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The paper focuses on the experimental study of the dynamics of liquid and granular medium in a rapidly rotating horizontal
cylinder. In the cavity frame gravity field performs rotation and produces oscillatory liquid flow, which is responsible for the series
of novel effects; the problem corresponds to “vibrational mechanics”—generation of steady flows and patterns by oscillating force
field.The paper presents the initial results of experimental study of a novel pattern formation effect which is observed at the interface
between fluid and sand and which takes the form of ripples extended along the axis of rotation. The initial results of experimental
research of a novel effect of pattern formation at the interface between fluid and sand in the form of ripples extended along the axis
of rotation are presented. The spatial period of the patterns is studied in dependence on liquid volume, viscosity, and rotation rate.
The experimental study of long time dynamics of pattern formation manifests that regular ripples transform into a series of dunes
within a few minutes or dozens of minutes. The variety of patterns is determined by the interaction of two types of liquid flows
induced by gravity: oscillatory and steady azimuthal flows near the sand surface.

1. Introduction

The dynamics of liquid and granular medium in a rapidly
rotating horizontal cylinder is experimentally studied. In a
rapidly rotating cylinder liquid and granular medium coat
the cylindrical wall under centrifugal force. The presence of
gravity, acting in a direction perpendicular to the axis of
rotation, results in a steady perturbation on the solid-body
motion of liquid: central air column has its axis below the axis
of the rotating cylinder. This leads to the fact that the liquid
performs forced azimuthal oscillation in the cavity frame.
Furthermore, in accordance with [1], the inertial waves with
different azimuthal and axial wave numbers could be excited
in the annular fluid layer. These waves were observed in the
experiments at low rotation rates, that is, strong perturbing
effect of gravity [2].

Inertial waves generate intensive oscillations in liquid and
granular medium and fluidize the latter. It is known [3, 4]
that oscillatory liquid flow near the flat sand bed provokes the

onset of regular patterns in the form of ripples perpendicular
to the axis of oscillation. In nature, sand ripples are formed
on sea beds under back and forth motion of liquid. Although
the formation of these patterns has been studied for a long
time, the dominant wavelength selection mechanism is not
clear yet. In various experiments on the pattern formation at
the liquid-sand interface it is found that the spatial period of
ripples 𝜆 is proportional to the amplitude of fluid oscillations
𝑏 [5–8].The surface waves also generate steady liquid flows in
the direction of its propagation [9] and bring ripples on the
sand bed to the continuous drift [10, 11]. In nature, drift of
patterns is caused by wind in a desert or by water in a river.

Thus, the discussed physical problem concerns the pat-
tern formation under the integrated impact of oscillatory
and unidirectional fluid flow. These flows are of importance
in shorefaces, shelves, and so forth. Despite the importance
of combined flows, our understanding of the bed forms
generated by such flows is rather limited. In particular,
because of complexity of continental shelves and the need
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for large laboratory flumes, the effect of surface waves is
poorly understood. It is usually reported that sand dunes gen-
erated by tidal currents migrate downstream. Nevertheless,
combined oscillatory and unidirectional fluid flows in wave
tanks could induce both downstreaming and upstreaming
sediment dunes [12]. In the experiments [13] authors studied
the migration of ripples and estimated the drift velocity.
In addition, the authors followed the dynamic evolution of
ripples from the initial flat bottom configuration to the equi-
librium state in a wave tank under propagating surface waves.

On the other hand liquid and granular medium are
interrelated and liquid motion is influenced by distribution
of granular medium. For instance, experiments [14] indicate
that even small amount of heavy tracers can significantly
modify the dynamics of liquid in a slowly rotating horizontal
cylinder. The review [15] considers the results of theoretical
and experimental studies of pattern formation of granular
medium in rotating-drum flows. The most surprising result
of the study is the discovery that the heavy [14] and light
[16] particles and tracers of neutral buoyancy [17] display a
tendency to axial segregation inside a rotating cylinder. The
theory [18, 19] explains the segregation of neutrally buoyant
particles by axial fluctuation of effective viscosity of liquid.
However, the authors agree that the theory does not explain
all the features of the phenomenon. The mentioned phe-
nomenon is observed in the multiphase system of granular
medium, liquid and gas inside a slowly rotating cylinder. In
this case the centrifugal force is insufficient to centrifugate
liquid and almost the entire volume of liquid and sand is at
the cylinder bottom.

