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Transitions in turbulent rotating convection: A Lagrangian perspective
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Using measurements of Lagrangian acceleration in turbulent rotating convection and accompanying direct
numerical simulations, we show that the transition between turbulent states reported earlier [e.g., S. Weiss et al.,
Phys. Rev. Lett. 105, 224501 (2010)] is a boundary-layer transition between the Prandtl-Blasius type (typical of
nonrotating convection) and Ekman type.
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I. INTRODUCTION

Turbulent flow in a rotating environment is common
in nature and technology. Prime examples are geophysical
and astrophysical flows, including oceanic and atmospheric
currents [1–4] and the convective outer layer of the Sun [5],
as well as convective cooling in turbomachinery [6,7] and
chemical vapor deposition on rotating substrates [8].

A simple laboratory realization of these flows, allowing
fundamental investigation, is rotating Rayleigh-Bénard con-
vection (RRBC), the flow between two rotating horizontal
plates heated from below and cooled from above. The influence
of the Coriolis force lets the flow depart significantly from
the nonrotating situation. In particular, a sudden transition
between two different turbulent states has been described
in this system [9–12]. Sudden transitions are unexpected
in vigorous turbulence. The transition is usually detected
as an abrupt change in the heat transfer scaling, but the
effect on the flow organization is more dramatic, changing
from the domain-filling large-scale circulation (LSC) [13]
at lower rotation rates to an ensemble of rotation-aligned
vortical plumes emerging from top and bottom boundary layers
with positive (cyclonic) vorticity fed by so-called Ekman
pumping [14,15]. The transition was explained to be due to
finiteness of the domain [11], thus the result is setup specific.

In this study we use Lagrangian acceleration statistics
from three-dimensional (3D) particle-tracking velocimetry
(3D-PTV) and direct numerical simulations (DNSs) to show
that the transition is actually a boundary-layer (BL) transition
independent of the flow geometry: while the bulk flow is
largely unaffected, the kinetic BLs on the plates transition
between the Prandtl-Blasius [13] and Ekman type [15,16].
This sudden BL transition will thus take place independently
of geometry and is a generic feature of rotating buoyancy-
driven turbulence near walls. Additionally, we find that the
bulk flow gradually changes as rotation is increased beyond
the transition, so that another regime change is due once
the entire bulk becomes rotationally constrained [17]; i.e.,
it adheres primarily to the so-called geostrophic balance
between Coriolis forces and pressure gradient [15,16]. In this
constrained regime the convective heat transfer is reduced and
can even be suppressed altogether [18].
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The Lagrangian exploration of Rayleigh-Bénard convection
(RBC) has been done numerically [19,20] and experimen-
tally [21,22], but not under rotation. Here we extend this
method to the rotating frame.

The remainder of the paper is organized as follows. The
experimental and numerical setups are discussed in Sec. II. In
Sec. III the experimental and numerical results on the particle
acceleration and viscous boundary layers are presented and
discussed. We summarize our main findings in Sec. IV.

II. METHODS AND PARAMETERS

The experiment consists of a cylindrical Plexiglas vessel
and a 3D-PTV system. The vessel, of equal height and diameter
L = D = 200 mm, is closed with a copper plate at the bottom
and a transparent cooling chamber at the top. For technical
details, see Ref. [23].

The working fluid, water, is seeded with polyethylene par-
ticles (density ρ = 1002 kg/m3, diameter dp = 75–90 μm),
which are illuminated by four LED arrays. Images are recorded
by four CCD cameras (MegaPlus ES2020, 1600 × 1200
pixels) located above the convection cell. Images are recorded
at 30 Hz, which is sufficient to capture the smallest scales
of motion with Kolmogorov time scales on the order of
seconds. Two sets of measurements are performed: (i) in
the cell center and (ii) near the top plate. The measurement
volume is 50 × 50 × 50 mm3 (x,y,z) at the center and 50 ×
50 × 10 mm3 (x,y,z) near the top plate with its center on the
cylinder axis. The measurement volume near the top is up to
the plate surface. The z axis coincides with the rotation axis
and gravity. Based on the DNSs we know that the viscous
boundary layer near the top has a thickness between 1.6 and
6 mm, depending on the rotation rate.

