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Stop and restart of granular clock in a vibrated compartmentalized bidisperse granular system
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This paper studies a bidisperse granular mixture consisting of two species of stainless steel spheres in a
vertically vibrated compartmentalized container. The experiments show that with proper vibration acceleration,
the granular clock stops when horizontal segregation of the large spheres residing in the far end from the barrier
wall occurs. When the segregation is broken, the granular clock restarts. We present the phase diagrams of
vibration acceleration versus container width and small particle number, which exhibits three different regions,
namely, clustering state, stop-restart of the granular clock, and the granular clock. A generalized flux model is
proposed to reproduce the phenomenon of stop and restart of the granular clock.
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Introduction. Granular systems have attracted consider-
able attention, since they are intrinsically far from thermal
equilibrium and therefore exhibit a host of pattern-forming
instabilities such as surface waves [1–5] and segregation
[6–10] [e.g., the Brazil Nut Effect (BNE), Reversed Brazil
Nut Effect (RBNE), and Sandwich structure].

In granular gas, the loss of kinetic energy in collisions due
to microscopic degrees of freedom of the system balances the
energy gained from the shaking mechanism. This property
makes the medium fundamentally different from any other
ordinary molecular gas [11–22]. For monodisperse compart-
mentalized systems with strong driving, a uniform distribution
appears. When the driving strength is reduced below a critical
level, the particles cluster into one of the compartments.
Eggers [11] proposed a prototype of a flux model to study this
phenomenon: dNA

dt
= −FA→B + FB→A, where NA denotes the

number of particles in compartment A, and FA→B (FB→A) is
the particle flux from compartment A (B) to compartment
B (A). Mikkelsen et al. studied a bidisperse granular gas,
and they found that clustering can be directed either towards
the compartment initially containing mainly large particles
or to the one containing mainly small particles, by adjusting
the vibration strength [12–14]. The Eggers flux model was
extended as

dNi,A

dt
= −Fi,A→B + Fi,B→A, (1)

where the subscript i denotes particle species.
A granular clock is an even more intriguing phenomenon

observed in a bidisperse granular mixture, in which the
clustering of particles between the compartments becomes
periodic [16,17,19–22]. One possible origin of a granular clock
is the BNE or RBNE. Hou et al. reproduced a granular clock
in an experiment using particles of the same size. Therefore,
it is supposed that the clock is driven by the oscillation of
dual temperatures (i.e., two-particle species with different
temperatures) [17,23]. In a three-compartment system, Chen
et al. reported a “granular follower” (extended clock) where
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small spheres first move to one compartment, followed by
large spheres [19]. In another study, they reported that an
intruder will change the condensation temperature of granular
gas and thus affect the granular clustering mode [21]. In an
unequally compartmentalized system, Chen et al. reported
two time periods: one for particles moving from the large
compartment to the small compartment, and another for the
reverse movement [22].

This paper reports experiment observations of a vertically
vibrated bidisperse granular mixture in a wide system. In this
system, horizontal segregation of the large spheres residing
in the far end from the barrier wall might occur. Once this
happens, the granular clock stops. When the segregation is
broken, the granular clock restarts.

Experiment. The experiments are carried out in quasi-two-
dimensional (2D) polystyrene chambers equally divided into
two compartments with a short barrier wall. The base of the
container is 1 cm in width and 12 cm in length. The short
barrier wall is 3 cm in height and 0.3 cm in thickness. The
thickness of the walls as well as the bottom of the container is
also 0.3 cm.

We study a bidisperse granular mixture consisting of two
species of stainless steel spheres; the diameter of large (small)
spheres is dL = 5 mm (dS = 2.5 mm), and the number of
large (small) spheres is NL = 20 (NS = 200). The container
is vertically vibrated by an external shaker; and the frequency
and amplitude of the vibration are adjustable through an input
sinusoidal signal. An accelerometer is used to monitor the
values of frequency and acceleration. A high-speed camera
(480 Hz) and particle-tracking software are used to capture
the flux of the spheres across the barrier.

