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Recent studies of rotating Rayleigh–Bénard convection at high rotation rates and strong thermal
forcing have shown a significant discrepancy in total heat transport between experiments on a
confined cylindrical domain on the one hand and simulations on a laterally unconfined periodic
domain on the other. This paper addresses this discrepancy using direct numerical simulations on
a cylindrical domain. An analysis of the flow field reveals a region of enhanced convection near
the wall, the sidewall circulation. The sidewall circulation rotates slowly within the cylinder in
anticyclonic direction. It has a convoluted structure, illustrated by mean flow fields in horizontal
cross-sections of the flow where instantaneous snapshots are compensated for the orientation of the
sidewall circulation before averaging. Through separate analysis of the sidewall region and the inner
bulk flow, we find that for higher values of the thermal forcing the heat transport in the inner part
of the cylindrical domain, outside the sidewall circulation region, coincides with the heat transport
on the unconfined periodic domain. Thus the sidewall circulation accounts for the differences in
heat transfer between the two considered domains, while in the bulk the turbulent heat flux is the
same as that of a laterally unbounded periodic domain. Therefore, experiments, with their inherent
confinement, can still provide turbulence akin to the unbounded domains of simulations, and at
more extreme values of the governing parameters for thermal forcing and rotation. We also provide
experimental evidence for the existence of the sidewall circulation that is in close agreement with
the simulation results.

I.

INTRODUCTION

Rotating Rayleigh–Bénard convection (RRBC) — the flow in a horizontal layer of fluid confined between two
rotating plates, heated from below and cooled from above — is a conceptually simple flow problem that captures
the essence of the interplay between buoyant forcing and planetary rotation that occurs in many geophysical and
astrophysical flows [1], for example, atmospheric and oceanic convection, Earth’s liquid-metal outer core, the interior
of the giant gas planets and the convective outer layer of the Sun. The input parameters describing this flow problem
are the Rayleigh (Ra), Prandtl (Pr) and Ekman (Ek) numbers, defined as
Ra =

gα∆T H 3
,
νκ

Pr =

ν
,
κ

Ek =

ν
,
2ΩH 2

(1)

where g denotes gravitational acceleration, α, ν and κ are the thermal expansion coefficient, kinematic viscosity and
thermal diffusivity of the fluid, respectively, ∆T is the temperature difference applied between the bottom and top
plates which are placed a distance H apart, and Ω is the angular frequency of rotation. Here we shall only consider
systems in which gravity is parallel to the axis of rotation, while the bottom and top plates are perpendicular to the
rotation axis. The Rayleigh number describes the magnitude of the thermal forcing, the Prandtl number characterizes
the working fluid while the Ekman number expresses the ratio of viscous to Coriolis forces.
A popular geometry for the study of RRBC using numerical simulation is the horizontally periodic plane layer,
for both direct numerical simulations (DNSs) [2–9] and simulations of asymptotically reduced models [7, 10–13].
The main advantage is that no lateral constraint needs to be applied: the use of sidewalls could affect the flow
development by choice of shape (e.g. square cuboid or cylinder) as well as by choice of boundary condition (no-slip
or stress-free; zero-heat-flux or constant temperature). In contrast, experiments must resort to lateral confinement,
where an upright cylinder is by far the most popular geometry [14–19]. In that case a parameter describing the
geometry is required, for example the diameter-to-height aspect ratio Γ = D/H. In fact, to push the performance of
experiments towards planetary conditions the height of convection experiments has grown, while the diameter remains
rather small [1, 18, 20].
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FIG. 1. Comparison of Nusselt number results from experiments in a cylinder (Cheng et al. 2015 [18] and the current work)
and DNS on a horizontally periodic domain (Stellmach et al. 2014 [7] and the current work) as a function of the Rayleigh
number. All simulations adopt constant Ek = 10−7 and Pr ≈ 5 for water.