This paper concentrates on the dynamics of liquid and
granular medium inside a rapidly rotating cylinder when
liquid (and sand) forms an almost uniform annular layer.
The advantage of this geometry is that it allows avoiding
end effects, which strongly influence measurements in the
experimental research. Depending on rotation rate axial
or/and azimuthal fluid oscillations in the frame of rotating
cylinder are excited under gravity. These oscillations can
induce 3D relief on the sand bed. In the present paper we
focus on the pure azimuthal oscillations and study regular
ripples extended along the axis of rotation. The considered
physical problem is somewhat similar to the stability problem
for the interface between fluid and granular medium in an
oscillatory cell [5] or under the impact of unidirectional shear
flow in a stationary container [10].

The appearance of ripples on the sand bed is possible if
only granules are able to move under fluid shear stress. The
magnitude of shear stress is characterized by Shields number
𝜃, which is the ratio between the shear force on the grains and
their apparent weight. The specific feature of the discussed
problem is the variability of Shields parameter over the period
of a cylinder rotation due to dependence of shear stress on the
angle of sand-liquid interface inclination in the gravity field.

2. Experimental Technique

The experimental setup used in the investigation of pattern
formation in the rotating cavity is shown in Figure 1. The
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Figure 1: Sketch of experimental setup.

transparent circular cylinder 1 of length 𝐿 = 7.8 cm and inner
radius 𝑅 = 𝐷/2 = 6.3 cm is fitted horizontally into ball
bearingswhich aremounted onto a rigid stand 2.The cylinder
is driven at a constant rotation rate by the stepper motor 3.
The angular velocity of rotation Ω varies in the range from 0
to 50 s−1.

At the center of the rear wall of the cylinder there is a hole
to fill it with liquid and granular medium. The experiments
are conducted with water-glycerol mixtures; viscosity varies
in the range from 1 to 10 cSt. The quantity of liquid is
characterized by the relative filling 𝑞 = 𝑉/𝑉

0

(𝑉 is fluid
volume,𝑉

0

is a cavity volume) which varies in the range from
0.1 to 0.4. The granular medium consists of glass spheres of
diameter 𝑑 = 0.15–0.25mm and density 𝜌

𝑠

= 2.5 g/cm3; mass
𝑚 of granular medium equals 125 or 250 g.

Images of the cell are recorded via digital photo camera
Nikon D40 4 positioned facing a transparent side wall. In
order to provide high quality images of the liquid and sand
the cross-section of the cell is illuminated by a flexible LED
tape placed around the cylindrical wall.These images are then
analyzed in order to explore the dynamics of inertial waves
on the free surface of liquid and spatiotemporal evolution
of patterns at the liquid-sand interface. In certain cases it is
required to measure the velocity of wave propagation and the
free surface of liquid is illuminated by a stroboscope lamp.

Each experiment follows a similar protocol. The cylinder
is set in a rapid rotation to put fluid and sand into a state of
solid-body rotation. Then, we decrease the rotation rate via
one step-procedure to the required value of Ω. The resulting
fluid flow typically equilibrates within a few hundreds of the
cylinder revolutions. Flow imaging is then carried out.

