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We report on the observation of gravity-capillary wave turbulence on the surface of a fluid in a
high-gravity environment. By using a large-diameter centrifuge, the effective gravity acceleration is
tuned up to 20 times the Earth gravity. The transition frequency between the gravity and capillary
regimes is thus increased up to one decade as predicted theoretically. A frequency power-law wave
spectrum is observed in each regime and is found to be independent of the gravity level and of
the wave steepness. While the timescale separation required by weak turbulence is well verified
experimentally regardless of the gravity level, the nonlinear and dissipation timescales are found to
be independent of the scale, as a result of the finite size effects of the system (large-scale container
modes) that are not taken currently into account theoretically.
PACS numbers: 47.35.-i, 47.52.+j, 05.45.-a

Introduction. — Wave turbulence concerns the study
of random nonlinear waves in interaction. Although this
phenomenon occurs in various situations (ocean surface
waves, plasma waves, hydro-elastic or elastic waves, internal waves, or gravitational waves), it is far from being
completely understood [1–6]. For instance, most laboratory experiments on gravity wave turbulence are not
in agreement with weak turbulence theory [7–11]. Several reasons are given such as the roles of the dissipation,
of the strong nonlinear waves, or of the basin finite size
that are usually not taken into account theoretically. The
goal here is to better study gravity wave turbulence by
tuning the natural key parameter seldom modified until
now, the gravity field.
In this Letter we describe a unique experimental setup
that is designed to build and study hydrodynamic wave
turbulence on the surface of a fluid in hypergravity conditions in a laboratory. The relevant parameters of wave
turbulence depend strongly on the gravity acceleration
g ∗ at different levels. First, it appears
qin the dispersion
relation of linear waves ω(k, g ∗ ) =
g ∗ k + γρ k 3 (with

even smaller with higher g ∗ . Another relevant theoretical parameter is the critical energy flux εc = (γg ∗ /ρ)3/4
breaking the weak turbulence at the transition scale [12].
Such dependences of these parameters on g ∗ are in favor
of the study of wave turbulence in a high-gravity level.

Third, the timescale of nonlinear interactions between
g
gravity waves, τnl
∼ ε−2/3 k −3/2 g ∗ 1/2 , is assumed slow
compared to the linear wave period τlin = 1/f , to reg
quire a weak nonlinearity ∼ τlin /τnl
∼ ε2/3 k 1 /g ∗ ≪ 1 (ε
being the energy flux) [4]. As nonlinearity increases with
the scale k, breaking of weak turbulence for gravity waves
is expected to occur at small scale (kcg ∼ g ∗ /ε2/3 ), and

Here, we report the observation of surface wave turbulence in hypergravity, fgc being increased up to one
decade. We also show that finite size effects modify the
usual energy transfer mechanism (nonlinear wave interactions); finite size effects having rarely been addressed
experimentally [10, 15] compared to numerical or theoretical studies [16–19].

ω = 2πf the wave angular frequency, k its wavenumber,
ρ the fluid density and γ its surface tension). Second, it
appears in the transition frequency between the capillary
and gravity wave turbulence regimes [7]
 1/4
1
ρ
fgc = √
(1)
g ∗ 3/4 .
2π γ
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Tuning the gravity level, e.g. from 1 to 20 times the
Earth acceleration g, will thus increase fgc and εc up to
a factor 10; these two parameters being hardly modified
differently since (ρ/γ) is roughly constant for most of
usual fluids. This is also an astute solution, not reported
so far, to expand significantly in laboratory the inertial
range of observation of gravity wave turbulence. The latter is usually limited (1 decade at most) at large scales by
the forcing (∼ Hz due to wavemaker limitations) and at
small scales by the capillary regime near fgc (≃ the ten
of Hz for most of fluids at 1g). Tuning the gravity homogeneously is nevertheless far from being simple. Indeed,
fastly rotating a liquid in a small-size container generates
a high centrifugal acceleration but with a radial gradient
of effective gravity leading to a parabolic curvature of
the liquid surface. To circumvent this effect, we use a
large-scale centrifuge with a free swinging gondola that
generates an effective gravity still perpendicular to the
liquid surface at rest. Note that tuning to low-g values
was performed to observe pure capillary wave turbulence
on more than 2 decades with no effect of gravity waves
during parabolic flights (10−2 g) [13] or on-board of the
International Space Station (10−5 g) [14].
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FIG. 1: Experimental setup. Top: Schema of the large diameter centrifuge showing the generation of an apparent gravity
normal to the fluid surface. Bottom: Experimental setup inside the gondola. See movies in Supplemental Material [20].

