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ARTICLE INFO ABSTRACT
Keywords: This paper evaluates simple but general links between the operating dynamic motional phases
Granular energy dissipation and the non-linear energy dissipation characteristics of granular dampers. The Discrete Element

Particle damper
Particle motion
Granular motion phase
Particle fluidisation
Bouncing bed

Method is used to simulate a typical granular medium consisting of spherical particles in a cy-
lindrical enclosure subjected to harmonic vibrations aligned both parallel and perpendicular with
gravity. A set of equivalent experiments is conducted to verify the numerical model. A wide range
of excitation frequency and amplitude are considered, to obtain many different motional phases,
along with particle size and volume fill ratio. Granular motional phase maps are produced over
amplitude-frequency plane that defines where the various motion phases are present providing
rich information for the effectiveness of granular dampers. Findings show that high granular
damping effectiveness is found in two distinct zones: where collective collisions with the enclo-
sure are optimised and where fluidisation without convection is maximised. The most significant
factors affecting these high effectiveness zones are identified and can be used to provide guidance
for those seeking to design granular dampers to reduce vibrations in structures.

1. Introduction

Granular damping is a particulate-based method for removing vibrational energy from mechanical systems. A granular damper
typically consists of many relatively small spherical particles enclosed within a container. Kinetic energy is transmitted to the particles
from the enclosure boundaries by collisional momentum exchange. As the energy flows to the particles, continuously changing par-
ticle-particle and particle-enclosure interactions result in energy being released from the system via inelastic impacts and interface
friction.

Granular dampers are inexpensive and easy to retro-fit to a structure [1]. They are highly effective in reducing noise and vibration
[2,3] and can maintain effectiveness under severe conditions, where most traditional damping techniques fail [4,5]. As a result, they
are receiving increasing attention from researchers and have been successfully implemented in various engineering applications that
include the automotive [3,5,6], electronic [7], aerospace [1,8,9], turbomachinery [4,10], and construction [11] sectors. However, the
design of a granular damper is not an easy task [12] since they exhibit a high level of non-linearity that depends particularly on the
vibration amplitude and is significantly affected by many parameters including cavity shape, fill ratio and particle properties [13-16].
Over the last two decades, there have been many studies that report the effects of these parameters on the damper performance, but
because they focus on slightly different applications and configurations, findings appear inconsistent and sometimes contradictory. In
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Table 1
Some principle motional phases identified in literature.

Phase name Main characteristics Vibration condition Orientation relative to gravity
No 90° 0°
gravity

solid-like insignificant particle motion relative to the walls very low amplitude - [21] [26]

fluidised, activated particles move relative to each other, but average relative positions are medium amplitude - [18,23] [24,27]

maintained

Leidenfrost a small number of highly energised particles support a dense particle high amplitude, high - - [20,26]

cloud that appears to float without contacting the end-walls frequency

convection particle mean positions move in patterns like those seen in fluid high amplitude, high - [18,28] [19,29]

convection frequency

gas-like particle positions and movements resemble random motion in a gas very high amplitude [22,30] [18] [20]

and frequency

bouncing bed, collect-  all particles move together as a packed unit, alternately impacting the high amplitude, low [22,30] [23] [24,25]

and-collide end-walls frequency

fact, the only rule that receives widespread acceptance is that the maximum achievable energy dissipation is directly related to the
mass of particles present.

A number of studies have noted that the collective motional behaviour of the granular medium within the damper enclosure
(usually referred to as the phase, state or mode) plays an important role in dissipating the vibrational energy of the system [17,18]. As
summarised in Table 1, early work in this field identified different motional phases depending on the frequency and amplitude of
excitation [18-21] and noted that the presence and direction of gravity plays an important role in the number and type of motional
phases that occur [20,22,23]. Recognising that particle interactions (and therefore the resulting energy dissipation) are defined by the
motional phase, more recent investigations have focused on identifying relationships between granular damping efficiency and
motional behaviour to enable more efficient granular dampers to be designed [24,25].

Despite increasing interest, understanding relating to the damping effectiveness of different motional phases remains fragmented at
present. The identification and naming of motional phases are inconsistent as are the measures used to quantify the effectiveness of the
damping achieved. Additionally, findings often relate only to limited ranges of excitation as the focus of the research is guided by the
need to address a particular application. However, from the literature, two motional phases are often identified as being interesting for
granular damping. One of these is usually referred to as the “bouncing bed” and involves all the particles moving together as a packed
unit, alternately impacting the end-walls of the cavity [22,30-32]. The other is loosely referred to as “fluidisation” and involves
enough decompaction to allow sliding between particles without achieving fluid-like convectional motion [18,33,34]. Several other
motional phases are consistently identified by different research teams and some of these are also thought to be effective zones for
granular damper applications [19,24,25].

