNS with 2 = 1.

The Rossby number decreases in time both in the experiments and in the numerics
(see Figure 5) and it is almost independent of H. At long times ¢ > T we observe a scaling
regime Ro(t) ~ t~1. This scaling has been previously reported in [4]. The decay of the
Rossby number indicates that the Coriolis force prevails over the inertial forces at long
times. Therefore, the effects of rotation are expected to become more pronounced as the
system evolves.
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Figure 5. Rossby number Ro = uyms/2S2L. in the experiments (left panel) and in the DNS (right panel)
atangular velocity 2 = 1 (empty symbols) and 2 = 2 (filled symbols). Symbols as in Figure 3.
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Figure 6. Horizontal energy spectra in the experiments at time t = 1.87T¢ (left panel) and in the DNS
attime t = 7.1Ty (right panel) at angular velocity 2 = 1 (empty symbols) and 2 = 2 (filled symbols).
Symbols as in Figure 3.

In Figure 6 we compare the energy spectra Ej, (k) of the horizontal velocity fields uy, u, in
the experiments at t = 1.8T (left panel) and in the DNS at time t = 7.1Ty (right panel).
In the experiments we observe a power-law spectrum Ej(k) ~ k=2 in the wavenumber
range 6 < kM < 20. A similar spectral slope is observed also in the DNS at 2 = 1 in the
range 10 < kLo < 30, while the simulations with € = 2 have steeper spectra. In both the
experiments and DNS the spectra are almost independent of the heights H. In the spectra
of the DNS it is possible to observe a beginning of accumulation of energy in the lowest
accessible mode. The spectral condensation is clearly visible in the spectra at late times of
the DNS (not shown). Conversely, this phenomenon is not observed in the experiments
because of the large-scale separation between the diameter of the tank and the typical size
of the vortices produced by the comb.

The results presented so far do not show a strong dependence on the height of the
fluid layer. On the contrary, the effect of varying H is clearly visible in the statistics of
the vertical component of the vorticity w, = dyu, — 9,u,. The probability distribution
functions (PDF) of w, are shown in Figure 7 for different values of H at a fixed time
t = 1.8Tp in the experiments and t = 7.1Tj in the DNS. The PDFs corresponding to
the large H are characterised by a positive skewness S, = (a)g) / (a)g)3/ 2, which quantifies
the cyclone-anticyclone asymmetry. Reducing the thickness H, the PDFs become more
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Figure 7. PDFs of the vertical vorticity w; in the experiments at time t = 1.87¢ (left panel) and in the
DNS attime t = 7.1T¢ at angular velocity = 1 (right panel). Symbols as in Figure 3.

symmetric and the skewness is reduced. This means that the confinement of the decaying
flow in a thin layer weakens the cyclone-anticyclone asymmetry at a fixed time. This is in
qualitative agreement with previous numerical results in forced stationary conditions [24].

Because of the decay of the Rossby number, it is expected that the cyclone-anticyclone
asymmetry increases with time. Previous studies[4,25] reported a power-law growth of
the skewness S, >~ ¥ with y ~ 0.70 &£ 0.05. Here, we are interested to investigate how
the height H of the fluid layer influences the growth of S,,. The temporal evolution of S,
is shown in Figure 8. In all the simulations and experiments, after an initial transient we
observe the development of a positive skewness, which indicates the prevalence of cyclones
over anticyclones. In the DNS, we find that the regime of positive skewness is systematically
preceded by a transient in which S, is negative. We are not aware of previous observa-
tions of this phenomenon. After the negative transient, the skewness in the DNS grows
as S, (1) ~ (t — 1,)089%005 (ot shown), £, being the time at which S, changes sign from
negative to positive. The value of the exponent is in agreement with the results reported in
[25].