Experimental setup.— Experiments are performed in
the ESA Large Diameter Centrifuge (LDC), an 8 m diameter four-arm centrifuge with free-swinging gondola
on each arm (see top of Fig. 1). The gondola containing the experiment is locked at the end of an arm,
and a counter-weight is placed on the other end. The
maximum angular velocity Ω of the centrifuge is 67 rpm
(i.e. 101 km/h at the arm’s end, 4 m from the axis).
Due to centrifugal acceleration, the apparent gravity is
~g ∗ = ~g + Ω2 ri~er , with g = 9.81 m/s2 the Earth gravitational acceleration, ri the radius top
the point of interest.
The range of effective gravity g ∗ = g 2 + (Ω2 ri )2 is 1 to
20 times Earth gravity. The angle θ = arctan (Ω2 ri /g)
of the gondola in rotation with the horizontal decreases
rapidly from 90◦ when Ω increases and is less than 12◦
when g ∗ > 5g. The experimental setup placed in the
gondola bottom consists of a cylindrical container, 23 cm
in diameter, filled with distilled water (density ρ = 1000
kg/m3 and surface tension γ = 74 mN/m) up to a depth
h = 6.5 cm to reach a deep water regime (λ ≪ 2πh). Surface waves are generated by a rectangular flap wavemaker
driven by a servo-motor moving according to a random
noise forcing of narrow bandwidth (3 to 5 Hz) and of
rms amplitude, σA < 2.2 cm. The wave height η(t) is
monitored at a given location by a homemade capacitive
wire gauge during T = 1000 s with a 10 µm sensitivity
[7]. Typical wave steepness is less than 0.1. The fluid is
filled in the container once the prescribed acceleration is
reached to avoid a possible fluid rotation, as controlled
by an on-board camera in the gondola. During stationary rotation but with no wave forcing, the free surface of
the fluid remains perfectly parallel to the container bot-

FIG. 2: Power spectrum density (PSD) of the wave height
η(t) for 1g and 19.4g. Dashed lines display best power-law
fits for (blue) gravity and (red) capillary regimes. Vertical
dash-dotted lines correspond to fgc (g ∗ ) of Eq. (1). σA = 15.5
mm. Inset: PSD for different vibration amplitudes σA = 0,
3.7 and 15.5 mm (bottom to top). g ∗ = 19.4g. Solid
(resp. dashed) lines are the first axisymmetrical m = 0
(resp. non-axisymmetrical m = 1) basin modes solutions of
′
′
Jm
(kn D/2) = 0, with Jm
(·) the derivative of the m-th order
Bessel function of the first kind [21].

