
Both regimes correspond to different dissipation 
mechanisms:

➡ For the collect-and-collide regime, we explain the 
dependence on frequency and amplitude of the 
excitation by means of an effective one-particle 
model:

➡ In the gas regime the dissipation is proportional to 
the volume swept by the side walls:

With the transition between the two regimes given by 
the threshold amplitude:

where Lg is the free length (gap size) in the container.
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Simulation vs experiment

Energy loss

A granular dampening device utilizes inelastic collisions between particles to dissipate energy. 
These devices are easy to construct and require no maintenance. 

To get a better understanding of how to optimize granular dampeners, an experiment (1) was 
set up using an inverted pendulum and a box filled with granulate attached to its top. In the 
microgravity phase of a parabolic flight the pendulum is set in motion. The box is recorded with 
a high speed camera and data is extracted using image processing techniques. The 
experimental data is then compared against event-driven granular-dynamics simulations (2).

In the event-driven simulations, hard spheres and a harmonically oscillating box are used to 
model the experimental system. The frequency of the box oscillations and the inelasticities are 
unknown and are obtained by fitting to the smallest box size studied (50x50x40mm). Predictions 
can then be made for the behavior of the larger box sizes and further measurements, which are 
inaccessible experimentally, are taken. 

• Thanks to the rest of the parabolic flight crew: 
M.Heckel, P.Müller, A.Sack & C.Krülle
• More dampening data was recorded using a 
newly developed device (3)  

(1) M.N. Bannerman, R. Sargant, L. Lue, "An O(N) general event-
driven simulator: DYNAMO," J. Comp. Phys., (2009)
(2)  M.N. Bannerman, J.E.Kollmer, A.Sack, et al. “Movers and 
Shakers: Granular Damping in Microgravity”, submitted (2010)
(3)Achim Sack, 'Displacement sensor using a Hall position 
encoder', Poster (2009)

The following graphs show a comparison between the experimental data (black lines), a 
analytical model in form of a frictionally damped oscillator (blue lines) and MD-
simulations (red lines). The upper half shows the elongation of the pendulum as a 
function of time, the lower half shows the position of the center of mass of the granulate. 
Experiment and simulation show an excellent agreement. 

From the simulation we can calculate the total energy of the system as well as the energy flux. 
The peak amplitude of the box motion is proportional to the square root of the energy of the 
box. Both appear to decay linearly in time.

MD-simulation ExperimentOverview

40mm box length 65mm box length

85mm box length 104mm box length

Phase shift and optimization
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The optimal box length for the system studied is predicted to be Lopt = 311 mm. A simulation 
performed at this optimal box length (see below) displays very high dampening when compared 
to the shorter box lengths (note the change of scale).

High speed camera

Spring steel

Box with granulate

Image 
processing

Continuous 
high speed 

recorder
Adjustable box length

0 2 4
t (s)

-20

-10

0

10

20

30

E
G

ra
n
u
la

te
 x

 1
0

3

End wall energy fluxes, 104mm box 
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104mm phase shift comparison

The dampening of the oscillator is dependent on a phase shift occurring between the motion of 
the oscillator and the granulate contained inside. At an optimal phase shift, the granulate hits 
the wall with the maximum relative velocity and more energy is lost. This graph shows the 
motion of the oscillator compared to the motion of the granulate for simulation (upper graph) 

and from the experiment (lower graph). Again an 
excellent agreement is observed. The granulate 
motion is clearly out of phase, even for the smallest 
box length. To optimize the dampening effect, the 
relative velocity of granulate and box should reach 
a maximum at the time of the first collision. First, 
the centre of mass velocity of the granulate at the 
end of the inward part of the first stroke is assumed 
to be, on average, the maximum plate velocity at 
the centre of the oscillation length. The optimal box 
length for a given initial amplitude and frequency of 
oscillation can then be estimated using

L
opt

= ��0

r
M

M +Nm
+ ⇥

layer
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Nonlinear Dynamics 
of Complex Continua

Simulation results for the box and granulate (a) position, 
and (b) velocity as a function of time for the predicted 
optimal box length of L = 311 mm.

Simulation results for the time t to dissipate a percentage of the 
initial energy, versus the box length L. The vertical dashed line 
indicates the optimal box length as predicted
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Outlook
The predicted optimal damper length needs to be verified experimentally and the influence of 
the container geometry on the particle collision rate has to be investigated. Further research 
on experimental systems is also is required to determine the frequency dependence of 
granular dampers and generalize the current model to these systems. For this a new 
experiment will be conduced in March 2011 as part of ESAʼs 54th Parabolic Flight Campaign.
Concerning applications, the idea is to construct materials containing granulate filled cavities 
as a way to produce self dampening materials. 