The aim of this work is to show how the phase map of a granular damper is directly related to its effectiveness in dissipating
vibrational energy. This understanding is of great value when designing a granular damper as it provides context for any results
generated, indicates the potential for improvement and enables estimation of sensitivity to changes in excitation. A clear under-
standing of the phase map for a particular damper therefore allows the designer to select parameter combinations that yield optimum
performance in the expected operating conditions. This paper identifies the fundamental features of phase maps, making them easier to
construct and therefore significantly reduces the effort required to design a granular damper.

2. Methodology
2.1. Approach

Phase maps were generated using three-dimensional numerical damper models subjected to sinusoidal vibration over a broad range
of frequencies and vibration amplitudes. Motional phases were identified visually, based on particle movement at each excitation
condition. A normalised measure of the corresponding energy dissipation was used to allow consistent comparisons to be made for
differencing excitation conditions. The sensitivity of the results to the particle size, volume fill ratio and orientation with respect to
gravity were also considered. Sensitivity to particle material properties or contact friction was not examined as their effects have been
explained elsewhere [16,35] and are easier to account for.

Maps of motional phase in the frequency-amplitude space were compared visually with contour plots of normalised energy
dissipation to demonstrate the link between them. More detailed investigations were also carried out to find the parameters that
control the location of different phases, to simplify phase map estimation.

The study was conducted using simulations involving the Discrete Element Method (DEM) rather than physical experiments as this
allowed greater control of the excitation conditions and specimen parameters while providing full-field detailed measurements.
Extensive comparisons with experimental results were conducted but are not shown here as the DEM approach has been shown to be
appropriate for granular damper studies by several other authors [16,36-38]. However, a limited validation study is presented to
demonstrate the reliability of the results for the parameter ranges that were considered.
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Fig. 2. DEM damper model for vertical and horizontal gravity-to-vibration orientations.

Table 2
The DEM simulation properties.

Cylindrical enclosure

Spherical particles

Young’s modulus 3.3 GPa Young’s modulus 3.3 GPa
Poisson’s ratio 0.37 Poisson’s ratio 0.37
Diameter 0.040 m Density 1190 kg/m®
Heights 0.040, 0.045, 0.050, 0.055 m Nominal total mass 0.0279 kg
Volume fill ratios 0.466, 0.415, 0.373, 0.339 Diameters 3,4,5,6 mm

Contact and loading parameters

Particle-enclosure friction coefficient 0.52
Particle-particle friction coefficient 0.52
Particle-enclosure restitution coefficient 0.86
Particle-particle restitution coefficient 0.86

Number of particles 1659, 700, 358, 207

Dimensionless accelerations investigated
Frequencies investigated in Hz
Displacement amplitude range investigated

1,1.5,2,3,4,5,6, 7, 8, 10, 12, 15, 20, 30, 40, 50, 60, 80, 100
20, 40, 80, 125, 160, 200, 320, 625, 1024
0.02 mm-62.12 mm

2.2. Numerical modelling method

DEM is a numerical approach that enables modelling of the motion and interaction of large collections of discrete bodies (particles)
and boundaries (enclosure walls). It explicitly calculates the displacements and rotations of every particle at discrete time points using
a step size that is sufficiently small to maintain accuracy. All computed time steps constitute the full-time simulation history.

The principles of DEM were introduced by Cundall and Strack [39] and it has been successfully used in a number of research fields
such as granular flow analysis, powder and rock mechanics, and crowd dynamics [40-42]. DEM has been found useful in granular
damping investigations as it allows the user to control and observe both the contact conditions at particle level and the effects of these
contacts on the overall energy dissipation [23,36-38]. Since the use of DEM is now mature, the authors limit their discussion on the
theory of DEM. The detailed theoretical understanding of DEM can be found elsewhere [43,44].

In the DEM simulations carried out in this study, the deformation of each spherical particle was assumed small with respect to its
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diameter. This means that particles are considered perfectly spherical when defining particle properties used in the equations of
motion and identifying contact with other particles or the walls. At each contact point, the local elastic force-deformation behaviour
was modelled employing the non-linear Hertz contact theory along the normal direction of contact whilst it was represented by the
non-linear Mindlin-Deresiewicz approach in the tangential direction including Coulomb friction limitation force [41,42,45-48]. In a
granular medium, contacts occur inelastically resulting in energy dissipation from collisions apart from inter-particle sliding friction.
The level of inelasticity in a collision is most commonly expressed using the coefficient of restitution which can vary according to the
material and the collision velocity [49-51]. In order to represent this dissipation Tsuji et al. proposed a non-linear approach [52] and
found it to be consistent with experimental results [53-55]. A simple demonstration of the contact modelling approach between two
particles is shown in Fig. 1.

