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An important and unresolved issue in rotating thermal turbulence is when the flow starts to feel the
centrifugal effect. This onset problem is studied here by a novel experiment in which the centrifugal force
can be varied over a wide range at fixed Rossby numbers by offsetting the apparatus from the rotation axis.
Our experiment clearly shows that the centrifugal force starts to separate the hot and cold fluids at the onset
Froude number 0.04. Additionally, this flow bifurcation leads to an unexpected heat transport enhancement
and the existence of an optimal state. Based on the dynamical balance and characteristics of local flow
structures, both the onset and optimal states are quantitatively explained.
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Rotationally influenced convective flows are ubiquitous
in nature and in many engineering applications, particularly
in geophysical and astrophysical systems (e.g., [1,2]).
Many efforts were devoted to the geostrophic regime of
rotating thermal turbulence, which is believed to be relevant
to the flows in these systems (e.g., [3–6]). A much less
studied regime is the one with non-negligible centrifugal
effects. This regime can be very important in some astro-
physical systems such as Jupiter, the Froude number Fr
(the ratio of the centrifugal force over gravity g) of which is
2 orders of magnitude larger than that on Earth [1]. In fact,
when the centrifugal effects will set in remains unsettled.
Previous studies on this issue mainly focused on the
properties near the onset of convection [7–12] and only
recently has the role of centrifugal effects in turbulent
convection received some attention [13,14].
In this Letter, we present a novel experiment aimed at

studying the onset of centrifugal effects in turbulent
rotating Rayleigh-Bénard convection (RRBC), where a
rotating fluid layer is heated from below and cooled from
above. Unlike the conventional axisymmetric RRBC, the
convection cell in the present study was placed at a distance
d ¼ ded away from the rotation axis [see the inset of
Fig. 1(a)]. This innovative setup can not only generate a
large centrifugal force with a smaller flow domain and/or a
lower rotation rate but also allows one to vary the Fr
number under a fixed Rossby number Ro (the ratio of the
buoyancy over the Coriolis force). With these advantages,
which are almost impossible to achieve in conventional
laboratory settings, we provide clear evidence that the

centrifugal force begins to separate the hot and cold fluids
at Fr ≃ 0.04. This flow bifurcation leads to the condensa-
tion of coherent structures and consequently a remarkable
heat-transport enhancement in contrast to the intuition that
centrifugal dynamics would inhibit the vertical transport.
Based on the balance of local flow dynamics, we quanti-
tatively explain why the centrifugal effect occurs at
Fr ≃ 0.04. We also provide an understanding on the
universal heat-transport behavior with respect to the cen-
trifugal buoyancy in terms of the properties of the coherent
structures.
The convection cell used in the experiment consists of a

cylindrical sidewall, a bottom plate where the heat flux q
was applied and a top plate cooled by a temperature-
controlled circulator [18]. Its radius and height are R ¼
97.1 mm and H ¼ 194.2 mm, respectively, and thus the
aspect ratio Γ ¼ 2R=H is unity. In the offset configuration,
the centrifugal buoyancy force felt by a fluid parcel with
temperature T can be written asFc¼−αðT−T0ÞΩ2ðr⊥þdÞ
[see the inset of Fig. 1(a)]. Here, r⊥ is the parcel’s
perpendicular distance from the cell’s central axis, Ω is
the rotation rate, and T0 is a reference temperature. We
nondimensionlize Fc by the gravitational buoyancy force
αgΔT, yielding F0

c ¼ −ðFrRr0⊥ þ FrdedÞT 0, where r0⊥ ¼
r⊥=R and T 0 ¼ ðT − T0Þ=ΔT with ΔT (¼ 16.0 K) being
the temperature difference over the fluid layer. Here, FrR ¼
Ω2R=g is the usual Fr number that characterizes the
axisymmetric centrifugal force along the cell’s radial
direction, and Frd ¼ Ω2d=g describes the new “directed”
centrifugal force along d. The ratio of these two numbers
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equals the dimensionless offset distance γ ¼ d=R, which
varied from 0 to 5.15 in the experiment. The Rayleigh
number Ra ¼ αgΔTH3=ðνκÞ was fixed at 4.4 × 109 and
the Prandtl number Pr ¼ ν=κ at 4.34. The rotation rate Ω
changed from 6 to 60 rpm, resulting in the convective
Rossby number Ro ¼ ðαgΔT=HÞ1=2=ð2ΩÞ varying from
0.045 to 0.44. We measured the heat transfer efficiency
(Nusselt number Nu ¼ qH=kΔT) and the flow fields with
particle image velocimetry (PIV) [18–20]. In addition,
eight thermistors, equally distributed azimuthally at mid-
height, were inserted into the sidewall to detect the flow
dynamics [26,27]. The properties of the working fluid
water, i.e., the thermal expansion coefficient α, the kin-
ematic viscosity ν, the thermal diffusivity κ, and the thermal
conductivity k, were calculated at T0 ¼ 40.0 °C.
Figure 1(a) shows the reduced Nu number Nur ¼