The images are processed using a PTV code developed at
ETH Zürich [24–28]. The seeding density is limited to ∼1500
particles per image. To eliminate background noise in the
measurements, cubic polynomial fitting described in Ref. [29]
is implemented. The four nondimensional parameters that de-
scribe RRBC are the Rayleigh number Ra = αg�T L3/(κν),
Prandtl number Pr = ν/κ , convective Rossby number Ro =√

αg�T/L/(2�) (ratio of buoyancy and Coriolis forces),
and aspect ratio � = D/L, where g is the gravitational
acceleration, �T the applied temperature difference, � the
rotation rate, and α,ν, and κ are the thermal expansion
coefficient, kinematic viscosity, and thermal diffusivity of the
fluid, respectively. In the present work Ra = 1.28 × 109,Pr =
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FIG. 1. Normalized acceleration PDFs from experiments for Ra = 1.28 × 109, Pr = 6.7, and � = 1: (a) horizontal at the center, (b) vertical
at the center, (c) horizontal near top (larger horizontal axis range compared to other PDFs), and (d) vertical near top.

6.7, and � = 1 are kept fixed while Ro is varied between 0.1
and ∞ (� between 1.65 rad/s and 0). Each experiment lasts
roughly 300 min (consisting of multiple segments, each 11
min long). The number of data points for each experiment is
∼7 × 107 at the center and ∼3.5 × 107 near the top plate.
DNSs have been performed in parallel to the experiments.
Here we briefly mention the numerical approach; details can
be found in Ref. [30]. The governing Boussinesq equations
are discretized with a second-order central finite-difference
scheme in cylindrical coordinates. We track the motion of
pointlike passive tracer particles with flow velocity obtained
from trilinear interpolation. Time integration for the flow
uses a third-order Runge-Kutta scheme; for the tracers a
second-order Adams-Bashforth scheme is applied. The spatial
grid resolution in radial, azimuthal and vertical directions is
384 × 512 × 512, respectively, with grid refinement close to
the plates and sidewall.

III. RESULTS AND DISCUSSION

To show the effects of rotation on the convective flow,
we consider probability distribution functions (PDFs) of
acceleration in the center and close to the top plate, separated
into horizontal and vertical components.

Figure 1(a) shows the normalized experimental horizontal-
acceleration PDFs in the cell center. The shapes of the
horizontal-acceleration PDFs are largely independent of �;
they nearly collapse (except for the tails). This is further
exemplified by the kurtosis values Ki = 〈a4

i 〉/〈a2
i 〉2

, plotted
in Fig. 2(a) (cyan triangles). All representative variables
for the horizontal directions are obtained by averaging the
respective variables along x and y directions. The transition
point at Roc

∼= 2.5 [11] is indicated by the vertical dash-
dotted line. A weak nonmonotonic trend for the width of
the horizontal-acceleration PDFs at the center is noticeable
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FIG. 2. (a) Kurtosis and (b) skewness of experimental acceleration PDFs as a function of Ro.
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FIG. 3. (a) Acceleration rms values and (b) the ratio R = arms
xy /arms

z as a function of Ro. Purple open symbols represent DNS data for
corresponding experiments (marker shapes match). Experimental acceleration uncertainty is estimated by adding noise to the displacement,
with an rms value equal to that of displacement measured for points on a fixed target inside the RB cell. The uncertainty in DNSs is estimated
as the deviation from the expected flow symmetry.