There are several issues specific to experiments that can occur in such systems. Examples include centrifugal
buoyancy [21, 22] and so-called non-Oberbeck–Boussinesq effects [23]. But it turns out that the choice of domain can
also have profound effects.
The starting point for the current investigation is a comparison of results from direct numerical simulations in
a horizontally periodic domain and from experiments in an upright cylinder. The efficiency of the convective heat
transfer is commonly expressed as the Nusselt number Nu = q/qcond , the total heat flux q normalized by the conductive
flux qcond = k∆T /H; k is the thermal conductivity of the fluid. In Figure 1 we compare the Nusselt number from
experiments and direct numerical simulations in horizontally periodic domains. All datapoints are for water (Pr ≈ 5)
and at constant Ek = 10−7 . The two experiments included in the plot, TROCONVEX (Eindhoven) [1, 20] and RoMag
(UCLA) [18], align nicely, as do the two numerical studies (Stellmach et al. [7] and the current study). However,
for Ra > 1011 there is a gap in Nu between numerical and experimental data (i.e. cylinder and periodic layer), roughly
a factor two in magnitude. This discrepancy is unexpected: as the cylindrical domains in experiments were always
wide enough to accommodate many times the characteristic horizontal convective scale [1], no confinement effects
were anticipated.
In this paper we want to explain this discrepancy using a set of DNSs at the same operating conditions as the
experiments and now in the same domain shape and boundary conditions, i.e. a cylinder of aspect ratio Γ = 1/5.
We find a good agreement between DNS and experiments in the same domain. The discrepancy in heat transfer
between the two domains used for DNS (i.e. cylinder and horizontally periodic layer) is shown to be caused by a
strong circulation that is formed on the sidewall and significantly contributes to the overall heat flux. However, when
excluding the sidewall region, we recover identical heat transfer for the bulk of the cylinder and the horizontally
periodic layer.
A recent paper [24] describes a similar flow feature. While further in-depth comparison is required given that the
parameter values used are quite far apart, it is expected that the same feature of confined rotating convection is
studied. Hence we will identify similarities and differences between our findings and those reported in [24]. The two
studies give complementary views on this interesting flow structure with obvious consequences for the interpretation
of experiments.
II.

NUMERICAL AND EXPERIMENTAL METHODS

The governing equations of turbulent rotating convection in the Boussinesq approximation are [25]
 1/2
 1/2
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′
′
′
′
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·
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3
∇′ · u′ = 0 ,

(2c)