Nu=Nuð1=Ro ¼ 0Þ versus 1=Ro, which has been used
to examine the Coriolis effects in RRBC [16,28]. Our data
with γ ¼ 0 is seen to agree well with those from previous

studies [16] and can be well fitted by a (logþlinear)
function [15]. But for the offset cases with γ ≥ 0.82, Nur
increases remarkably from the reference data when 1=Ro
(∝ Ω) exceeds a critical value. This unexpected heat-
transport enhancement indicates that there must exist
some new effects for the offset system. Close examination
reveals that the enhancement occurs at different critical
rotation rates for different γ, implying the importance
of Frdð∝ Ω2dÞ.
To focus on the effects of Frd, we define another reduced

Nu number Nuγr ¼ Nu=Nuðγ ¼ 0Þ [29]. Figure 1(b) shows
that when Nuγr is plotted against Frd, all data sets collapse
at small Frd but then increase significantly when Frd is
larger than an onset value Frd;c ≃ 0.04 and drops sharply
after reaching a maximum value Nuγr;max at Frd;max [20].
This result shows clearly that the heat-transport enhance-
ment relative to the γ ¼ 0 case is due to the centri-
fugal force. As it is generally thought that centrifugal
effects primarily lead to a reduction in heat transfer
[7,11,12], this counterintuitive enhancement needs a physi-
cal understanding.
Figure 2 shows how the centrifugal force modifies the

flow structure, which can influence the global transport in
varying degrees [19,26,30–32]. For the γ ¼ 0 cases, one
sees that the magnitude of the vertical velocity decreases
significantly with increasing 1=Ro; meanwhile, the colu-
mnar structures become more vertically uniform and
horizontally confined, which can be understood via the
Taylor-Proudman effect. For the offset case with Frd <
Frd;c ≃ 0.04 [Fig. 2(b)], one sees no appreciable difference
from the γ ¼ 0 case with the same rotation rate [Fig. 2(a)].
However, when Frd > 0.04 [Figs. 2(d) and 2(f)], instead of
being greatly suppressed by rotation, the maximum vertical
velocity is increased manyfold. Another important feature
for the large Frd cases is that the cold downwelling (hot
upwelling) flows are now concentrated near the right (left)
region. As a result, the central bulk flow becomes much
“quieter.” If we calculate the percentages of the kinetic
energy contained in the 30% area of the whole field near the
sidewall (15% for each side), the figures are 37% and 57%
for the cases of Figs. 2(e) and 2(f), respectively [20]. This
happens because the cold and hot fluids will be separated
and move away from or close to the rotation axis when the
centrifugal force sets in. The sidewall will stop their
horizontal movements and lead these coherent structures
to be condensed near the sidewall. This is a case of extreme
condensation of coherent structures [33,34].
The PIV results clearly demonstrate that after the onset

of centrifugal force, the flow structure bifurcates from
randomly distributed columns to a state with the hot and
cold fluids being separated. As it is impractical to make
PIVmeasurements for all cases, we probe the flow structure
indirectly based on the azimuthal temperature profiles
at the sidewall [26,27]. Figure 3(a) shows some examples
with γ ¼ 3.50. It can be seen that all the profiles for

(a)

(b)

FIG. 1. (a) The reduced Nu number Nur as a function of 1=Ro
for different γ. Gray dashed line: a (logþlinear) fitting [15] to the
data with γ ¼ 0. Gray plus: data taken from [16] with the Ra
effects eliminated [17]. (b) Another reduced Nu number Nuγr as a
function of Frd. The vertical dashed line indicates the sharp onset
at Frd;c ≃ 0.04. Inset in (a): A sketch of the experimental setup.
The solid circle on the left is a top view of the convection cell,
showing how the centrifugal force felt by a fluid parcel at position
d þ r⊥ can be decomposed into an axisymmetric part Ω2r⊥ and a
directed one Ω2d.
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1=Ro ≥ 5.99 (i.e., large rotation rates) have a sinusoidal
shape [21–25,35], which is consistent with the separation
of hot and cold flows seen from the PIV results. Moreover,
the temperature contrast between the hot and cold fluids
increases with the increased rotation rate, indicating that the
separation and condensation of coherent structures become
much stronger. The same behavior can be observed with the
rotation rate fixed but increasing the offset distance γ
[Fig. 3(b)].
To quantify how the separation behavior changes with