tom, as expected. No Coriolis force effect is observed on
the wave field since the wave velocities are much smaller
than the centrifuge velocity.
Wave spectrum.— For a fixed g ∗ , the temporal evolutionp
of the wave height η(t) is erratic and its rms value,
ση = hηi2t of few mm, increases linearly with the forcing amplitude σA regardless of g ∗ . The spectrum of η(t)
is shown in Fig. 2 for two different apparent gravities,
1g and close to 20g. At 1g, we observe two frequency
power-law regimes corresponding to the gravity and capillary wave turbulence regimes as already reported previously [7]. For a gravity close to 20g, the power law
regimes are still observed and the transition frequency fgc
between both regimes increases significantly of 1 decade
as expected (see below). Consequently, the inertial range
of the gravity regime has been also extended to reach
roughly 1 decade. Nevertheless, note that the maximum
of the spectrum occurs at a higher frequency at high-g
level. This comes from the gravity dependence of the
dispersion relation. Indeed, the forcing frequency bandwidth at 1g corresponds to wavelengths λ less than the
container diameter D, whereas at high g ∗ it corresponds
to λ > D, the maximum of the spectrum being then
related to the first eigenmodes of a cylindrical basin (notably λ ∼ D/3), as shown in the inset of Fig. 2.
Transition frequency.— The transition frequency fgc
between gravity and capillary wave turbulence regimes is

3

80
-2
c
-3

60

Exponents

fgc (Hz)

100

40
20
0

0

5

-4
-5
-6
g
-7
0

10

5

10

Gravity (g)

15

15

20

20

Gravity (g)

FIG. 3: Transition frequency fgc between gravity and capillary wave turbulence regimes versus g ∗ . Vibration amplitude:
σA = (◦) 3.7, () 15.5 mm. Solid line is the prediction of Eq.
(1). Inset: Frequency power-law exponents α of the wave
spectrum for capillary (red) and gravity (blue) regimes. Dotted lines: mean values hαc ig∗ and hαg ig∗ . Solid lines: weak
turbulence predictions (see text).

inferred from the wave spectrum, and is plotted in Fig.
3 versus g ∗ for two forcing amplitudes. fgc is found to
increase strongly with g ∗ by 1 decade in very good agreement with the prediction of Eq. (1) with no fitting parameter. The frequency power-law exponents of the spectrum
in both regimes are reported in the inset of Fig. 3 as a
function of g ∗ . They are found to be independent of g ∗
and of the wave steepness within the range of parameters.
In the capillary regime, the experimental exponent value
αc ≃ −2.6 (red dotted line) is in good agreement with
the prediction −17/6 ≃ −2.8 (red solid line) of the weak
 1/6
f −17/6 [22]. In
turbulence spectrum Sηc ∼ ε1/2 γρ

the gravity regime, one has αg ≃ −6.4 (blue dotted line)
that differs significantly from weak turbulence prediction
Sηg ∼ ε1/3 gf −4 (blue solid line) [23] as reported earlier at
1g in different basin sizes (0.5 - 50 m) [7–11]. This departure has been recently shown to be related to the modulation of coherent nonlinear structures (bound waves)
[24]. We also compute the probability density functions
of η(t). They are found to be independent of g ∗ for the
same forcing amplitude, and to be roughly described by
a Tayfun distribution (the first nonlinear correction to a
Gaussian) as a confirmation of weak nonlinearity of the
wave field (see Supplemental Material).
Decay experiments.— We now present nonstationnary experiments to obtain estimations of the nonlinear
and dissipation timescales of wave turbulence, and of the
mean energy flux cascading through the scales. Once a
stationary wave turbulence is reached, we stop the wave-

10

10

S (f*,t) f ( m2 )

120

Power Spetrcum density (m 2 s)

140

-8

10 -6

10

Fast
decay

-8

2

16 Hz

Slow decay

10

-10

10

-12

30 Hz
40 Hz
60 Hz
100 Hz
200 Hz

-10
-1 0

10 -12

10 1

t = 0s
t = 1s
t = 2s
t = 4s
t = 6s
t = 8s
t = 10s
t = 15s

2

f

4

6

8

10

12

Time (s)
gc

t

10 2

Frequency (Hz)

10 3

FIG. 4: Temporal decay of the wave spectrum Sη (f, t) for
15g. Inset: Semilogy-plot of the decay of wave energy ση2 (+),
and of the Fourier modes Sη (f ∗ , t)δf at different frequencies
f ∗ corresponding either to the main container mode (◦), the
gravity regime (blue symbols) or the capillary regime (red
symbols). Dashed vertical lines delimits the fast power-law
decay (solid-line fits) and then the slow exponential decay
(dashed-line fits at different times). σA = 15.5 mm.