describing the evolution of the velocity u and temperature T in time t, where p is the pressure and ẑ is the vertical
unit vector. Primed symbols, e.g. u′ , denote nondimensionalized quantities. We use the cell height H, temperature
difference ∆T and convective velocity U = (gα∆T H)1/2 for nondimensionalization.
The numerical simulations presented here are done using two codes, both using the principal setup of the Verzicco
code [26], well-known in the convection community.
The cylinder code is an updated version of the original Verzicco code [26] with extensions for better parallel
performance. The code discretizes the governing equations in cylindrical coordinates with second-order accurate finitedifference approximations as further detailed in [26, 27]. The domain is a slender upright cylinder with Γ = 1/5. All
walls are no-slip. Constant-temperature conditions are applied at the top (T /∆T = 0) and bottom (T /∆T = 1) plates,
while the sidewall is adiabatic. Five different simulations have been performed, at Ra ∈ {0.5, 0.7, 1.4, 3.2, 4.3}×1011
with constant Ek = 10−7 and Pr = 5.2. The same grid has been used in all cases, using 769 × 351 × 1025 grid points
in the azimuthal, radial and axial directions, respectively. The points are evenly spaced in the azimuthal direction. In
radial and axial directions the grids become finer near the walls, more so in the axial direction given that the Ekman
boundary layers forming near bottom and top plates are significantly thinner than the sidewall boundary layer. We
find a posteriori that there are 15 grid points within the Ekman layers, which is enough to accurately resolve them.
Bulk resolution should be compared to the Batchelor scale ηT , representing the smallest lengthscale that should be
resolved [17, 27]. We see that the largest gridpoint separation never exceeds four times the local ηT , as deemed
adequate in [27], but for the largest-Ra simulation where the maximal gridpoint separation always remains below five
times the local ηT . Adequacy of the grid is further confirmed by convergence to within a few percent of five ways of
measuring Nu (the average temperature gradient on the bottom and top plates, direct integration of the convective
flux over the volume, and formulations based on the exact relations for the dissipation rates of kinetic energy and
thermal variance, respectively [28]) and the excellent agreement with the experimental results (Figure 6).
The code for the horizontally periodic domain is a multigrid adaptation of the second-order accurate finite-difference
discretization of the governing equations, now on a Cartesian grid, further detailed in [29]. The refinement procedure
entails that the primary grid is refined by a refinement factor n = 2; the temperature field is evaluated on the
refined mesh, while for the velocity field the coarser primary grid is sufficient. The bottom and top plates are
no-slip and isothermal, as before. The horizontal periodicity length is set to 10Lc, where Lc = 4.82Ek1/3 is the
most unstable wavelength for convective onset in rapidly rotating convection [25]. This procedure is now commonly
adopted, e.g. [7, 8, 10]. In all cases there are at least 12 gridpoints for velocity found within the Ekman boundary
layers (meaning at least twice that number of gridpoints for temperature). For bulk resolution the multigrid approach
helps a lot: a posteriori we find that ∆zu /η < 3.5 and ∆zT /ηT < 4 in all cases, where ∆zu is the vertical grid
spacing for the velocity field and ∆zT for the temperature field, and η is the Kolmogorov length (the smallest flow
lengthscale). These validations combined with the checks using the various definitions of computing Nu reassure us
of the adequacy of the grid to fully resolve this flow.
The experimental results are from TROCONVEX, the setup in Eindhoven. It is described in [1, 20]. It is a slender
cylinder of diameter D = 0.39 m consisting of four segments, allowing for different working heights. The measurements
in this work are taken in a cylinder of H = 2 m with Γ = 0.195. The cylinder is enclosed by copper plates. The bottom
plate is electrically heated while the top plate is kept at a constant temperature by circulation of cooling water from
a chiller/thermostatic bath combination. The cylinder is encapsulated in insulation foam surrounded by active heat
shields that take on the same temperature measured by thermistors in the sidewall; the entire height is divided into
five different shields, each connected to two thermistors measuring the temperature at that height. Similarly, there is
an active heater below the bottom plate that adapts to the same temperature as the bottom plate. This arrangement
minimizes outward conductive losses and is the standard for precise heat-flux measurements. Note that the sidewall
thermistors turn out to be interesting for flow diagnostics too. For the three measurements considered here Ek = 10−7
and the mean temperature is Tm = 31.0◦ C, so Pr = 5.2. To ease comparison we shall also nondimensionalize the
experimental data using the cell height H = 2 m, applied temperature difference ∆T = {0.63, 1.47, 1.99}◦ C and
convective time τc = H/U = {32.1, 21.0, 18.1} s for Ra = {1.4, 3.2, 4.3} × 1011 , respectively. From here on all
quantities are expressed in these units. Note that we renormalize the radial coordinate with the radius R = D/2, so
that r/R = 1 on the sidewall, for ease of interpretation.
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FIG. 2. Snapshots of vertical velocity uz /U from the simulations at (a,b) Ra = 5 × 1010 and (c,d) Ra = 4.3 × 1011 . Panels
(a,c) display vertical cross-sections where the horizontal direction has been stretched by a factor two for clarity; panels (b,d)
are horizontal cross-sections at z/H = 0.5.