Granular Dynamics in a Shaken Container
under Microgravity Conditions
J. E. Kollmer*, A. Sack, M. Heckel, F. Zimber, P. Mueller, M. N. Bannerman and T. Pöschel
*jonathan.kollmer@cbi.uni-erlangen.de

Granular dampers exploit inelastic 
collisions between particles to 
dissipate energy. These devices are 
easy to construct and require no 
maintenance.  
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Granular Dampening Steady Driving Granular Damper on a Relaxing Spring
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The dissipation of energy leads to attenuation of the amplitude A of the container’s

oscillation:

Ediss =
k

2

⇤
A2

�
t+

T

2

⇥
� A2(t)

⌅
, (4)

where the argument t + T/2 takes into account that the energy Ediss is dissipated in

half of the period of oscillation, T = 2⇥/⌅. With the assumption that T/2 is small as

compared to the characteristic relaxation time of the oscillation, we write

Ediss ⇥
k⇥

⌅
A(t)

dA

dt
. (5)

From Eqs. (3) and (5) we obtain an equation for the attenuation of the amplitude, A(t):

�
dA

dt
= �A(t)

⌅me�

2⇥k

⇧
⌅ cos(⌅⇤c)�

⌥
k

M

⌃2

, (6)

with the initial elongation A(t = 0) = A0. The amplitude A enters the rhs via ⇤c since

the argument of the cosine function is the solution of

⌅⇤c = sin(⌅⇤c) + Lg/A . (7)

The factor � was introduced in the lhs of Eq. (6) to compensate for additional losses

of energy due to the inherent damping of the driving spring. For our system, we found

the best agreement between the experiment and the numerical solution of Eq. (6) for

the value � = 0.85. Figure 3 shows the oscillation of the damper found in experiments

together with the numerical solution of Eq. (6) for di�erent values of the clearance, Lg.

The residual amplitude, Ar, corresponds to the transition from the collect-and-

collide mode into the gas regime: A condition for the collect-and-collide regime is that

the incoming particles meet the wall when it moves accelerated towards them [37]. This

is the case for ⌅⇤c < ⇥. Otherwise, the particles cannot be collected but are immediately

scattered back when they (individually) arrive – collect-and-collide is not possible, see

Fig. 2f at t ⇥ 4 sec. From the first order expansion of Eq. (7) around ⌅⇤c = ⇥ we obtain

⌅⇤c =
⇥

2
+

Lg

2A
, (8)

which relates the condition ⌅⇤c < ⇥ to the residual amplitude,

Ar =
Lg

⇥
, (9)

where the collect-and-collide regime ceases. The dotted line in Fig. 3 shows Ar due

to Eq. (9) for our experiments. In all cases, the theoretical value of Ar appears to be

too pessimistic, that is, the model description stays valid beyond the limit given by Eq.

(9).

Single Particle Model
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ẍ

If, at the time of collision, the wall 
accelerates inwards the particle 
will be collected, if the wall 
accelerates outwards the particle 
will be reflected/released. Both 
behaviors are separated by a 
threshold phase:

Particle & wall collide when:

A!tc = A sin(!tc) + Lg

!tc = ⇡

3

FIG. 2: Snapshots from the high-speed video recordings of sample 4 illustrating the two distinct regimes of excitation: collec-
t-and-collide regime at A = 50 mm (left column) and a gas like

!!!!!

gaslike
!

state at A = 2.5 mm (right column). Each column

shows the box at a phase range from 0 (top) to π (bottom).

walls are just sufficient to balance the energy loss according to dissipative particle-particle collisions in the bulk of
the material. Here, the dissipation rate is smaller than in the collect-and-collide regime [31].
Energy Dissipation Rate

!!!!!!!!!

dissipation
!!!!

rate.
!!

—To obtain the energy dissipated by the granulate during one period,
T ≡ 2π/ω, of the sinusoidal driving, x = A sin(ωt), we integrate the product of the measured force , F (t) , and
velocity ,

!!!

and
!!!!!!!

velocity
!

ẋ(t) , over one period of oscillation:

Ediss ≡

∫

T

ẋ(t)F (t) dd
!

t. (1)

The maximum energy that can be dissipated during one cycle in the system is given by :

Emax = 4mA2ω2. (2)

This is the case if all particles collide inelastically with the wall at maximum relative velocity. In the following, Emax

is used for normalization.
We measured the dissipated energy per period for the following ranges of frequency and amplitude: Sample

!!!!!!!