maker at time t = 0, and the temporal decay of the wave
height is recorded during T = 15 s. The experiment is
automatically iterated up to 330 times to improve statistics and results are averaged.
For g ∗ = 15g, the temporal decay of the spectrum
is shown in Fig. 4, the spectrum being computed over
short-time intervals δt. The power laws are found to
be conserved at the very beginning of the decay in the
gravity regime and over a much longer duration in the
capillary regime, before vanishing in favor of a purely
dissipative regime. When iterating this experiment for
different g ∗ , we found that this self-similar decay in the
first moments is independent of the gravity level (see
Supplemental Material). This self-similar decay of the
wave spectrum has been predicted theoretically [2] and
observed at 1g either in the gravity regime [10] or in the
capillary regime [25].
The temporal evolution of the amplitude of the Fourier
modes inferred from the decaying spectrum is then shown
in the inset of Fig. 4. First, a fast time power-law decay is observed (t ≤ 2 s) due to nonlinear mechanisms
but that differs from t−1/2 (predicted for pure 4-wave interactions) in the gravity regime [26] and from t−1 (for
pure 3-wave interactions) in the capillary regime [27] (see
discussion below). Then, a slow exponential decay is observed (2 ≤ t ≤ 10 s) due to a viscous linear damping of
a large-scale mode. Indeed, each Fourier mode is found
to decay exponentially with the same rate given by the
viscous damping of the main container mode ω(kD/3 )
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10 1

15g), whereas the nonlinear interactions are modified by
this container mode (see below). τdiss and τnl are also
roughly independent of g ∗ (see Supplemental Material).
3- and 4-wave interactions contributions.— Assume
a wave energy decay at the Fourier mode f as
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FIG. 5: Wave turbulence timescale separation for g ∗ = 15g.
(Solid line) Linear timescale τlin = 1/f . Nonlinear timescale
τnl estimated from the fast decay power-law fit of Fig. 4 (∗) or
from the phenomenological model of Eq. (2) 1/b () and 1/c
(). Dashed red lines are predictions of τnl in the capillary
and gravity regimes with constants chosen to cg = cc = 1. (◦)
Dissipation timescale, τdiss , estimated from the slow decay of
Fig. 4. σA = 15.5 mm.

(see ◦-symbols). When compared to the total wave energy decay [computed from the wave variance decay ση2
(+-symbols)], most of energy is contained at this large
scale mode and plays the role of an energy source which
sustains the turbulent cascade. We emphasize that this
dynamics is different from the decay of non-interacting
waves where high frequencies are usually damped faster
by linear viscosity than low ones. Here, it is due both
to cumulative energy transfer from the large-scale mode
and to transfer by nonlinear interactions.
Timescale separation.— Let us now verify the weak
turbulence theory assumption of a timescale separation
τlin (f ) ≪ τnl (f ) ≪ τdiss (f ) between the linear propagation time τlin = 1/f , the nonlinear interaction time
τnl , and the dissipation time τdiss . τnl (f ) is obtained by
a power-law fit of the fast decay on 1 decade in time
(0.2 to 2 s) of each Fourier mode, and τdiss (f ) by an
exponential fit of the slow decay. For a fixed g ∗ , the
timescale separation is well verified as shown in Fig. 5.
More surprisingly, τnl (∗) and τdiss (◦) are found to be
roughly independent of the scale f , contrary to weak turg
bulence predictions in the gravity (τnl
= cg ε−2/3 g 2 f −3 )
c
−1/2
−1/2 −1/2
(ρ/γ)
f
] regimes (see
and capillary [τnl = cc ε
dashed lines in Fig. 5, ε being estimated experimentally as below). This departure is ascribed to the finite size effects of the system. Indeed, τdiss is of the
same order of magnitude as the linear viscous dissipation
by surface√boundary
container mode