3. Experimental Data

3.1. InertialWaves and Pattern Formation. While the cylinder
is stationary, the liquid and sand rest in a pool on the
bottom of the cylinder.When the cylinder rotates with low to
moderate angular velocities its rising side drags out a thin film
of liquid from the pool.The effect of gravitational force on the
dynamics of rotating liquid is characterized by dimensionless
acceleration Γ = 𝑔/Ω2𝑎, where 𝑎 is the radius of free surface
of liquid in the axially symmetric state of solid-body rotation,
𝑔 is the acceleration of gravity. When the cylinder rotates
sufficiently fast, so that effect of gravitational force is small
compared to centrifugal force (Γ < 10

−1

), the entire pool of
liquid and granular medium redistribute themselves to form
two almost uniform annular layers coating the entire inner



Shock and Vibration 3
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Figure 2:The azimuth inertial waves (front view): 𝑙 = 1, 𝑞 = 0.236, andΩ = 32.0 s−1 (a) and 𝑙 = 2, 𝑞 = 0.247, andΩ = 31.4 s−1 (b); ] = 3.2 cSt
and𝑚 = 250 g, hereinafter cylinder rotates counterclockwise.

surface of the cylinder. In accordance with [1], annular liquid
layer is stable at D < 1/3.

At the beginning of the experiment the cylinder rotates
sufficiently fast and liquid and granular medium rest in the
rotating frame. The decrease of Ω (increase of Γ) results
in the raise of forced azimuthal liquid oscillations induced
by gravitational force, and the oscillation frequency equals
the cylinder rotation rate. At relatively large Γ the oscilla-
tions with natural frequency could be excited. The natural
frequency of oscillations depends on fluid volume [1]. In
the studied range of relative filling 𝑞 inertial waves with
nondimensional azimuthal wavenumber 𝑙 = 1 − 5 are
observed, here 𝑙 ≡ 2𝜋𝑎/𝐿, and 𝐿 is the azimuthal wavelength
of a surface wave. For example, if we observe two wave
crests (Figure 2(b)) then wavelength of azimuth wave 𝐿 =

𝜋𝑎 and 𝑙 = 2. In the most studied range of 𝑞 = 0.23–
0.29 the gravitational force induces two-dimensional waves
with azimuthal wavenumber 𝑙 equaled to 1 or 2 (Figure 2).
The wave profile depends on the azimuthal coordinate: the
greatest deviation from the equilibrium position is on the
top of the cell when the gravitational force and inertial
force are opposite. The detailed study of inertial waves in
the discussed configuration demonstrates that velocity of the
wave propagation depends on the rotation rate Ω and wave
amplitude increases with decrease ofΩ [20].

While the rotation rate is high the amplitude of inertial
wave is small and liquid-sand interface remains undisturbed.
Then the rotation rate decreases gradually to obtain the criti-
cal valueΩ

𝑐

at which the sand ripples arise. The experiments
demonstrate that the time needed to reach the quasistation-
ary state at the threshold of pattern formation is of the order
of several minutes (or ∼103 of the cylinder revolutions). At
that rate, regular patterns rise in the form of squashed ripples
extended along the axis of rotation (Figure 3). According
to the observations of the sand bed, the first disturbances
occupy only a fewpercents of the sand and spread everywhere
within a few minutes; both height and azimuthal size of

ripples change continuously until a quasistationary state is
reached. The observations indicate that ripples are stationary
in the rotating frame. In overcritical domain (Ω < Ω

𝑐

)

squashed ripples change to sinusoidal ripples extended along
the axis of rotation (Figure 4).The observations show that the
time which is necessary for the growth of regular sinusoidal
patterns is shortened. Note that in the discussed experiments
slopes of ripples are symmetrical.

A long-time behavior of sinusoidal ripples is complicated
and will be discussed in Section 3.2. Here, we note that
sinusoidal ripples retain a quasistationary form within a
definite period of time and then transform into a series of
irregular patterns. If the state of irregular patterns is reached
and we further decrease the rotation rate then the sinusoidal
ripples never reappear. Subsequent study of regular patterns
is possible after the collapse of an annular layer and a further
restart of the cylinder rotation.

Hereinafter we discuss the results of the experiments in
the most studied range 0.23 < 𝑞 < 0.29. The experiments
illustrate that wavelength in the quasistationary state 𝜆 equals
2𝜋𝑅
𝑠

/𝑁 (𝑅
𝑠

is the radius of flat sand bed and𝑁 is the number
of ripples) is independent of relative filling in the range 𝑞 =
0.23–0.29 and decreases with increase of viscosity (Figure 5).
The experimental data prove that ripples rise with decrease of
Ω.