III.
A.

RESULTS

Instantaneous snapshots

From the cylinder DNS we can get detailed information on the flow field. To start the exploration, we show
instantaneous cross-sections displaying the vertical component of velocity for Ra = 5.0 × 1010 and 4.3 × 1011 in
Figure 2. Horizontal cross-sections at z/H = 0.5 and vertical cross-sections are included. The Rayleigh number
has a significant effect on the overall flow field: at the lower Ra rotation is stronger than buoyancy and vertical
alignment along the rotation axis is enforced, while at the higher Ra there is more three-dimensional dynamics. This
effect is well-known from previous studies [7, 12, 18] where the overall flow phenomenology was characterized. At
this Ek, for Ra . 1.1 × 1011 (based on the empirical relation Eq. (19) of [18]) we expect to recover the convectiveTaylor-column (CTC) regime, with plumes taking the shape of columnar vortical chimneys connecting both boundary
layers and shielded with patches of opposite vorticity. The ‘torsional’ nature of the columns [30, 31], with vertical
vorticity changing sign from cyclonic to anticyclonic while crossing the vertical extent of the domain, is confirmed
with plots of vertical vorticity (not shown here). The simulation at Ra = 7.0 × 1010 also renders a CTC-type flow. At
higher Ra & 1.5 × 1011 the vertical coherence is relaxed, but still the dominant force balance is the geostrophic balance
between Coriolis and pressure gradient. This flow regime is referred to as plumes [7, 12, 18]. At Ra = 1.4 × 1011
(not shown) some columns can be found but the columnar structure is falling apart, hence a transitional state. For
the two highest-Ra cases considered here we recover a flow as displayed in Figure 2(c,d), belonging to either plumes
or geostrophic-turbulence regimes [1, 10, 12, 18] that are difficult to discern by eye (and which is not our current
objective).
However, all simulations share a predominant flow feature: there is a region of large vertical velocity near the
sidewall. This represents a structure of fluid flowing up along one side of the wall and down along the opposite side.
It can be observed throughout almost the full vertical extent of the domain; it is only close to the Ekman layers
that the prominence of this flow is reduced. We will refer to this flow feature as the sidewall circulation. Zhang et
al. [24] coined it the boundary zonal flow (BZF); here we shall not adopt that name given the different results from
the analysis of the sidewall flow feature that we will indicate later, which could also indicate different structures.
Nevertheless, here, as in [24], the sidewall circulation contributes significantly to the overall heat transfer.

B.

Size of the sidewall circulation

The definition of the size of a boundary layer like this is quite ambiguous. Different definitions may be used, see e.g.
the various definitions of the thermal boundary layer thickness as compared in [12]. Zhang et al. [24] have introduced
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FIG. 3. (a) Various boundary-layer scales evaluated at different Ra. The definitions are introduced in the text; the horizontal
line indicates the boundary layer thickness δS /R = (2/Γ)(2Ek)1/3 reported to be a good fit to the sidewall boundary layer
thickness in previous studies [17, 32–34]. The black dashed line is a power-law fit δurms
/R = (3 ± 1) × 10−3 · Ra0.15±0.02 . (b)
z,min
rms
Radial dependence of uz (solid lines with dark shading; left ordinate) and Fz (dashed lines with light shading; right ordinate)
at z/H = 0.5. The black crosses indicate the positions of the local minima in urms
z , the distance of these points to the sidewall
is called δurms
.
z,min

four definitions that we will also apply (all evaluated at mid-height z/H = 0.5):
• δ0 , where the time-and-azimuthally averaged azimuthal velocity huφ it,φ is zero;
• δumax
, where huφ it,φ reaches its maximum;
φ
• δFz , where the normalized local vertical heat flux Fz = [uz (T − Tm ) − κ∂T /∂z]/(κ∆T /H) attains its maximum,
with Tm = (Tbottom + Ttop )/2 the mean temperature of bottom and top plates.
• δurms
, where the root-mean-square (rms) vertical velocity is maximal;
z
Additionally, we consider three more boundary layer scales:
• δurms
, location of the maximal azimuthal rms velocity;
φ
• δT rms , location of the maximal rms temperature;
• δurms
, the location of the near-wall minimum of urms
z .
z,min
The boundary layer scales are plotted as a function of Ek in Figure 3(a); We plot the radial dependence of urms
for
z
the considered simulations in Figure 3(b) to further illustrate the definition of δurms
.
We
note
that
the
measures
z,min
based on azimuthal averaging of azimuthal velocity disregard some of the more complex features of the circulation, as
will be shown in Section III D. The measures based on peak rms velocity and peak heat flux are quite similar overall
and in line with earlier studies on sidewall Stewartson boundary layers in rotating cylindrical convection [17, 32–
34], with a thickness scaling as δS /H ∼ (2Ek)1/3 (that we cannot validate here) or δS /R ∼ (2/Γ)(2Ek)1/3 and a
for further analysis, as we found that it captures
prefactor of about 1. Here we choose the local minimum in urms
z
the full near-wall heat-flux peak in Fig. 3(b). This boundary layer thickness changes with Ra: a power-law fit results
in δurms
/R = (3 ± 1) × 10−3 · Ra0.15±0.02 .
z,min
C.