Samples
1 and 4 were shaken at 1Hz, 2Hz,

!

1,
!!!

2,
!!!!

and
!

4Hz
!

,
!

while samples 2 and 3 were shaken from 1Hz
!

1
!

to 5Hz in 1Hz
increments. For each setup, Fig. 3 shows Ediss/Emax versus the amplitude of the oscillation.

FIG. 3: (color online) Normalized dissipated energy per period of external vibration. Symbols: Experimental data. © : 1Hz,
! : 2 Hz; ♦ : 3 Hz, " : 4Hz; # : 5Hz. Lines: Solution of the impact model, valid for A > A0 ([solid – numerical

!!

line,
!!!!!!!!

numerical;

dashed – analytical
!!!

line,
!!!!!!!!

analytical;
!

Eq. (9))]. Dotted lines: Dissipation rate for the gaseous regime ([A < A0, ;
!

see Eq. (3))].

Inset:
!!!

The
!

same data (only gas regime) but normalized to Emax/m ([see Eq. (4))]. The error bars for the gas regime are shown
in the inset. For all other measurements, the errors are about the size of the symbols. The threshold amplitude , A0 , (vertical

lines) obtained from the model ([see Eq. (10)) ] agrees with the experimental data.

Let us first consider the gas-like
!!!!!!

gaslike
!

state observed for small amplitude , A < A0. In this regime, we expect the
dissipated energy to be proportional to the number of particles colliding with the wall. If we assume a monodisperse
system with homogeneous density,

!

this number is determined by the the volume swept by the container’s wall. We
further assume the characteristic velocity of the particles to scale with the velocity of driving , Aω , and the particles
hitting the wall at random phases, due to their disordered motion,

!

and arrive at :

Eg
diss ∝ m

A3ω2

L
=

A

4L
Emax ,. (3)

Note that particle-particle collisions in the bulk of the material contribute only indirectly to Eg
diss!

,
!

since such
collisions do not transfer momentum to the container.
Equation (3) was developed under the assumption of a homogenous density distribution. Thishowever

!

,
!!!!!!!!

however,
may not always hold true. Unlike molecular gases, heated granular gases are not homogeneous,

!

but density increases
in a non-linear

!!!!!!!!

nonlinear way with distance from the driving wall [34] to form regions of enhanced density (clusters)
far away from the wall. Following the arguments of

!!!

Ref.
!

[35]
!

, the number of particle wall collision
!!!!!!!!

collisions
!

depends
only weakly on the total mass of particles in the system. Consequently, for the limit of no dependence on the total
mass we may write

Eg
diss

Emax
∝

A

4Lm
, (4)

shown in the inset of
!!

in Fig. 3a
!!

(a).
For the cases described by Eqs. (3,

!

)
!!!!

and
!

(4), the experimental data shown in Fig. 3 collapse despite the fact that
the data points shown for a certain amplitude correspond to different frequencies of driving. That is, the dissipation
rate is independent of frequency in agreement with the scalings, Eq. (4) for Fig. 3

!

(a) and Eq. (3) for Fig. 3(b).

4

For large amplitudes , A > A0, when the granulate is in the collect-and-collide regime, the experimental data collapse
when scaled with Emax. Moreover, also here the scaled data belonging to the same amplitude are independent of the
frequency. To quantitatively explain the data shown in Fig. 3 and to understand its independence of frequency for
A > A0, we take a closer look at the dynamics of the collect-and-collide regime, where nearly all particles are collected
by the inward stroke and leave the wall collectively at t = 0 with velocity vparticle = Aω. We define tc as the time
when the particles collide with the opposing wall where they will adopt its instantaneous velocity vwall = Aω cos(ωtc).
Note that this corresponds to the motion of a quasi-particle

!!!!!!!!!!!!

quasiparticle interacting perfectly inelastically with the
container walls. For a justification of this model

!

,
!

see [24, 31, 36]. The amount of kinetic energy lost per period
depends on the difference of the velocity of the quasi-particle

!!!!!!!!!!!

quasiparticle
!

and the wall:

Ecc
diss = m(vparticle − vwall)

2 . (5)

Expressed in terms of tc and Emax we obtain :

Ecc
diss =

1

4
[1− cos(ωtc)]

2Emax . (6)

The time tc is implicitly given by the distance the bulk of particles has traveled and the harmonic motion of the
box,

!