Note that threshold angular velocity of pattern formation
depends on liquid viscosity: in a less viscous liquid the ripples
rise at a higher rotation rate. The decrease of angular velocity
corresponds to the increase of dimensionless acceleration Γ =
𝑔/Ω
2

𝑎 and hence the increase of gravity influence. At a slow
rotation annular liquid layer becomes unstable and collapses:
regular patterns disappear.

3.2. Long Time Evolution of Ripples. The experimental data
presented in Figure 5 are obtained within the first few min-
utes after the onset of ripples. According to the observations
regular sinusoidal ripples retain quasistationary shape within
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(a) (b)

(c) (d)

Figure 3: Time evolution of squashed ripples: 𝑡 = 2, 7, 12 and 50min ((a)–(d));Ω = 35.6 s−1, ] = 1.4 cSt, 𝑞 = 0.215, and𝑚 = 250 g.

(a) (b)

Figure 4: The sinusoidal ripples atΩ = 33.9 s−1 (a) and 37.7 s−1 (b), 𝑞 = 0.257, ] = 1.4 cSt, and𝑚 = 250 g.
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Figure 5: The wavelength of regular ripples versus angular velocity,
𝑚 = 250 g. The experimental data are obtained unless 𝑇 < 103. The
typical error bars are shown.

a few minutes only and transform into a series of irregular
dunes (Figure 6). A noteworthy fact is that in shallow liquid
layers the free surface is curved due to the influence of the
sand bed profile (Figure 6(b)).

A long time behavior of squashed and sinusoidal ripples
is studied with the use of diagrams shown in Figures 7 and 8.
Spatiotemporal diagrams illustrate that a long time evolution
of sinusoidal ripples in overcritical domain (Figure 8) is
much more complicated than the evolution of squashed
ripples rising at the threshold of pattern formation (Figure 7).
Together Figures 7 and 8 illustrate that in overcritical domain
(Ω < Ω

𝑐

) regular patterns rise much faster than near the
threshold. Let us say regular sinusoidal ripples rise after
approximately 30 s after the start of the experiment and
regular squashed ripples appear within approximately 100 s.
Note that the squashed ripples are stationary in the rotating
frame: negligible drift along the circumference is observed in
the first minutes of the experiment only.

In order to distinguish between different phases of ripple
formation we introduce dimensionless time 𝑇 = 𝑡/𝑡

0

, here
𝑡
0

= 𝜋/Ω is a period of the cylinder revolution. According
to the diagram in Figure 7, at the threshold of appearance
regular patterns keep form for at least 𝑇 = 104. On the other
hand, regular ripples in overcritical domain keep form unless
𝑇 < 10

3 (Figure 8). Figure 8 manifests that sinusoidal ripples
keep regular shape in the rotating frame; however, if 𝑇 is

greater than 103 then regular patterns transform into a series
of irregular dunes (Figure 6(b)) and they start to drift. Note
that both experiments prove that the wavelength of regular
patterns is almost constant in time and 𝜆 is allowed to be
measured in the initial period of the experiments, that is,
unless 𝑇 < 10

3. The experimental data in Figures 5 and 10
are obtained in the discussed period of time.

4. Discussion

The appearance of ripples on the sand bed is possible if
only granules are able to move under fluid shear stress.
The magnitude of shear stress is characterized by Shields
parameter 𝜃, which is the ratio between the viscous shear
force on the grains and their apparent weight.