Dynamics of the sidewall circulation

From movies of the vertical velocity in a horizontal cross-sectional plane (see the Supplemental Material [35]) it
is clear that the sidewall circulation rotates anticyclonically (i.e. counter to the rotation of the cylinder) in the corotating frame of reference used for the simulations. As is customary in experiments and simulations to study the
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FIG. 4. (a) Radial drift of the sidewall circulation: phase angle φ0 as a function of time t/τc . (b) Angular velocity |ωsc |
expressed in viscous units (which are independent of Ra) as a function of Ra. The error bars represent the standard deviation
of the angular velocities determined for six equal parts of the total time. The dashed line displays a power-law fit |ωsc |H 2 /ν =
6 × 10−10 · Ra1.16±0.06 .

large-scale circulation typical for non- and weakly rotating convection [32, 36], we use the azimuthal profile of vertical
velocity at r/R = 1 − 12 δurms
/R and z/H = 0.5 from our simulations to fit a cosine function uz (φ, t) ∼ cos(φ − φ0 (t))
z,min
to determine the phase angle φ0 (t) of the sidewall circulation. In Figure 4(a) we plot φ0 as a function of (convective)
time t/τc . In all cases the graphs display a trend towards negative φ0 , i.e. anticyclonic precession. To quantify the
drift rate we fit lines to φ0 (t); the slope ωsc is negative and its dependence on Ra is displayed in Figure 4(b). Note that
we plot |ωsc |H 2 /ν to express the rotation rate nondimensionalized using the inverse viscous time 1/τν = ν/H 2 rather
than the convective unit 1/τc = (gα∆T /H)1/2 ; the viscous unit retains the same value in all simulations while τc
changes with Ra. The rotation rate of the sidewall circulation increases quite rapidly as Ra is enhanced, but it must
be said that in all cases this azimuthal drift is still more than two orders of magnitude slower than the rotation rate
of the cylinder (which is 1/(2Ek) = 5 × 106 in the same units).

D.

Orientation-compensated mean flow structure of the sidewall circulation

To understand the azimuthal drift and the enhanced near-wall heat transfer, we want to identify the circulation
set up inside the sidewall circulation region. The mean flow pattern can be identified by an orientation-compensating
shift followed by averaging, i.e. we rotate instantaneous horizontal cross-sections counter to their corresponding φ0 (t)
before performing an ensemble average of the flow field. The averaged snapshots provide detailed information on
the mean flow pattern of the sidewall circulation, as displayed in Figure 5. The lowest and highest Ra simulations
are visualized here. Temperature is not included; temperature fluctuations around the mean for each height are
distributed similarly to vertical velocity uz . What can be observed is a geostrophic bulk (i.e. velocity components
are mostly independent of the vertical coordinate), surrounded by a two-layer (inner and outer), two-halves (left and
right parts of the panels in Figure 5) sidewall boundary layer. Within this boundary layer the azimuthal velocity uφ
displays up–down antisymmetry with respect to the midplane z/H = 0.5, while the vertical velocity uz is vertically
symmetrical. The radial velocity ur in the boundary layer region is prominent in two spots located at the top and
bottom of the panels in Fig. 5, where again approximate up–down antisymmetry can be observed. The two-halves
structure is the reason why we want to avoid defining the thickness of the layer using azimuthal averaging of uφ ; there
is only a minor asymmetry between the two halves, the mean of which does not correctly convey the size. Azimuthal
averaging washes away all of the interesting azimuthal structure revealed here. The Supplemental Material [35]
displays this effect for the azimuthally averaged uφ at z/H = 0.5.
In both displayed Ra cases we observe a radial structure for uz that consists of two layers of opposite sign akin
to the Stewartson-type layers described in [34]. The thickness of the outermost layer, following the peak position
of rms velocity, is in line with the expected thickness for Stewartson layers, as shown before. Further evidence of
the layers being Stewartson layers is presented in the Supplemental Material [35], where a horizontal cross-section