player of the main

τdiss = 2 2/ kD/3 νω(kD/3 ,g ∗ ) [21, 25] (≃ 6 s for

(2)

with a, b and c positive values depending on f . The first
term of the right-hand side corresponds to a usual viscous
linear dissipation, the second and third terms modeling
the nonlinear transfer from 3- and 4-wave interactions, respectively. Considering only one non-zero coefficient, a,
b or c, leads to usual decaying solutions: Ef (t)/Ef (0) =
−1/2
g
c
exp [−t/τdiss ], [1 + t/τnl
(f )]−1 and [1 + 2t/τnl
(f )]
,
for only dissipation (a 6= 0), only 3-wave interactions
(b 6= 0) and only 4-wave interactions (c 6= 0), respectively [10]. Since no power law in t−1/2 or t−1 is found
experimentally in the fast decay, we have to take into
account in Eq. (2) the three non-zero coefficients at the
same time. Fixing the viscous dissipation time 1/a, independently of f as found experimentally, and fitting each
experimental Fourier mode by time-power laws give the
nonlinear timescales for 3-wave interactions, 1/b (), and
for 4-wave ones, 1/c (), versus f as shown in Fig. 5.
In the capillary regime, we find that 4-wave interactions
take place (c 6= 0) and 3-wave interactions are negligible (b ≈ 0), contrarily to weak turbulence predictions. In
the gravity regime, we find that 3-wave interactions occur
(c ≈ 0, b 6= 0). Although forbidden by weak turbulence
theory for plane gravity waves, 3-wave interactions are
authorized theoretically in cylindrical containers where
axisymmetric eigenmodes are important [28]. Indeed, axisymmetric modes imply a new conserved quantity (angular pseudomomentum) [28]. The large-scale axisymmetric modes being important in our study, they thus modify
the type of interaction mechanism for gravity waves, and
probably change the one for capillary waves. Such finite
size effects on the wave interactions would deserve further
studies with more accurate space-time measurements.
Energy flux.— One can finally estimate the mean cascading energy flux ε from the wave energy decay [10].
Indeed, the wave energy (neglecting capillary waves) is
E(t) = g ∗ ση2 , and the power budget (assuming no forcing and dissipation in the inertial range) then reads
dE(t)/dt = −ε, quantities being per unit surface and
fluid density. Combining the two expressions then leads
to ε = −g ∗ dση2 (t)/dt|t=0 . Thus, experimentally from the
tangent at t = 0, ε is found to increase linearly with the
apparent gravity g ∗ as expected, and is found to be 2 orders of magnitude smaller than the critical flux breaking
weak turbulence, (γg ∗ /ρ)3/4 ≃ 800g ∗3/4 cm3 s−3 , regardless of the value of g ∗ (see Supplemental Material).
Conclusion.— In this Letter, we reported the first
observation of gravity-capillary wave turbulence in a
high-gravity environment. This specific set-up favors the

5
study of gravity wave turbulence in the laboratory by
extending significantly its inertial range and the critical
energy flux. We observe power-law wave spectra in both
regimes independent of the gravity level. The timescale
separation required by weak turbulence is verified experimentally by means of nonstationary experiments. We
also show that large-scale container modes play an important role by notably modifying the type of nonlinear interactions. Tuning the gravity field appears as a
promising solution to study in laboratory the large-scale
properties (i.e., larger than the forcing scale) of gravity wave turbulence. More generally, identifying the different scenarios (inverse cascade, statistical equilibrium,
condensate) governing large-scale properties of turbulent
flows is of primary interest [29] in wave turbulence [30–32]
and 3D turbulence [33–35]. Our approach could be applied in different fields involving wave turbulence with
finite size effects such as Rossby inertial waves (limited
by the finite diameter of the planets), long internal waves
in the oceans, or plasma waves in tokamaks.
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