as a function of Ro: it has a local minimum at Ro ≈ 0.5.
The wider PDF tails at higher and lower Ro indicate a more
intermittent distribution, which is due to the presence of
coherent structures. At low enough Ro the vortical plumes
can actually enter into the center, a sign of adaptation to
rotation of the bulk flow. However, note that Kcenter

xy does
not show significant changes around Roc. The horizontal-
acceleration PDFs in the center are symmetrical, evidenced
by the skewness Si = 〈a3

i 〉/〈a2
i 〉3/2

being basically zero for all
Ro [Fig. 2(b)]. Finally, we present the rms values of horizontal
acceleration, arms

xy = (arms
x + arms

y )/2, in the center in Fig. 3(a).
The Lagrangian rms acceleration shows a broad maximum
between 1 � Ro � 2.5, while at lower Ro it is suppressed by
rotation.

The vertical-acceleration PDFs in the center are depicted
in Fig. 1(b). The PDFs are progressively narrower for lower
Ro, as is also clear from the kurtosis [Fig. 2(a), blue circles].
The PDFs are symmetric [Fig. 2(b)]. The rms value of
vertical acceleration in the center displays a similar behavior
as its horizontal counterpart [Fig. 3(a)]. The suppression of
high-acceleration events along the rotation axis with increasing
rotation has been observed before in experiments on rotating
turbulence [31].

The ratio R = arms
xy /arms

z in the center [see Fig. 3(b), blue
squares] is largely independent of Ro and unaffected by the
transition at Roc. Only at the lowest Ro a slight downward
trend can be observed. However, the downward trend is rather
insignificant. We conclude that the shapes of the acceleration
PDFs as well as the isotropy of acceleration in the cell center
are largely unaffected while crossing Roc.

Continuing with the measurements near the top plate, the
results change drastically. The horizontal-acceleration PDFs in
Fig. 1(c) (note that the horizontal axis range is larger compared
to other PDFs) reveal a strong dependence on Ro with very
wide tails at Ro ≈ 1 and narrower distributions for both higher
and lower Ro. This trend is emphasized in the kurtosis plot in
Fig. 2(a) (black diamonds), where a huge jump occurs at Roc.
Just below Roc there is a significantly enhanced probability
of extreme acceleration events. This is evidence of the BL
transitioning from (nonrotating) Prandtl-Blasius to (rotating)
Ekman type. Due to Ekman pumping the converging flow

feeding a plume spins up cyclonically [32]. This swirling
flow greatly enhances horizontal acceleration as also found
in the acceleration rms values in Fig. 3(a). The PDFs remain
symmetric at all Ro [Fig. 2(b)] given that within the vortical
structures both horizontal directions are equivalent.

The PDFs of vertical acceleration near the top plate in
Fig. 1(d) are negatively skewed [see also Fig. 2(b), turquoise
squares]: negative vertical-acceleration events are confined to
small areas but with large magnitudes, a sign of formation of
coherent structures near the plates at all Ro. However, as Ro
decreases the skewness is reduced. Similar strong localized
events have been observed for Eulerian velocity as well [32].
K

top
z steps up (milder compared to K

top
xy ) at Roc [Fig. 2(a)],

while getting progressively smaller for lower Ro. arms
z near the

top is unaffected by rotation for Ro > Roc, while showing a
similar decrease as the central rms values below Roc. Both hor-
izontal and vertical acceleration rms values in the cell center,
plotted in Fig. 3(a), increase when Ro approaches Roc from the
nonrotating side, while rms values at the top show no changes.

The ratio R near the top plate, as depicted in Fig. 3(b)
(black circles), reveals again the BL transition at Roc: due to
Ekman pumping the acceleration becomes strongly anisotropic
below Roc, while being isotropic above. This is in stark
contrast with the center, which remains isotropic. Anisotropy
of acceleration displays a trend different from that of Eulerian
velocity. Eulerian velocity statistics show an enhancement
in anisotropy at the center and a decrease near the top with
increase in � [33].