We are able to estimate the Shields parameter 𝜃 for
the granule on the sand bed in the rotating cylinder with
fluid. In the rotating frame a granule is under the action
of gravitational force, buoyant force, centrifugal force, and
viscous shear force. In a rapidly rotating cylinder, gravita-
tional force is much less than centrifugal force, dimensionless
acceleration Γ is of the order of magnitude 10−1 (Figure 9),
and gravitational force can be neglected. Then, centrifugal
force holds the granule fixed on the sand bed while the
viscous shear stress is directed along the interface. In the said
approximation, Shields parameter can be represented in the
form

𝜃 =
]𝜌
𝑙

(𝑑𝑢/𝑑𝑟)

(𝜌
𝑠

− 𝜌
𝑙

)Ω2𝑅𝑑
, (1)

where 𝑢 is the velocity of shear fluid flow near the sand bed,
𝜌
𝑙

is the density of the fluid, and 𝑟 is the radial coordinate. It
should be remembered that shear flow is a superposition of
forced oscillations and oscillatory flows induced by surface
waves. The azimuthal velocity of forced oscillations in a
rapidly rotating cylinder in the inviscid limit is obtained in
[1]: 𝑢 = (1 − 𝑞)𝑔 cos𝜑/Ω, where 𝜑 is the angle between the
normal to the interface between liquid and sand and vertical
axis. Note that the shear flow has a maximum velocity at the
top and the bottom of the trajectory, that is, at 𝜑 = 0 and 𝜋.

We are able to calculate the Shields parameter under
the assumption that liquid performs forced oscillations. This
assumption is valid at the threshold of ripple formation,
when the amplitude of observed surface wave is small. Under
gravity, liquid oscillates at the radian frequency equaled to
the angular velocity of rotation: Ωosc = Ω. Due to viscosity,
a Stokes boundary layer of thickness 𝛿

𝑆

= (2]/Ωosc)
1/2 is

present at the interface between the fluid and the sand bed.
Then, 𝑑𝑢/𝑑𝑟 is of the order of magnitude 𝑢/𝛿

𝑆

, and formula
(1) takes the form

𝜃 =
(1 − 𝑞) ]𝜌

𝑙

𝑔

(𝜌
𝑠

− 𝜌
𝑙

)Ω3𝑅𝛿
𝑆

𝑑

cos𝜑
 . (2)

Formula (2) demonstrates variability of Shields number
over the period of a cylinder rotation due to the shear stress
dependency on the angle of sand-liquid interface inclination
in gravity field. Then, we calculate the maximum value of
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(a) (b)

Figure 6: Time evolution of ripples at the liquid-sand interface: 𝑡 = 1min (a) and 60min (b); 𝑞 = 0.257, ] = 3.2 cSt, 𝑚 = 250 g, and
Ω = 33.0 s−1.
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Figure 7: Spatiotemporal evolution of ripples: 𝑞 = 0.216, ] = 1.4 cSt,
𝑚 = 250 g, and Ω = 35.6 s−1; dots illustrate the positions of troughs
between ripples. Azimuthal angle decreases in the direction of the
cylinder rotation.

Shields parameter 𝜃
𝑚

, that is, at 𝜑 = 0 or 𝜋. We can use
values of 𝑞, ], andΩ obtained in Figure 5. In the case of forced
oscillations, we should choose rightmost data in the plot
𝜆 = 𝜆(Ω). According to the calculations, Shields parameter
𝜃
𝑚

≈ 0.1. A typical value of recognized Shields number in the
literature for the onset of grain motion is 𝜃 = 0.05 [21]. Thus,
in certain phases of the revolution granules are able to move
along the sand bed and participate in the ripple formation.

Intensive fluid shear flow induces fluidization of the upper
layer of the granular medium. The behavior of a fluidized
granular medium is similar to that of liquid. The oscillatory
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Figure 8: Spatiotemporal evolution of sinusoidal ripples: 𝑞 = 0.262,
] = 1.3 cSt,𝑚 = 250 g, andΩ = 36.4 s−1; dots illustrate the positions
of ripple peaks. Azimuthal angle decreases in the direction of the
cylinder rotation.

motion in both media provoke Kelvin-Helmholtz instability
[22] which is followed by the onset of regular ripples extended
along the axis of rotation.