2.3. Numerical granular damper model

The simulations carried out for this study used the commercial software, Altair EDEM [56], which is based on a three-dimensional
DEM algorithm. Spherical particles were generated within a closed cylindrical enclosure as depicted in Fig. 2. Note that the results of
this study are specific to enclosures whose side walls are perpendicular to the end walls.

The material properties of the particles and the enclosure used in this study are shown in Table 2 and were based on a typical acrylic
polymer. Although many granular dampers use much harder particles (for example, steel or glass) the choice of a hard polymer was
considered appropriate because the aim of this study was to compare the damping effectiveness of different motional phases rather
than match a particular set of results or evaluate the material. Also, it has been shown extensively in literature that while material
properties may affect the precise damping levels achieved, they do not change the overall trends in behaviour [35]. A practical
advantage of using the properties of a polymer was that it increased the critical time step for the calculation (affected by the ratio of
particle density to particle modulus) thereby significantly reducing the computational cost [57].

To assess the effect of particle size, four different spherical particle diameters were used in the simulations. To provide consistent
analyses, the total mass of particles was kept constant for each damper configuration and so the number of particles reduced as their
diameter increased. The enclosure dimensions were selected to display the main motional phases reported in literature. However, it
should be noted that the findings of this study are valid regardless of enclosure dimensions as the motional phases are affected by the
volume fill ratio of particles within the enclosure. Four different enclosure heights were used to investigate the effect of the volume fill
ratio, which was specified as:

V= Nparliclc Vparliclc/vcnclmurc (1)

where Nparicle is the total number of particles, Vparticle is the volume of a particle and Vepclosure is the enclosure volume. The full set of
parameters used in this study is presented in Table 2.

Once the particles were initialised within the enclosure cavity in a random manner, a pre-simulation step was run for each con-
dition considered. This lasted for 0.2 s and allowed particles to settle under the influence of gravitational acceleration. The simulation
then involved prescribing the motion of the enclosure according to the function:

x = Xsin(wt) (2)

Where X, t, and w are the displacement amplitude, time and the vibration frequency (in rad/s), respectively. The vibration amplitude
was specified in the form on the non-dimensional acceleration amplitude, described as:

I = Xo’/g ®)

where g is the gravitational acceleration. For every condition considered, simulations were run at each frequency and each amplitude,
as defined in Table 2. Note that the excitation ranges were consistent with literature [58,59]. Since the gravity-to-vibration directional
orientation affects the occurrence of particular granular motional phases, the axial vibration was applied to the enclosure with the
enclosure having two different orientation cases as illustrated in Fig. 2. It should be noted that only translational motion of damper
enclosure is considered for both cases and, therefore, the findings of this paper are specific to the translational vibrations of granular
dampers.

2.4. Granular energy dissipation calculation

Since DEM is time discretised, the total energy dissipated over a period of time can be obtained by summing the dissipation over
every time increment considered. In this study, other sources of energy dissipation, such as viscous damping from the air, were
assumed negligible. Thus, the dissipated energy over each time increment was computed using the dissipative contact forces.

Nparticte Neontact,i
AEdissipalcd = E E / {
Tecontact,ij

=1 =1

nd n
L

td !
+|Fy vy

}dz “

where F{}d is the normal dissipative contact force and F{jd is the tangential dissipative contact force acting on particle i from its con-
tacting body j; v is the normal relative velocity and ij is the tangential relative velocity between the related contacting bodies. Here,
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Fig. 3. The experimental testing setup: (a) damper model and (b) schematic representation of test rig and used equipments.

Neontact,i is the total number of contacts experienced by particle i; Teonact,ij is the contact duration of particle i with other contacting
body j. It should be noted that the integration over the contact duration in Equation is performed as a sum-operation over small,
discretised time steps.
Each simulation was run for 8 complete loading cycles and the last 5 periods were used to compute the dissipated energy so as to
obtain steady-state dissipative behaviour. Checks showed that by ignoring the first 3 cycles, most transient effects could be eliminated.
Although energy is dissipated at every individual contact interaction, an average value was used to allow comparisons to be made
more conveniently. One such measure that has been used elsewhere is the average dissipated power, which is calculated as:

Pdissipalcd = {Edissipalcd (t + Tca]culalion) - Edi.ssipalcd (t) }/Tcalculmion (5)

where Tcalcylation and Egissipated(t) are the dissipated energy calculation period and the total cumulative dissipated energy at the
simulation time t, respectively.