:
!

vwalltc = Aωtc = A sin(ωtc) + Lg . (7)

Equation (7) can be solved numerically for ωtc to obtain the dissipated energy per period, Ecc
diss/Emax, via Eq. (6)

(see solid lines in Fig. 3).
Alternatively, we can obtain an approximate value for ωtc by a first order

!!!!!!!!

first-order
!

expansion of Eq. (7) around
ωtc = π:

ωtc ≈
π

2
+

Lg

2A
. (8)

Inserting this solution into Eq. (6)
!

,
!

we find

Ecc
diss

Emax
≈

1

4

[

1− sin

(

Lg

2A

)]2

. (9)

Figure 3 compares the relative dissipated energy per oscillation period as obtained in experiments (symbols) with
the numerical solution of the collect-and-collide model, Eqs. (5,)

!!!!

and
!!

(7), (solid lines) and its approximate analytical
solution, Eq. (9) (dashed lines), resulting in good agreement. Also in agreement with the experimental data, both Eq.
(9) and Eq. (6) with ωtc from Eq. (7) and Eqs. (3,)

!!!!

and
!!

(4) are independent of the frequency , ω, which explains the
collapse of the data for different frequencies. Note that the model, Eqs. (6,

!

)
!!!!

and
!!

(7), and the approximate solution,
Eq. (9), do not contain any adjustable parameters.
Furthermore, this model provides an explanation of the threshold A0 separating the gaseous state from the collect-

and-collide regime: The bulk of particles leaves the wall on its inward stroke at time t = 0 (instant of maximal
velocity). If it arrives at the opposite wall at a time where the wall is accelerating away from it, that is,

!

π < ωtc < 2π,
it will not get collected by the wall but mainly scattered. This scattering inevitably leads to desynchronization of
collective particle motion and the collect-and-collide mode breaks down. The threshold can be obtained from Eq. (8)
with ωtc = π:

A0 =
Lg

π
. (10)

Interestingly, at the edge of stability of the collect-and-collide regime, A = A0, that is, ωtc = π, from Eq. (6) we
obtain maximal efficiency in damping. The threshold amplitude , A0 , obtained from the model agrees well with the
experimental data,

!

; see Fig. 3 (vertical lines).
Conclusion.

!!

—On Earth, the influence of gravity on granular dynamics can only be neglected
!!

be
!!!!!!!!!

neglected
!!!!

only
!

for
intense driving, where A2ω2 # g. To study the response of granular dampers to external excitation isolated from the
disturbing effect of gravity, we investigated the energy dissipation of granular matter in the absence of gravity when
subjected to sinusoidal motion, x(t) = A sin(ωt).
Depending on the amplitude of the vibration, we observe two qualitatively different modes: For small amplitude ,

A < A0 ≈ Lg/π, the granular material behaves gas-like
!!!!!!

gaslike,
!

while for larger amplitudes , A > A0, we observe a

Phys. Rev. Lett. 111, 018001 (2013) 

When the oscillation of a spring is attenuated by means 
of a granular damper, in difference to viscous dampers, 
the amplitude decays nearly linearly in time up to a finite 
value, from there on it decays much slower. 

We consider the relaxation process as a sequence of 
steady states and apply the energy dissipation model 
developed for the system driven at invariant amplitude.
This leads us to an equation for the attenuation of the 
amplitude as a function of time:

Independence of Frequency

space-time-plot of particle 
trajectories. Due to the lack of a 
gravitational timescale the system’s 
behavior is independent of the 
driving frequency.

We identify two different 
modes of granular dynamics, 
depending on the amplitude 
of driving. For intense 
forcing the material is found 
in the collect-and-collide 
regime, while for weak 
forcing, the granular material 
exhibits gas-like behavior.

Space-time-plots a)-e): each sub-figure shows the 
granulate moving in a box sinusoidally driven at constant 
amplitude. f) The granulate moves in a box attached to an 
oscillating spring. Right: setup for the spring experiment.

Phys. Rev. E 84, 011301 (2011)
New Journal of Physics, submitted (2013) 

A0 =
Lg

⇡

Energy Dissipation

A box partially filled by steel spheres is driven along a 
sinusoidal trajectory while recording the power that is 
dissipated by the granulate as a function of amplitude and 
frequency of driving. 
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Amplitude of a relaxing spring with 
an attached granular damper (red) 
or solid mass (green). 

Experimentally measured amplitude of the decaying 
oscillation for various gap sizes Lg (black), threshold 
amplitude A0 (red) and envelope predicted by our model 
(green)
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