the centrifugal force, we make a Fourier analysis of the
sidewall temperature signals. Figure 3(c) shows the nor-
malized energy of the first Fourier mode E1=Etotal as a
function of Frd. The excellent collapse of all the data onto
a single curve confirms that the separation behavior is
indeed controlled by Frd. Furthermore, this curve can be
well described by an empirical function E1=Etotal ¼
A tanh½BðFrd − CÞ� þD [36] (green solid line), from
which one can obtain two transitional Frd values, i.e., ðC −
1=BÞ ¼ 0.012 (vertical dashed line) and ðCþ 1=BÞ ¼ 0.05
(vertical solid line). For Frd < 0.012, the lower plateau of
E1=Etotal reflects that there is no separation of hot and cold

columns and they are uniformly distributed. However, once
Frd > 0.012, the flow state begins to bifurcate sharply and
E1=Etotal takes up almost all the spectral energy at
Frd ¼ 0.05, corresponding to the extreme condensation
of coherent structures near the sidewall. These two cases
are illustrated by the cartoons in Fig. 3(c). Note that Frd ¼
0.05 is very close to the onset value Frd;c ≃ 0.04 obtained
from the Nuγr data, implying that the heat-transport
enhancement originates from the centrifugal force–induced
bifurcation of the flow states.
We now explain why the centrifugal effect sets in at

Frd;c. When the transition to centrifugally dominant flow
occurs, the free-fall timescale of gravitational buoyancy
τff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

H=αgΔT
p

should be balanced by the centrifugal

one τcb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l0=αðΩ2dÞΔT
p

[13]. Here, the typical centrifu-
gal force is Ω2d due to the offset distance d and l0 is a
characteristic length scale. The dynamical balance τff ≃ τcb
immediately leads to the onset Fr number as Frd;c ≃ l0=H.
Under rapid rotation, the prominent flow structures are
vertically aligned columns with diffusive horizontal
motions [37,38]. Only within the “mean free distance”
l0, does the column’s horizontal motion have free-fall
features. According to a previous study [38], l0 roughly
equals the column’s diameter; furthermore, for a compa-
rable Ra as in the present study, it is found that the column’s
diameter ranges from 0.03H to 0.05H [39]. Therefore,
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FIG. 2. Time-averaged velocity fields measured by PIV at the
vertical plane passing through the rotation axis and the center line
of the cell. Left panel: γ ¼ 0; right panel: γ ¼ 3.50. The
parameter values of ½1=Ro; Frd� are (a) [2.28, 0], (b) [2.28,
0.01], (c) [7.62, 0], (d) [7.57, 0.15], (e) [15.19, 0], and (f) [15.11,
0.61]. The color bars are coded by the vertical velocity in unit of
cm=s with the maximum and minimum values indicated in the
respective maps.

(a)

(c) (d)

(b)

FIG. 3. The azimuthal temperature profiles with (a) fixed γ ¼
3.50 and (b) fixed 1=Ro ¼ 9.36. Here, TðϕÞ is the time-averaged
temperature at azimuthal position ϕ (in units of π=4) and hTiϕ is
the azimuthal mean. The position of ϕ ¼ 0 corresponds to the
point farthest to the rotation axis. (c) The normalized energy of
the first Fourier mode E1=Etotal as a function of Frd, where
Etotal ¼

P

4
i¼1 Ei (see text for explanation of the fitting line

(green) and the two vertical lines). The two cartoons indicate
the changes of the distribution of the hot and cold columns.
(d) The azimuthal positions of the hottest (solid symbol) and
coldest (open symbol) fluids in a polar plot with Frd being the
radial coordinate. The gray arrow indicates the direction of
rotation. (b), (c), and (d) share the same symbols.
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Frd;c lies in the range of 0.03 ∼ 0.05, which is in excellent
agreement with the measured value 0.04. It is noteworthy
that the onset value Frd;c ≃ 0.04 is consistent with the
widely adopted putative value of 0.05 in turbulent RRBC
(e.g., [16,28]), which was first obtained for the onset of
convection [10]. On the other hand, the present results
differ from a recent prediction that the onset Fr number
equals to Γ=2, which was obtained from “global” force
balance [13,14].
The local nature of the force balance for the centrifugal

effect provides us a basis to relate the present onset result to
conventional RRBC. Imagine an infinitely large axi-
symmetric convection cell, and our cell is just like an
observation window that moves along the radial direction
to detect when the local centrifugal force Ω2d starts to
separate the hot and cold fluids. This picture is supported
by a recent study of conventional RRBC, which shows that
the centrifugal force doesn’t manifest itself until the
observed radial position is large enough [37]. Thus, the
present experiment is a valid model to address the onset of
centrifugal effect in conventional RRBC.
Although the onset of the centrifugal force is indepen-