Over the frequency and amplitude ranges considered, the power dissipation can vary by many orders of magnitude even for a linear
damper, making comparisons difficult to visualise. Therefore, rather than using dissipated power itself, comparisons were made here
using a granular damping efficiency parameter [22,30] defined as:

max

€Ogrnutar = 27Paissipated/ OB iggipatea (6)

where the maximum dissipated energy that can be achieved by a granular damper in a vibration cycle is defined with the equation
given below:

Nparticle
~max

Eissipated = 4(rg/w)’ Z m; @)

i=1

where m; is the mass of a particle. It should be noted that slightly different expressions for the maximum dissipated energy can be found
elsewhere in literature [60,61]. However, as all the expressions only differ in terms of a constant scaling factor, the selected expression
was considered sufficient for the comparative study.

3. Experimental validation of the DEM model

To demonstrate the appropriateness of the simulation, a set of equivalent physical experiments was carried out. A physical damper
shown in Fig. 3a, with material properties and dimensions matching those used in the simulations, was filled with 358 particles, each
with a diameter of 5 mm and a mean surface roughness of approximately 0.16 um. Testing involved measuring the power dissipated by
the damper as it was vibrated at a set of frequency and amplitude values [62]. The equipment and approach used here was the same as
reported in previous work [16]. A simple schematic representation of the test rig can be found in Fig. 3b.

As shown in Fig. 3, the damper enclosure was mounted on an electrodynamic shaker. A force transducer was attached between the
enclosure and the shaker to measure the force exerted on the damper as it underwent vibrational excitation. The resulting motion was
measured using an accelerometer that was bonded to the bottom surface of the enclosure. Because tests were run at relatively high
amplitudes for significant periods of time, a forced-air cooler was used to exhaust warm air from the shaker. While this prevented
damage to the shaker, it is acknowledged that this was a potential source of high-frequency noise.

The excitation functions were generated via the personal computer (PC) and sent to the shaker via the digital-analogue converter in
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the oscilloscope and the power amplifier. Analogue data from the accelerometer and the force transducer were conditioned and
digitised (using a sampling frequency of 40 kHz) with the signal conditioner and the input channels of the oscilloscope, respectively.
When the system was running and the damper had reached a steady-state condition, the captured electrical signals were converted to
acceleration and force, using the associated transducer sensitivities, and stored on PC for further processing.

The experimental dissipated power in this testing setup is computed as [16,62]:

N—-1

(Pdi»‘SiPa“‘-d)experimemal = Z‘Fk [IVilcos(gr, — @v,) /2 ®

k=1

where Fy and Vy are respectively the complex force and velocity at the frequency point k; ggx and @y are the phase angles of complex
force and velocity, respectively; and N is the total number of discrete frequency data points. Note that the frequency domain force and
velocity can be obtained by applying the discrete Fourier transform for the measured force and acceleration signals. It should be also
noted that the damping efficiency is obtained by writing the experimental dissipated power into Equation.

The resulting energy dissipation efficiencies are presented in Fig. 4. The two peaks in the 40 Hz data (Fig. 4b) represent the op-
timum conditions for two most important dynamic motional behaviours for energy dissipation, namely fluidisation and the bouncing
bed. In the 20 Hz data shown in Fig. 4a, these two peaks coalesce somewhat. This result shows that the DEM simulations can accurately
capture the most important granular dissipation behaviours. Experimental results were obtained for all the frequencies shown in
Table 2 but are not presented here as they exhibited a similar level of correlation with the DEM results. However, for interested readers,
experimental data relating to these tests can be obtained online [63].

4. Damping efficiency and observed motional phase maps

Results presented in the previous section show that the DEM simulations used in this work yield reliable results. This section
presents results from simulations as they provide greater insight into particle motion and energy dissipation mechanisms than the
associated experimental results would.

Fig. 5 shows the contour plots for granular damping efficiency as it varies with both frequency and amplitude. Only a few contour
lines were used here to highlight the zones of low and high energy dissipation efficiency.
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While there are minor differences between the damping efficiency maps for the two orientation cases, they have the same form.
Both plots explicitly show two distinct areas of high energy dissipation effectiveness, noticeable as ridges (indicated by double-ended
arrows) in the contour plots. One ridge runs diagonally from about I' = 6 at 20 Hz to I" = 100 at 90 Hz. The second ridge runs across the
whole frequency range when the amplitude is around I' = 3.