In various experiments on the pattern formation at the
liquid-sand interface it is found that the spatial period of
ripples 𝜆 is proportional to the amplitude of fluid oscillations
𝑏; therefore 𝜆/𝑏 = const [5–8]. In the experiments focused
on the ripple formation in a wave tank under the influence
of combined fluid flows it is demonstrated that 𝜆/𝑏 = 1.3

[12]. The sustaining result is obtained in the problem of
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Figure 9:The thresholds of appearance of inertial waves and regular
patterns; ] = 1 cSt, mass of sand𝑚 = 125 g.

the stability of the interface between sand and liquid in a
cavity subjected to tangential oscillations (e.g., [3, 4]).

We are able to estimate the parameter 𝜆/𝑏 at the threshold
of ripple formation under the assumption that amplitude of
an oscillatory flow induced by wave processes is small com-
pared to the amplitude of forced oscillations. In overcritical
region, surfacewaves are intensive and the used assumption is
presumably invalid.Then, amplitude of fluid velocity could be
calculated by using the formula 𝑢 = 𝑏Ωosc = (1−𝑞)𝑔/Ω. Here,
we focus on the forced oscillations; therefore, frequencyΩosc
equals the rotation rate Ω, and amplitude 𝑏 = (1 − 𝑞)𝑔/Ω

2.
The experimental data at the threshold of ripple formation
(rightmost data in Figure 5) demonstrate that parameter 𝜆/𝑏
is nearly 2, which agrees qualitatively with data [12].

Let’s consider the influence of wave processes on the
pattern formation on the sand bed. The experimental data
prove that evolution of sand ripples is influenced by liquid
dynamics. According to the observations, ripples rise in
the presence of inertial waves only. The observations are
supplemented by the measurements of Γ at the thresholds of
inertial waves’ excitation and rise of ripples in dependence on
𝑞 (Figure 9). The nonmonotonic dependence of Γ on 𝑞 at the
threshold of wave excitation is determined by the resonant
intensification of liquid oscillations and is studied in detail
in [2]. One could find that appearance of ripples follows the
wave excitation; an exclusive behavior of ripples is found in
the range 𝑞 = 0.23–0.29: regular patterns rise at a slower
rotation rate than inertial waves do. Our main aim here is to
study fluid dynamics and pattern formation in this range of
relative filling 𝑞.

20 28 36 44 52 60
10

21

32

43

54

65

Γ𝜔1/2
R

D
im

en
sio

nl
es

s w
av

ele
ng

th
𝜆

/𝛿
0.236 1.9

0.236 3.3

0.236 4.9

0.236 8.1

0.257 1.9

0.257 3.3
0.257 4.9

0.257 8.1

0.283 1.9

0.283 3.3

0.283 4.9

0.283 8.1

0.309 3.3

0.329 3.3

q q � (cSt)� (cSt)

Figure 10: Dimensionless wavelength of regular ripples versus
dimensionless parameter Γ𝜔

𝑅

1/2; solid line corresponds to 𝜆/𝛿 ∼

(Γ𝜔
𝑅

1/2

)
4/3

, 𝑚 = 250 g. The experimental data are obtained unless
𝑇 < 10

3.

In the detailed study of inertial waves in a rotating
cylinder [20] it is found that in relatively shallow layers
of liquid (𝑞 < 0.24) gravity induces inertial waves with
azimuthal wavenumber 𝑙 = 1 similar to the one shown in
Figure 2(a), in deeper layers-waves with 𝑙 = 2 (Figure 2(b)).
In the experiments with various masses of sand it is found
that curve Γ(𝑞) shifts slightly along the axis “𝑞” and saves
similarities with the one illustrated in Figure 9. So, near the
relative filling 𝑞 = 0.24 we detect the change from inertial
waves with 𝑙 = 1 to waves with 𝑙 = 2. The analysis of
experimental data on the wavelength of regular ripples in the
exclusive domain 𝑞 = 0.23–0.29 shows that 𝜆 is determined
by dimensionless parameter Γ𝜔

𝑅

1/2, where 𝜔
𝑅

= Ω𝑅
2

/] is
the dimensionless velocity based on radius of a cylinder 𝑅
(Figure 10). The thickness of viscous boundary layer 𝛿 =