dent of the present laboratory arrangement, the flow
properties after onset are not, which is clearly manifested
by the spread Nuγr for Frd > 0.04 [Fig. 1(b)]. However,
their similar shape suggests that they could be governed by
a generic mechanism. The PIV results reveal that as Frd
increases, the coherency (i.e., the vortex density and the
temperature contrast) of the condensed structures increases
but their size decreases. The increased coherency leads to
an increased velocity due to the enhanced buoyancy flux,
which helps heat transport, whereas the decreased size
would reduce heat transport [20]. Therefore, the competi-
tion between these two effects could be responsible for
these similar Nuγr curves.
To quantify these two competing effects, we applied the

temperature extrema–extraction method [40,41] to analyze
the sidewall temperature signals. Briefly, a quadratic
function T ¼ a2ϕ2 þ a1ϕþ a0 is used to fit the highest
(lowest) temperature signal and its two neighbors, from
which the hottest (i ¼ h) and coldest (i ¼ c) temperatures
Ti ¼ ð4a2a0 − a21Þ=4a2 and their spatial spreads along the
azimuthal direction βi ¼ 1=ja2j can be obtained. The
normalized temperature contrast jTi − Tbulkj=ΔT and the
normalized azimuthal spread βi=2π can be used, respec-
tively, as a measure of the coherency and the size of
coherent structures [20]. As these quantities are statistically
the same for hot and cold structures, we take their average,
i.e., δ ¼ ðTh − TcÞ=ð2ΔTÞ and β ¼ ðβh þ βcÞ=ð4πÞ.
Figure 4(a) shows that with increasing Frd, indeed the

coherency δ increases and the size β decreases. At the
position Frestd;max where these two competing effects are
comparable, an optimal state for heat transfer would be
expected. The results of Frestd;max for different γ are shown in
Fig. 4(b) [20] and compared with Frd;max obtained from

Nuγr. It can be seen that both their values and scaling
exponents are very close to each other, suggesting that the
present understanding and estimation have captured the
underlying physics. Indeed, when the data in Fig. 1(b) are
rescaled with the critical values at optimal state, they fall
onto a single curve [the open symbol in Fig. 4(c)]. For
strongly nonlinear systems like RRBC, the data collapse
and their universal shape are remarkable, further confirm-
ing that these similar heat-transport behaviors are deter-
mined by the competition between the increased coherency
and decreased size of coherent structures.
Finally, we examine how the coherent structures dis-

tribute along the sidewall after onset. Figure 3(d) shows the
hottest (coldest) azimuthal positions in polar plot with Frd
being the radial coordinate. As the hot and cold structures
behave similarly, we focus on the cold ones. We first note
that in RRBCwithout centrifugal effect a cyclonic flow will
be generated near the sidewall to balance the anticyclonic
flow in the bulk region [27,42–44]. This cyclonic flow
would carry the cold structures to move azimuthally.
However, with the presence of centrifugal force, the cold
structures will be locked at a preferred azimuthal position.
At small rotation rates, the cyclonic flow is not well
developed [42], and the cold structures will be deflected
clockwise by the Coriolis force while moving toward the
sidewall, resulting in preferred positions in the range of
7π=4 ≤ ϕ ≤ 0. As the rotation rate increases, the cyclonic
flow comes into play. The cold fluids will drift toward ϕ ¼
0 under the joint effects of the cyclonic flow and the
centrifugal force. However, these two effects become
opposite for ϕ > 0: while the cyclonic flow carries the
cold fluids to move counterclockwise, the centrifugal
force tends to drive them back toward ϕ ¼ 0. Therefore,

(a) (c)

(b)

FIG. 4. (a) An example of the temperature contrast δ and
azimuthal spread β as a function of Frd for γ ¼ 3.50. The vertical
dashed line indicates the estimated Frestd;max at which these two
quantities are comparable. The shaded area implies the possible
values of Frestd;max, which is used to estimate its error bar. (b) The
Frestd;max from (a) are compared with Frd;max obtained from Nuγr.
The solid lines are power law fittings: Frestd;max ¼ 0.25γ0.46 and
Frd;max ¼ 0.22γ0.47. (c) The rescaled Nuγr=Nuγr;max versus
Frd=Frd;max. For clarity, solid symbols are used to label the
data before onset.
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the azimuthal offset of these structures follows a different
Frd-dependent trend [20]. Eventually, the fast rotation rate
will suppress the cyclonic flow [27], but the centrifugal
force keeps increasing, so the cold structures move back
toward ϕ ¼ 0. We note that the separation of the hot and
cold coherent structures and their shifting behaviors are
quite similar to the clustering behaviors of volcanoes on Io,
which are caused by the tidal force exerted by Jupiter
[45–47]. Further studies are needed to ascertain whether a
deeper connection exists between these two phenomena.
If so, the present results may shed light on the tidal effects
in astronomy.
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