In this study, the granular motional phases were determined by visual observation of the particle movements from the recorded
simulation animations and the individual particle velocity vectors from stored simulation histories for each excitation condition. The
observed motional phase maps are presented in Fig. 6 using the same set of simulations as were used to create Fig. 5. Where possible,
motional phase names and descriptions were kept consistent with those already used in literature. As transition between some phases
was gradual rather than sudden, the phase name assigned for a particular excitation data point was selected from the type of dynamic
motion that appeared to dominate. Note that some of the observed phases can be viewed as animations in Appendix A: Supplementary
data.

Comparison of Figs. 5 and 6 shows immediately that the different damping efficiency zones relate directly to the different motional
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phases. While the figures presented here are for one particular set of parameters, the results for all other volume fill ratios and particle
sizes show similar damping efficiency and motional phase map relationships. Therefore, rather than present many similar-looking
contour plots and phase maps, a discussion of the effects of these parameter changes for each particular motion type is presented.

As can be realised by comparing Figs. 5 and 6, the identified diagonal high energy dissipation effectiveness ridge is observed in the
bouncing bed phase for both orientation cases. On the other hand, the frequency-independent high energy dissipation effectiveness
ridge is seen in the global fluidisation for the vertical case and in the partial fluidisation for the horizontal case. The factors that affect
the occurrences of these two ridges are different from each other.

4.1. Energy dissipation: the bouncing bed phase

The motional phase that has probably been the most extensively studied is the bouncing bed which is also sometimes referred to in
literature as “two-sided bouncing bed” and “collect-and-collide” [22,23,30]. Fig. 6 shows that in the simulations carried out in this
work, it is observed in regions of low frequency and high amplitude for both excitation orientation cases. Fig. 5 shows that this phase is
the cause of the diagonal ridge defining a zone of high energy dissipation efficiency. In fact, this phase is often considered to be the
optimal operating zone for granular dampers.

The bouncing bed phase involves the particles moving together in a closely packed arrangement and colliding alternately with each
end of the enclosure. These collective collisions are synchronous: they occur twice per cycle at the time when the enclosure changes
direction, as illustrated in Fig. 7 (see also Appendix A. Supplementary data).

Each collective collision has a relatively short duration, compared with the periodic motion of the enclosure, and involves a large
transfer of momentum between the enclosure and the particles. These conditions instigate high contact forces and significant relative
motion between the particles during the collective collision events resulting in high levels of energy dissipation. Between the collective
collisions, the particles remain as a compact “bed” with negligible relative motion amongst the individual particles.

Previous studies into the energy dissipation effectiveness of the bouncing bed phase examined performance over a range of am-
plitudes [23,30,64]. They found that highest levels of effectiveness occurred at the onset of this phase: the lowest amplitudes that this
phase exists for a particular frequency. It should be noted this is the optimum condition of collective collision for granular dampers. If
the vibration amplitude is increased further, the resulting rise in dissipated power is less than the rise in input power which causes a
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Table 3
The optimum vibration amplitudes and estimations for diameter of 3 mm.
Volume filling ratio Approach
20 Hz 40 Hz 80 Hz

0.466 DEM-vertical 5.7 20.8 83.8
DEM-horizontal 6.8 21.5 83.4
LP 3.1 12.5 49.9
CP 5.6 22.3 89.0

0.415 DEM-vertical 8.4 30.6 >100
DEM-horizontal 8.8 30.7 >100
LP 5.7 22.7 90.9
CP 8.1 32.5 130

0.373 DEM-vertical 10.9 50.1 >100
DEM-horizontal 12.4 50.5 >100
LP 8.2 33.0 132
CP 10.7 42.8 171

0.339 DEM-vertical 13.8 52.2 >100
DEM-horizontal 15.6 61.6 >100
Lp 10.8 43.2 173
CP 13.3 53.0 212

decrease in the damper effectiveness.

The damping efficiency results from the simulation at 20 Hz and 40 Hz are shown in Fig. 8. As it can be seen comparing Figs. 6 and
8, the largest peaks occur around the bouncing bed onset amplitude and are independent from gravity-to-vibration orientation. Once
the maximised efficiency is achieved, the damping efficiency decreases with increasing vibration amplitude. Nevertheless, the rate of
this decrease is not as large as the increasing rate just before the peak as shown in Fig. 8 and demonstrated by others [30].