(2]/Ω)1/2 is introduced as the unit for the wavelength.
It is known [2, 23] that in a horizontal cylinder partially

filled with liquid inertial waves generate steady flow in the
direction of its propagation. In the discussed experiments the
gravity force produces azimuth wave and hence the liquid
performs azimuthal motion. The velocity of liquid flow is
proportional to Γ

2 [2]. While Γ is small the intensity of
azimuthal liquid flow is small compared to the oscillatory
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flow and regular patterns are stationary at the threshold of
ripples growth (Figures 3 and 7).

The increase of Γ (decrease of Ω) is followed by inten-
sification of azimuthal flow and appearance of migrating
irregular dunes. The spatiotemporal diagram in Figure 8
indicates that dunes are not stationary in the rotating frame
and drift in the azimuthal direction. It could occur if liquid
and sand are involved in additional unidirectional flow.
Apparently, we deal with the phenomenon similar to the
drift of desert dunes under wind and bottom dunes under
the influence of water currents. In the studied problem
the unidirectional azimuthal current is generated by surface
waves, and observed dunes migrate along the circumference.
Surprisingly, the azimuthal drift of dunes in Figure 8 is
opposite to the unidirectional fluid current. According to
Figure 8, irregular dunes appear after approximately 𝑇 =

2 × 10
3 from the start of the experiment and migrate with

velocity of about 10−1mm/s. An effect of upstream-migrating
sand is a rather odd phenomenon; nevertheless, it is found
in the course of the field measurements [24] and observed
in the laboratory experiments [12, 13]. In the latter case,
the sand dunes are generated under combined oscillatory
and unidirectional fluid flow which is similar to the studied
problem of pattern formation in a rotating cylinder under
gravity. It is found that downstream and upstream-migrating
dunes have different profiles and transition between different
types of dunes depends on both oscillatory andunidirectional
flow velocities. The effect of abnormal dune migration in a
rotating cylinder with fluid under gravity is intriguing and
requires further investigation of liquid flownear the sand bed.

The pattern formation in shallow (𝑞 < 0.23) and deep
(𝑞 > 0.29) layers of liquid requires a detailed study. According
to the observations in preliminary tests with shallow layers
the ripples occupy only a few percents of sand surface after
𝑇 ∼ 10

4. In thick annular layers (𝑞 > 0.29), in the studied
range of rotation rate we never obtain the solid-body rotation
of fluid and observe surface waves and azimuthal liquid flows.
These flows induce regular dunes on the sand bed which
transform into irregular ripples after several thousands of the
cylinder revolutions (𝑇 > 103). Apparently, the wavelength of
dunes is determined by intensity of unidirectional azimuthal
flow rather than oscillatory flow. Therefore, results of mea-
surements of wavelength in the range 𝑞 > 0.29 do not agree
with empirical law 𝜆/𝛿 ∼ (Γ𝜔

𝑅

1/2

)
4/3

in Figure 10.

5. Conclusions

The dynamics of liquid and granular medium in a rapidly
rotating horizontal cylinder is experimentally studied. It is
found that axisymmetrical sand bed is unstable to the onset
of regular patterns in the form of ripples extended along the
axis of rotation. The pattern formation is associated with the
excitation of inertial surface waves and corresponding steady
flows caused by external force field; thus the phenomenon
belongs to “vibrational mechanics.” In nature, these flows are
of importance in shorefaces, deserts, shelves, and so forth.
In the most studied range of liquid volume the wavelength
of regular ripples is determined by dimensionless parameter

Γ𝜔
𝑅

1/2. The long time dynamics of ripples is studied and
found to be complicated: ripples save form within a few
minutes or dozens of minutes and transform to the series of
irregular dunes. The transition between two modes is deter-
mined by excitation of the steady azimuthal flow generated by
azimuth progressive waves. The series of dunes perform slow
azimuthal drift; the nature of this phenomenon is not clear
yet and further study of liquid velocity profile is required.
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