In our experiments, the frequency is fixed at f = 16.5 Hz.
As in the literature, when the vibration amplitude is large,
spheres are uniformly distributed in the two compartments.
With the decrease of amplitude, the granular clock is
observed.

However, when the vibration acceleration decreases to
the range 22m/s2 � A � 26m/s2, a new phenomenon is
observed. Figure 1 shows a typical time series of sphere
proportions in the right compartment, where two modes (i.e.,
granular clock mode and clustering mode) are exhibited and
the two modes appear alternatively.
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FIG. 1. (Color online) Typical experimental result showing a time
series of small and large sphere proportions in the right compartment.
GC stands for granular clock.

To illustrate the alternation phenomenon more clearly, we
focus on the time interval from 2046 to 2776 s. Figure 2
shows several typical snapshots during this time period. At
t = 2046 s [Fig. 2(a)], the system is in transient state in the
granular clock mode. Almost all the small spheres have jumped
into the right compartment, and the large ones are in the left
compartment. Next, the large spheres follow the small ones
and begin to jump to the right compartment. In the granular
clock mode, once most of the large spheres have jumped into
the right compartment, the small ones will be expelled and
begin to jump back to the left compartment. However, the
situation is different here. A close look at Fig. 2(b) shows that
a horizontal segregation (type I) occurs with the large spheres
residing in a zone near the far end from the barrier wall. This
state is called clustering mode. In this mode, the horizontal
segregation divides the compartment into a large sphere zone
near the far end and a small sphere zone near the barrier. Since
small spheres are likely to obtain more energy from collisions
with large spheres, the small spheres could not gain enough
energy to cross the barrier from the large sphere zone. Small
spheres gaining momentum from the large sphere zone will
soon be absorbed in the small sphere zone before crossing the
barrier. As a result, the granular clock stops.

When this type of horizontal segregation appears, the large
and small spheres are in dynamic balance: The large spheres
tend to invade the small sphere zone, and the small spheres
are usually able to expel them back [Fig. 2(c)]. Nevertheless,
once the small spheres fail to expel the large ones back and the
large spheres invade deep enough into the small spheres, the
small spheres could gain enough energy from colliding with
the large ones to jump across the barrier. Consequently, the
granular clock restarts [Fig. 2(d)].

Figure 2(e) shows that at t = 2546 s, the granular clock
reaches the symmetric state of Fig. 2(a). Then large spheres
begin to jump to the left compartment. However, when most
of the large spheres have jumped into the left compartment,
a different type of horizontal segregation (type II) occurs,
with the large spheres residing in the zone near the barrier
wall [Fig. 2(f)]. As a result, small spheres could gain enough

FIG. 2. (Color online) Snapshots of the vibrated bidisperse
system. (a), (e), and (h) The transient state where large and small
spheres are well separated; (b–d) the clustering mode that lasts for
about 345 s; (e–h) the granular clock mode.

momentum from the large sphere zone and jump across the
barrier due to the absence of the small sphere zone between
the large sphere zone and the barrier. Therefore, the granular
clock moves on [Figs. 2(g) and 2(h)]. Our experiments also
found that in the granular clock mode, sometimes a mixture of
spheres occurs instead of horizontal segregation of type II. In
this case, the granular clock does not stop either.