To predict the amplitude, at which the granular damper exhibits most efficient energy dissipation, Sack et al. estimated the col-
lective collision time between the granular medium and the enclosure [22] and used it to develop the following relationship:

Iﬁoplimum = wzh/g” (9)

Here, h is the clearance inside the damper as shown in Fig. 9 for the vertical case. They demonstrated the usefulness of this approach
for a non-gravitational environment with frictionless particles and low frequencies up to 5 Hz. Meyer and Seifried considered this
relationship for a wider range of frequency in a gravitational environment and also introduced the relative clearance definition to
achieve a practical measure of the clearance [23]:

h/L =1- Npanicle/ (anrlicle) (10)

max

where L and (Nparticle)max Tepresent the enclosure height and the maximum number of particles that can be fitted into the enclosure,
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Fig. 11. Vertical fluidisation-based phases.

respectively. However, since the achievable maximum particle number can vary depending on particle packing arrangement and
particle size, there were relatively large deviations between the measured and the estimated optimum amplitudes in their study.

When a cavity is filled under gravity but without any external vibration, the most probable arrangement is random loose packing, as
illustrated in Fig. 9. However, during collective collisions in the bouncing bed phase, it was observed that the medium is compressed
significantly, and particles move closer together, as indicated in Fig. 9. A more realistic estimation of the clearance requires this to be
accounted for by replacing h with hegfective in Eq. (9). The effective clearance is given by,

he_[/’eczive/L =1- U/Umax (1 1)

where v« is the maximum achievable volume fill ratio in an enclosure which is nominally 0.64 for a random close packing of
spherical particles, and can change depending on vibration amplitude and friction [65]. The maximum volume fill ratio has ranged
between 0.53 and 0.58 (depending on particle size) in Meyer and Seifried’s study [23]. This shows that their approximations were
mostly based on random loose packing assumption in the enclosure, i.e., vmax ~ 0.55 in Equation.

The close packing (CP) and loose packing (LP) estimations are illustrated for one typical case with the DEM simulation mea-
surements with different particle sizes in Fig. 10. It shows that the CP estimation provides more accurate prediction for the peak in the
bouncing bed phase. There is relatively little effect of particle size, the observed differences may relate to variability in packing
particularly for the larger particles.

The estimation methods are compared with the DEM simulation measurements for all the volume fill ratios and three different
frequencies in Table 3. Since the bouncing bed phase is observed at larger amplitudes for higher frequencies and the simulated
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Fig. 12. Granular damping efficiency in vertical global fluidisation phase with varying particle size: (a) v = 0.466, (b) v = 0.415, (c) v = 0.373 and
(d) v = 0.339.

amplitude resolution is lower at larger amplitudes, the uncertainty causes larger interpolation errors at higher frequencies in Table 3. It
can be predicted from the Equation and seen in Table 3 that the optimum amplitude increases with frequency and clearance. It is
apparent from Fig. 10 and Table 3 that the CP estimation provides more accurate estimations, while the LP significantly underestimates
the optimum amplitude since it calculates the clearance lower than its actual value. Small differences between the CP estimate and the
DEM results can be attributed to variations in the actual maximum packing fraction (assumed to be 0.64) and uncertainty in the peak
values from the DEM results, which were obtained via logarithmic interpolation from the frequencies that simulations were run at.

4.2. Energy dissipation: fluidisation and convection based phases

The first motional behaviour seen in the vertical case is the solid-like phase — identified by green stars in Fig. 6a. This phase was
observed when exciting the enclosure at I' = 1 and the lowest frequencies (20 Hz and 40 Hz). Here, the particles behave like a solid
mass fixed onto the enclosure base that moves with the same velocity as the enclosure. No noticeable relative motions exist amongst
the particles or relative to the enclosure as the inertial forces generated from the excitation remain smaller than the restraining forces
from gravity and friction. Energy dissipation from contact interactions is therefore negligible. This can be seen clearly in Fig. 5a. The
solid-like motion does not occur in zero-gravity situations as there is no force to hold the particles together [64]. Although this
behaviour has also been observed in horizontal excitations [21], it was not seen in this study, because simulations were not run at
amplitudes below I' = 1. Granular dampers are usually expected to operate beyond this phase (i.e., only once “activated™) although it
has been shown [66] that useful damping in this motional phase can be achieved using particular configurations of high-loss particles
that maximise strain within the particles.