Purple open symbols (with the same shapes) represent DNS
data for corresponding experiments in Figs. 3(a)–(b). Apart
from the lower magnitudes of the experimental data, the trends
for DNS and experiments are similar. The results of DNSs and
experiments deviate for the horizontal component near the
top due to a reduced likelihood of capturing high-acceleration
events in the experiment. DNSs and experiments match at
the center since the acceleration rms are generally lower. The
DNS data for skewness and kurtosis show similar trends as
the experiments; however, the values are generally higher (by
∼20%–100%). Since kurtosis and skewness are highly sensi-
tive to extreme events the error bars are large. Therefore, we
are more interested in the trends rather than the actual values.
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For further confirmation of the BL transition, we consider
the DNS data for three aspect ratios: 1/2, 1, and 2. Following
Refs. [10,34,35], we define the thickness of the kinematic
BL, δu, as the position of the maximum horizontal rms
velocity. Figure 4 shows the δu for the present DNS data and
that of Ref. [34] (at Ra = 1 × 109,Pr = 6.4). In addition to
DNSs, we estimate δu for the nonrotating case employing
Grossmann-Lohse (GL) theory [36–40] for � = 1 and 1/2:
δu = aL/

√
Re [36,38] where a ≈ 0.922 (0.684) for � = 1

(1/2) [40]. The blue dashed and magenta solid lines in Fig. 4
show the theoretical (Prandtl-Blasius) BL thickness based on
GL theory for � = 1 and 1/2, respectively. They match well
with the DNS data for corresponding �. Close to the transition
at Roc these theoretical estimates no longer hold, as rotation
starts to change the BL dynamics.

We use linear Ekman BL theory to describe the BLs under
rotation. The problem of the matching of a geostrophic bulk
flow with velocity U in x direction to a solid boundary can be
easily solved [16]:

u = U [1 − e−z/δE cos(z/δE)], (1a)

v = Ue−z/δE sin(z/δE) , (1b)

where u and v are the horizontal velocity components in
the Ekman BL, δE = √

ν/� is the characteristic Ekman BL
thickness, and z is the distance to the plate. Note that δE is

independent of the exterior velocity and the flow geometry.
This generic solution suffices for RRBC simulations where
the orientation of the LSC is not fixed to the coordinate
system. The BL velocity actually possesses a maximum√

u2 + v2 = 1.069U at z/δE = 2.284, before asymptotically
reducing to U at larger z. This theoretical prediction based on
linear BL theory accurately describes the turbulent simulation
data including the prefactor; see the turquoise line in Fig. 4.
We conclude that indeed the BLs change from Prandtl-Blasius
to Ekman type at Roc. The applicability of Ekman theory has
been validated in a wide parameter range [34,41–44]. There is
no primary dependence on Ra or Pr.

IV. CONCLUSION

Using Lagrangian acceleration statistics and accompanying
DNS, we find an abrupt transition in the BL dynamics
of RRBC between Prandtl-Blasius type and Ekman type
BLs. This transition in BLs coincides with the transition
reported earlier and predicted surprisingly well by employing
Ginzburg-Landau theory in Ref. [11]. Our analysis contributes
to the understanding of the transition by describing the physics
of the BLs which drive this process. The BLs related to the LSC
are of Prandtl-Blasius type; as their characteristic thickness
δu becomes comparable to δE the transition occurs and the
vortical plumes aid in the disappearance of the LSC [9].

We have presented the first measurement of Lagrangian
acceleration in rotating Rayleigh-Bénard convection. 3D-PTV
and DNSs have revealed that the turbulent transition in
RRBC is a boundary-layer transition. Posttransition, where
the BL is already rotation-dominated, the bulk becomes
progressively affected by rotation: fluctuations are reduced
and vortical plumes can enter deeper into the bulk, leading
to opposite trends in the kurtosis of vertical and horizontal
accelerations. We expect that the subsequent regime change
at high rotation happens when the entire bulk becomes
rotation-dominated [17].
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