Our experiments show that this phenomenon can be
observed only when the acceleration is in an intermediate
range. Figure 3 shows the phase diagrams of the system.
The stop-restart of the granular clock appears within a
crescent-like range of acceleration. When A is above the range,
even if horizontal segregation of type I occurs, it will be broken
very quickly. Therefore, the granular clock never stops. When
A is below the range, the granular clock stops once the spheres
accumulate in one compartment and never restarts. In Fig. 3(a),
when the container width is very small (less than 6 cm),
the stop and restart of the granular clock disappears because
horizontal segregation cannot occur in the compartment. When
the container width is sufficiently large (greater than 16 cm),
the spheres become close to a monolayer so that horizontal
segregation cannot develop either. One can also notice that
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FIG. 3. (Color online) (a) Phase diagram of vibration acceleration
vs container width. (b) Phase diagram of vibration acceleration vs
small sphere number. The domain is divided by the Cluster State
(CS), Stop-Restart of granular clock, and Granular Clock (GC). The
solid lines are guide for the boundaries.

the lower boundary of the crescent-like region decreases with
increasing container width. This is because the thickness of
the granular layer decreases with container width. From the
energy point of view, spheres can gain more energy from
collisions with the base, and meanwhile, the energy dissipation
decreases due to fewer intersphere collisions. Therefore, the
system becomes more excitable, and the cluster state region
shrinks accordingly.

Figure 3(b) shows the phase diagram of vibration accel-
eration a versus small particle number Ns . The stop and
restart of the granular clock also appears within a crescent-like
region. When Ns < 120, the large spheres will dominate and
expel small spheres, so that the system easily enters the
granular clock state. When there are too many small spheres
(Ns > 280), horizontal segregation cannot develop because
each large sphere is surrounded by small spheres. Therefore,
the stop-restart of the granular clock also disappear. One can
see that both the lower boundary and upper boundary increase
as the number of small spheres increases. This is because more
vibration energy is needed to excite the system. Therefore, the
cluster state region expands with Ns .

In the clustering mode, the competition between the small
sphere zone and the large sphere zone is crucial for the
dynamics. Once the large spheres successfully invade the
small sphere zone, the clustering period ends. In Table I we
examine the lifetime of the clustering period in the stop-restart
granular clock state. As the acceleration increases (for fixed
container width w = 12 cm), the lifetime of the clustering
period decreases monotonically. On the other hand, as the
container width increases (for fixed acceleration A = 26m/s2),
the lifetime of the clustering period first increases and then
decreases. The cluster lifetime will increase with small sphere
number. For example, when the number of small spheres
increases from 160 to 200 (fixed A = 22m/s2 and w = 12 cm),
the lifetime increases from 560 to 676 s. When the number of

TABLE I. Average lifetime 〈Tc〉 of clustering mode.

Acceleration (w = 12 cm) 〈Tc〉 Width (A = 26 m/s2) 〈Tc〉
22 m/s2 676 s 8 cm 120 s
23 m/s2 600 s 10 cm 202 s
24 m/s2 480 s 12 cm 115 s
25 m/s2 194 s
26 m/s2 115 s

small spheres increases from 200 to 240 (fixed A = 25m/s2

and w = 12 cm), the lifetime increases from 115 to 800 s.
We have done experiments with two other different

combination of sphere species, (1) [dL = 3.2 mm, dS =
2.5 mm, size ratio = 1.28], (2) [dL = 5.0 mm, dS = 3.2 mm,
size ratio = 1.718], but no stop and restart of granular clock
phenomenon is observed.

Flux model. With the experimental observation of horizon-
tal segregation effect, we generalize the flux model [Eq. (1)] to
simulate the stop and restart of the granular clock as follows:

dNi,A

dt
= −Fi,A→Bζ + Fi,B→Aξ, (2)

where the functions ζ and ξ are introduced to account for the
influence of horizontal segregation on the fluxes. We set ζ and ξ

as {0,1} binary functions. In particular, ζ = ξ = 1 corresponds
to the original flux model; ζ = 0, ξ = 1 means that the
clustering mode takes place with horizontal segregation of type
I in compartment A, so that there is only B → A flux; ζ = 1,
ξ = 0 means the clustering mode with horizontal segregation
of type I in compartment B, so that there is only A → B flux.