The term “fluidisation” is used in literature to refer to several different types of granular motion. In this study, the term is used to

11
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Fig. 13. Granular damping efficiency in vertical transition-1 with varying particle size: (a) v = 0.466, (b) v = 0.415, (c) v = 0.373 and (d) v = 0.339.

indicate the conditions where touching particles temporarily lose contact and move relative to each other but, over a full vibration
period, approximately preserve their average positions and existing contacts. Four variations of fluidisation-based motional phase are
identified in Fig. 6 and (by comparison with Fig. 5) can be seen to relate to the zone of high dissipation that occurs at amplitudes below
I' = 5 over the full range of frequencies.

At mid and high frequencies when the acceleration amplitude is also high, the particles become highly energised and exhibit
significant convective motion. In granular systems, “convection” is associated with significant decompaction that allows the particles
to move relative to one another. Additionally, when convection occurs, particles are transported to different locations of the enclosure
and this motion often involves a significant component perpendicular to the excitation direction. Normally, the velocity magnitudes
within the convection zone are small in comparison with those of the enclosure. Under these conditions, contact events are less severe
and as a result, dissipated energy effectiveness is relatively low. In the simulations run in this study, significant convection is noticeable
in three distinct phases: convection in the horizontal case and the Leidenfrost effect and buoyancy convection phases in the vertical
case.

It should be noted that the three mentioned granular motion types (i.e., solid-like, fluidisation and convection) are in an inter-
related gradual transition process depending on vibration amplitude. Therefore, it can be simply said that the granular motional
phases change depending on the developing and disappearing of fluidisation behaviour within the granular medium excluding the
bouncing bed phase. Here, this gradual transition is related with the observed energy dissipation effectiveness of granular dampers.

4.2.1. Vertical motion

In vertical motion, as the vibration intensity is increased, the solid-like phase gives way to the local fluidisation phase introducing
fluidisation behaviour in the granular medium as can be seen in Fig. 6a. In this phase, the block of particles is first accelerated upwards
by the enclosure base due to collective collision. During the vibration cycle, as the deceleration of the enclosure is greater than that of
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gravity, the particles tend to lift relative to it resulting in decompaction and relative motion, particularly near the free surface at the top
where the particles are least restrained. At the end of the cycle, the particles again collide with the enclosure base and the process
repeats. This local fluidisation behaviour in the uppermost particle layers is illustrated in Fig. 11. Since the momentum exchange is
essential for a granular damper to dissipate vibrational energy, the local fluidisation can be regarded as the first phase in which energy
dissipation occurs in the vertical case.

As the vibration intensity increases further, fluidisation behaviour spreads from the uppermost particle layers downwards through
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the whole body of particles, leading to increased energy dissipation. This condition is referred to as the global fluidisation and is
illustrated in Fig. 11 (see also Appendix A. Supplementary data). The global fluidisation provides effective granular damping over a
wide frequency range for relatively small vibration amplitudes — see Fig. 12. Close inspection of Fig. 6a shows that the lower boundary
for the global fluidisation drops somewhat as the frequency increases demonstrating that this effective damping can be achieved at
lower acceleration amplitudes for high frequency vibrations. As the vibration amplitude increases while operating in the global flu-
idisation, convective motion starts gradually initiating within the granular medium which causes reductions in energy dissipation
effectiveness.

The sensitivity of damping effectiveness in this phase to particle diameter and volume fill ratio is presented in Fig. 12. Here, the
green box in the phase map shows the location of the datapoints used to generate the damping efficiency plots. These plots show that
the effectiveness of this phase is not notably affected by particle size or volume fill ratio. The slight rise in the values for all curves
around 200 Hz is due to the proximity of the selected datapoints to the nominal optimum condition where the whole granular medium
is fluidised.

When the vibration amplitude is further increased after the optimum condition in vertical excitation, the occurrence of fluidisation
behaviour reduces, and they are replaced by some convection motions. First, a transitional phase, where particle motion does not
repeat with each oscillation of the enclosure, is observed (see Appendix A. Supplementary data). This transitional phase is identified as
being between the global fluidisation and the Leidenfrost effect as can be seen in Fig. 6a, and it results in only one significant impact
period every-two vibration cycles. There is a second transitional phase occurred just before the bouncing bed motion is appeared, and it
involves a collective collision with the upper wall of the enclosure only once every-two vibration periods. However, as the latter
transition phase only occurred at very few excitation points, it is not considered in this work and will be investigated in a future study.

In the first transition phase, a significant energy dissipation efficiency is evident as shown in Figs. 5a and 13. This may be because
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the ratio of fluidised particle motion to convective motion remained relatively high. It can be said that the energy dissipation effec-
tiveness in this phase is almost insensitive to frequency, particle size and volume fill ratio.