The series of S, (f) obtained in the numerics display a clear dependence on H. Smaller
H corresponds to smaller values of S, at a fixed short time. A similar dependence on H
is observed also in the experimental series, even if they are more noisy. After the initial
growth, the skewness saturates to almost constant values at late times both in the DNS (for
t > 8T) and experiments (for t > 4T)). In the numerical series with = 2, the asymp-
totic value of the skewness has not a clear dependence on H. In the experiments with
H = 24 cm we observe adecay of S, at t > 5Ty. It is tempting to interpret this as the begin-
ning of the long time decay of the vorticity skewness which has been reported in previous
studies (e.g. [4]). Nonetheless, even after averaging over 15 independent experiments, our
data display strong temporal fluctuations which do not allow to make accurate statements
concerning the late stage of the evolution of the skewness. The inspection of the numerical
series in Figure 8 suggests that while the cyclone-anticyclone asymmetry develops for all
the cases with different H considered here, reaching similar values of S, at the end of the
simulations, the main effect of the confinement of the flow in a thin layer is to retard its
development. To test this idea, in Figure 9 we plot the series of S, (¢) by rescaling the times
with height-dependent time scales Tp. The values of Ty have been determined by the least
square method, minimising the differences between S, (t/Tx) at given H with respect to
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Figure 8. Skewness of the vertical vorticity w, in the experiments (left panel) and in the DNS (right
panel) at angular velocity 2 = 1 (empty symbols) and € = 2 (filled symbols). Symbols as in Figure 3.
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Figure 9. Skewness of the vertical vorticity w, in the experiments (left panel) and in the DNS (right
panel) at angular velocity = 1 (empty symbols) and €2 = 2 (filled symbols). Time has been rescaled
with Ty. The values of Ty are shown in the insets. Symbols as in Figure 3.

the case with the largest H = Hpax (Hmax = 32 cm in the experiments and Hy,ox = 27 in
the DNS), and fixing T, = To. The collapse of the series is reasonably good, and the
rescaling times Ty become larger as the thickness H is reduced. We note that the values
of Ty /Ty are identical in the DNS with 2 = 1 and 2 = 2. This shows that the confine-
ment in a thin layer slows down the development of the cyclone-anticyclone asymmetry.
It is interesting to note that this effect is qualitatively similar in the experiment and in the
DNS, in spite of the differences between the two systems highlighted in the introduction
and observed in the temporal evolution of the correlation scale (Figure 3) the Reynolds
number (Figure 4) and the spectra (Figure 6).

Finally, we present a result of the late-stage of the decay in the DNS. We have continued
the DNS up to time t = 24Tj. At that time, the turbulent fluctuations almost completely
disappeared, and the velocity field consists of a single cyclonic vortex. Because in the DNS
the mean vorticity is constrained to be zero, the vortex is surrounded by a sea of negative
vorticity. As one can see in Figure 10, the PDF of the vorticity field of this fossil state of
turbulence displays an interesting feature: its negative tail has a sharp cutoft at w, = —2.
In other words, at long times the total vorticity computed in the laboratory frame w, + 22
is always positive. This result contrasts with the recovery of the symmetry at long times
which has been observed in [4,13]. As discussed in [4], the symmetry is expected to be
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Figure 10. PDFs of the vertical vorticity w, in the numerical simulations at time t = 24T, at angular
velocity 2 = 1 (empty symbols) and 2 = 2 (filled symbols). Symbols as in Figure 3.

restored only if the initial state contains a significant amount of vertical velocity, which is
almost absent in our case. It would be interesting to investigate more systematically how
this phenomenon is dependent on the properties of the initial velocity field and on the
boundary conditions.

5. Conclusion

The main result of our study is that the confinement of a turbulent rotating flow in a thin
layer delays the development of the cyclone-anticyclone asymmetry. have structural differ-
ences in the boundary conditions, and it is therefore a robust feature of decaying rotating
flows, independent of the presence of bottom friction. Our findings show that although
the formation of the cyclone-anticyclone asymmetry is observed both with and with-
out vertical confinement, the height of the fluid layer is a crucial parameter to determine
the temporal scale of this phenomenon. Further experiments and numerical simulations
are needed to better understand how the mechanism of formation of cyclonic columnar
structures is influenced by the vertical confinement.

Our results have important implication for large-scale geophysical flows, where
the height of the fluid layer is typically smaller than the horizontal scales. The
cyclone-anticyclone asymmetry observed in these conditions could be much weaker than
what expected on the basis of experiments and DNS with aspect ratio of order unity.
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