For the fluxes in Eq. (2), we adopt Hou’s model [17], in
which the barrier height has been taken into account. As a
result, the model can be written as follows:

1

KLA

dNLA

dt
= − N2

LA

VL(χA)
e−aLN2

LA/V 2
L (χA)ζ

+ N2
LB

VL(XB)
e−aLN2

LB/V 2
L (XB )ξ, (3)

1

KSA

dNSA

dt
= − N2

SA

VS(χA)
e−aSN2

SA/V 2
S (χA)ζ

+ N2
SB

VS(XB)
e−aSN2

SB/V 2
S (XB )ξ, (4)

where NSi , NLi are numbers of small and large spheres in
compartment i (i = A,B), which satisfy NSA + NSB = Ns ,
and NLA + NLB = NL; KSi and KLi are constant parameters
reflecting the material property of small or large spheres in
compartment i; VS(χi) and VL(χi) are estimations of small and
large sphere velocities in compartment i, given by VS(χi) =
V0/p(χi), VL(χi) = V0/q(χi). Here V0 is the shaking velocity
V0 = 2πaf , with a the amplitude and f the frequency of
the vibration. The two functions p(χi) and q(χi) are adopted
as p(χi) = 1 − 0.5 exp(−χi/χ0), and q(χi) = 1 + (χi/χ0)2,
with the sphere number ratios χ0 = NS/NL, χi = NSi/NLi .
The quantity as is expressed as aS = ghπd4

S (1 − e2)2/�2,
where g is the gravity acceleration, h is the barrier height, ds is
the diameter of small sphere, e is the restitution coefficient of
the spheres and is set to e = 0.83, and � is the bottom area of
the compartment. Similarly, aL is defined as aL = ghπd4

L(1 −
e2)2/�2. This simulation uses (NS,NL,dS,dL,�,g,h,a,f ) =
(200, 20, 0.005, 0.0025, 0.00054, 9.8, 0.03, 0.0021, 16.5),
which take the same values as in the experiment (MKS units).
The constants KLA = KSA = 0.0035.

The evolution of ζ and ξ is defined as follows. Initially we
set ζ = ξ = 1, which corresponds to the granular clock mode.
When most spheres gather in compartment A (in the simulation
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FIG. 4. (Color online) Time series of small and large sphere
proportions in one compartment derived from theoretical simula-
tion. The switch probabilities per unit time are Pc = 10−2s−1 and
Pr = 5 × 10−5s−1.

the criterion is set as NLA/NL > 0.7 and NSA/NS > 0.7), ζ

is switched from 1 to 0 with a small switch probability per
unit time Pc, which means that horizontal segregation of type
I occurs in the compartment A and the system transits into the
clustering mode. The parameter Pc thus determines the number
of periods of the granular clock between two clustering modes.
Then ζ is switched back from 0 to 1 with switch probability

per unit time Pr , which means that the horizontal segregation
is broken and the system returns to the granular clock mode.
The parameter Pr thus determines the lifetime of the clustering
mode. Likewise, if NLA/NL < 0.3 and NSA/NS < 0.3 (most
spheres have left compartment A), ξ is switched from 1 to 0
with switch probability per unit time Pc (horizontal segregation
of type I occurs in compartment B). Then ξ is switched
back from 0 to 1 with switch probability per unit time Pr .
In simulation, the switch probability per unit time Pc (Pr )
determines the switch probability pc(pr ) by pc = Pc × δt

(pr = Pr × δt), where δt is the time step of simulation, and
pc (pr ) is the switch probability in one time step.

Figure 4 shows a typical time series of sphere proportions
in one compartment derived from theoretical simulation. One
can see that the model can successfully reproduce the stop and
restart of the granular clock.

Conclusion. In summary, this paper studies a vertically
vibrated bidisperse granular mixture in a wide compart-
mentalized container. Within a certain range of vibration
acceleration, a granular clock could stop and restart. The
dependence of the stop-restart granular clock phenomenon on
experiment parameters is presented with the phase diagrams.
A generalized flux model is introduced to reproduce the
phenomenon.
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