7
Ra = 5.0 × 1010
ur /U

uz /U

uφ /U

z/H = 0.5
z/H = 0.25

z/H = 0.25

z/H = 0.5

z/H = 0.75

uφ /U

z/H = 0.75

uz /U

Ra = 4.3 × 1011
ur /U

-0.028

0

0.028 -0.010

0

0.010 -0.015

0

0.015

-0.035

0

0.035 -0.015

0

0.015 -0.025

0

0.025

FIG. 5. Orientation-compensated mean velocity fields in horizontal cross-sections at heights z/H = 0.25, 0.5 and 0.75 for two
Rayleigh numbers 5.0 × 1010 (left) and 4.3 × 1011 (right). The vertical (uz ), radial (ur ) and azimuthal (uφ ) velocity components
are shown.

within the bottom Ekman boundary layer reveals the action of the ‘corner’ region near z/H = 0 and r/R = 1 of
typical dimension Ek1/2 × Ek1/2 (both scaled with cell height H) that can be quite important for the overall flux [34].
The inner part of the Stewartson layer is expected to be weaker than the outer part; it is visible in Figure 3(b) as
a smaller peak in urms
z , which is washed away by the turbulent bulk in the higher Ra cases. In line with that, the
two-layer structure in uφ , prominent at Ra = 5.0 × 1010 , all but disappears at Ra = 4.3 × 1011 . Where the two halves
of the layers meet there is a strong radially inward flow that can be appreciated even better from the movies in the
Supplemental Material [35]. These jet-like eruptions set the mean flow pattern in the bulk: at the lower Ra the jets
are deflected to the right (positive uφ ) by the Coriolis acceleration; at the higher Ra the jets collide centrally and
subsequently flow outward in the perpendicular directions. Note, however, that the mean flow in the bulk is coexisting
with a fluctuating turbulent field (see Sec. III E).
The visualizations of Figure 5 have some visual resemblance to the modes for convective onset in a cylinder [37].
However, at the current parameter values these onset modes are domain-filling (and not wall-localized) with azimuthal
wavenumber m = 1 and leave out the prominent jets, leading us to conclude that what we observe are not onset
modes. We currently cannot explain the structure of the sidewall circulation: its ‘torsional’ structure of the mean uφ
field (up–down antisymmetry) and its division into two halves. We are currently studying this in more detail with
boundary-layer theory.

E.

Contributions of bulk and sidewall circulation regions to the heat transfer

Given that the sidewall circulation contributes significantly to the overall heat transfer, it is of interest to compare
the ‘strength’ of the sidewall circulation to the turbulence intensity. To this end we take the absolute value of uz
in the orientation-compensated mean field at z/H = 0.5 (Figure 5) and average it over the sidewall-circulation
region 1 − δurms
/R < r/R < 1 as a measure of the strength of the sidewall circulation. The bulk turbulence intensity
z,min
is measured by urms
averaged over 0 < r/R < 1 − δurms
/R at the corresponding height. The resulting sidewallz
z,min
circulation-to-bulk-turbulence ratio denoted by Φ is Φ ≈ 3 at the lowest Ra = 5.0 × 1010 ; Φ ≈ 1.5 at Ra = 7.0 × 1010 ;
it attains its minimal value Φ ≈ 0.5 at Ra = 1.4 × 1011 ; then at the two highest Ra increases again to Φ ≈ 0.9.
An interpretation of this ratio is that its value indicates which flow feature (turbulence or sidewall circulation) is
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expected to be most prominent in an instantaneous snapshot of the flow: when Φ ≫ 1 it will mostly display the
sidewall-circulation signature, when Φ ≪ 1 we expect a foremost turbulent field. From these numbers we conclude
that indeed the sidewall circulation remains significant throughout the Ra range considered here; for the lowest Ra
it is probably the dominant dynamical feature, stronger than the bulk turbulence, while at Ra = 1.4 × 1011 the bulk
turbulence is stronger than the sidewall circulation. This can also be appreciated from the movies in the Supplemental
Material [35].
The distinction between bulk and sidewall-circulation regions is also easily made in the heat transfer. We have
computed the bulk (near-wall) Nusselt number Nubulk (Nuwall ) by averaging Fz over 0 < r/R < 1 − δurms
/R
z,min
(1 − δurms
/R
<
r/R
<
1)
at
z/H
=
0.5.
These
results,
together
with
the
default
full-area
Nusselt
number
Nu
,
full
z,min
are plotted in Figure 6. Overall, we want to mention first that Nufull (filled red circles) nicely coincides with the
experimental results, giving us trust in the current cylindrical DNS. At the two lowest Ra considered here, part of the
CTC flow regime, it can be seen that the bulk is convecting less heat than the horizontally periodic layer. We observe
in the supplemental movies [35] that a dominant horizontal flow induced by the jets truly dominates the bulk flow,
which we expect to distort and reduce the vertical natural convection. On the other hand, when considering Nubulk
at Ra ≥ 1.4×1011 we can see a very satisfactory quantitative agreement with the results of the DNS on the horizontally
periodic domain. This is a strong result that indicates that — for the plumes and geostrophic-turbulence flow regimes
at least — the sidewall circulation is indeed only affecting the turbulent heat flux in a confined near-wall region,
while the bulk displays unaffected dynamics at least with regard to the heat transfer. Obviously, Nuwall displays
the opposite trend from Nubulk where it reaches values higher than Nufull as a clear sign that the near-wall region
contributes more than its share in area to the overall heat flux. If Ra would be increased beyond 4.3 × 1011 , we
expect the sidewall circulation to disappear once the transition to rotation-affected flow takes place. Then the three
quantities Nufull , Nubulk and Nuwall should be closer together.

F.

Experimental evidence for existence of the sidewall circulation

The sidewall temperature probes provide evidence for the existence of the sidewall circulation in the experiment. In
Figure 7(a) we plot part of the time trace of temperature measurements of the sidewall probes; two pairs of probes on
opposite sides of the cylinder at five different heights. The displayed part covers 1000 convective time units, i.e. about
five hours out of a total segment of 24 hours measured in this experiment. Each trace displays a somewhat erratic but
clearly evident oscillation around a mean value. This mean value is a function of height, a well-known result of the
mean temperature gradient that develops in turbulent rotating convection [2]. There is a half-period phase difference
between signals from opposite sides of the cylinder wall (darker and lighter shades of the same color), while signals on
the same side but at different heights are at the same phase (darker shades align in phase, as do the lighter shades).
These measurements are fully in line with the presence of a sidewall circulation as described in the earlier sections.
Since we only have two thermistors per height we cannot determine the direction of the precession. But it is possible to
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FIG. 7. (a) Partial time traces (in convective time units) of sidewall temperature probes at (from top to bottom) z/H = 0.1,
0.3, 0.5, 0.7 and 0.9. Each pair of lines with the same color but different shading displays the signals from sensors on opposite
sides of the cylinder but at the same height. These measurements are taken at Ra = 4.3 × 1011 . (b) Frequency spectra of the
sidewall temperature time traces in panel (a). Only one sensor per height is included for clarity. The vertical dashed lines
indicate reference angular frequencies: ωsc from the corresponding DNS (Figure 4) and Ω, the rotation rate of the setup.

calculate frequency spectra of the temperature time traces. These are reported in Figure 7(b), where we only include
one spectrum per vertical position for clarity; the others are similar. The shape of the spectrum is independent of
height. The precession rate ωsc of the sidewall circulation as inferred from the corresponding DNS is indicated with a
vertical dashed line. It coincides satisfactorily with the peak of the spectra. This shows that the precession period of
the sidewall circulation is the largest active time scale in this flow. We can compute similar spectra from the DNS for
reference; we do not show them here given that the shorter elapsed time (only a few hundreds of τc ) leads to inferior
frequency resolution, but the peak is found at the expected position. The spectra of the two other experimental
cases (shown in the Supplemental Material [35]) display similar results; the experiment at Ra = 1.4 × 1011 has a
sidewall-circulation peak that is lower, in line with the observed lower intensity of the sidewall circulation in that case
(Section III E).

IV.

CONCLUSION

In this combined numerical–experimental investigation of rapidly rotating turbulent convection in a cylindrical cell
we have found a prominent sidewall circulation that provides a significant contribution to the overall heat transfer.
It consists of a two-layer, two-halves structure with upward flow near the sidewall on one side and downward flow
on the opposite side, while the azimuthal velocity displays a division into two radially separated bands with opposite
direction of motion and a vertical torsional structure (antisymmetry with respect to the horizontal midplane). Jets
consisting of intermittent bursts are ejected into the bulk from the locations where the two halves meet. This entire
arrangement drifts slowly in the anticyclonic direction on timescales several orders of magnitude larger than the
rotation period of the cell.
The sidewall circulation described here has similarities to the boundary zonal flow (BZF) reported by [24], but we
also find remarkable differences, e.g., the two-halves structure. We expect that most of the differences occur because
of different methods of analysis. In particular the use of azimuthal averaging in [24] obscures a lot of the important
properties of the sidewall circulation that we report here, due to the approximate antisymmetry of the two halves.
Additionally, it is entirely possible that the differences in the values of the governing parameters are responsible for
the observed differences, given that our Prandtl number is considerably larger (Pr = 5.2 versus 0.8 in [24]), our
Rayleigh numbers are about two orders of magnitude larger, and our Ekman number is more than one order of
magnitude smaller than the smallest Ek considered in [24]. Finally, the cylinder aspect ratio (here Γ = 1/5, while [24]
apply Γ = 1/2) is different. There is certainly need for further reconciliation of these results, by investigating the
dependence of properties of the sidewall circulation or BZF on the parameter values.
This sidewall circulation contributes significantly to the overall heat transfer in a cylinder. Some care must be
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taken in the interpretation of these results as far as a comparison to horizontally periodic simulation domains or
geophysically and astrophysically relevant geometries is intended (e.g. [18, 20, 24]). However, our current findings
hint at the sidewall circulation being a Stewartson-type boundary layer, which identifies clear avenues of reducing
its relative importance: either lower Ek to reduce its radial size, or increase the lateral dimensions of the convection
cell. Nevertheless, for high enough Rayleigh number, the heat transfer properties of the bulk flow are clearly in line
with those of simulated flows in a laterally periodic domain. Hence we expect the bulk flow to be unaffected by the
sidewall. Experiments using stereoscopic particle image velocimetry in TROCONVEX are in preparation; with these
measurements we will perform a more in-depth comparison of flow statistics between bulk and sidewall regions.
The influence of lateral confinement on rotating flow systems should never be underestimated. In this paper we
have identified a sidewall circulation that exists only due to the presence of a sidewall. Furthermore, we have carried
out some further (preliminary) simulations, both in a square cuboid domain (courtesy of Paolo Cifani, University of
Groningen) and in a cylinder domain with stress-free sidewalls, that have also revealed the existence of a sidewall
circulation analagous to the one described in this paper, but with differences in details of the structure. The combination of Ekman boundary layers and lateral confinement appears to be enough to set up a sidewall circulation. Yet,
notwithstanding the prominence of the sidewall circulation, we have shown that a turbulent flow that is statistically
unaffected by the sidewall circulation can still develop in the bulk of confined domains. Therefore, experiments,
despite their inherent confinement, are still very valuable: they can provide bulk turbulence unaffected by sidewall
effects at more extreme parameter values than can be achieved in numerical simulations, getting closer to the natural
systems in geophysics and astrophysics that we want to understand and describe.
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