The energy dissipation efficiency in this phase appears to fluctuate more than in other phases as can be seen in Fig. 13. One
explanation is that in this phase, the proportion of convection-based motion is much more sensitive to the excitation frequency. The
other is that in the transition phases, collective collisions (between the body of particles and the enclosure) differ in number and
intensity from one cycle to the next and therefore, the number of cycles used to evaluate the average energy dissipation in this study
was inadequate at some excitation cases for this phase.

In vertical motion, under high frequency and amplitude excitations, convection motion obtains the dominancy in the granular
medium, and as a result, convection-based motional phases occur, and they are referred to as the Leidenfrost effect and the buoyancy
convection. The Leidenfrost phase is the dominant motion type in Fig. 6a over the amplitude range 15 < I" < 80 and the frequencies
above 80 Hz. In this phase, the particles form a loosely packed cloud that is lifted above the enclosure base throughout a vibration
cycle, as shown in Fig. 14 (see also Appendix A. Supplementary data). This cloud, made up of slow-moving particles, remains at a
steady height relative to the enclosure base. Its position is maintained by a relatively small number of fast-moving particles that are
located at its lower surface and have collisions with the enclosure base when it is close to the lowest position. Fig. 14 also shows
vertically oriented motion for the fast-moving particles and those in the cloud around the time that they collide (t =0 and t = T in
Fig. 14). This generates horizontal homogeneity in the granular medium [19].

At higher vibration accelerations, the Leidenfrost phase gives way to the buoyancy convection as seen in Fig. 6a. In this phase, as
shown in Fig. 14, the volume of particle cloud expands, and the top particle layers form a curved shape rather than an approximate flat
surface. The velocity vector directions within the particle cloud are no longer just oriented vertically at the collision times but show
that significant rolling convective motions take place. The cause for this breakdown of horizontal homogeneity in the particle cloud
may be due to the increased velocity of the high-speed particles. As they transfer momentum to the particle cloud, it expands creating
more gaps which increases the likelihood of more oblique impacts, which in turn cause more transverse motion and rolling.

The energy dissipation effectiveness in the Leidenfrost phase (see Fig. 15) is relatively low compared to the fluidisation-based
phases and the mentioned transition phases. Granular damping efficiency also remains low in the buoyancy convection phase. The
likely reason for low dissipation effectiveness is a lack of efficient momentum transfer to the particle cloud, as this only occurs via the
small number of high-speed particles. Although some papers have identified the Leidenfrost effect [19] and the buoyancy convection
[25] as the optimal motional phase in vertical excitation, this current study does not appear to support their conclusions. However, it is
interesting to note that the energy dissipation performance is insensitive to frequency, particle size and volume fill ratio and may
therefore be useful in some design scenarios. Note that the increased dissipation effects near 80 Hz in Fig. 15 are caused by closeness to
the bouncing bed phase, which has high energy dissipation efficiency as mentioned before.
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Fig. 17. Granular damping efficiency in horizontal partial fluidisation phase with varying particle size: (a) v = 0.466, (b) v = 0.415, (c) v = 0.373
and (d) v = 0.339.

4.2.2. Horizontal motion

Fluidisation behaviour is also observed in horizontal excitations but because the gravity and the enclosure motion are perpen-
dicular to each other, there are a few differences in the ways that the particles move. Horizontal fluidised motion can also be separated
into two phases as illustrated in Fig. 16. Although these phases are sometimes also called “local fluidisation” and “global fluidisation™
in literature, they are referred to here as “partial fluidisation” and “fluidisation/convection” to avoid confusion with the vertical case
which have the same names but different motional behaviours. In the horizontal fluidisation-based phases, momentum transmission
occurs at both ends of the enclosure. Gravity causes the collection of particles to rest on the lower wall of the enclosure and creates a
free surface parallel to the principal motion direction. This difference generates some convectional behaviours where the particles
permanently lose their existing contacts by changing their overall positions during a vibration period. Therefore, it can result a lower
energy dissipation effectiveness in the horizontal case than the vertical case at the optimum fluidisation condition - it can be seen in the
small peaks shown in Fig. 8.

In the partial fluidisation phase, convective behaviours occur near the upper free surface while on the lower surface (in contact with
the enclosure) motion is similar to that seen in the solid-like phase. Energy dissipation efficiency is moderately high, as can be realised
from Fig. 5b and Fig. 6b. Sensitivity to the particle size and volume fill ratio is presented in Fig. 17. It can be seen that the granular
damping efficiency generally remains independent of the particle size but increases somewhat towards higher frequencies if the
volume fill ratio is high. This could be related to the higher proportion of fluidisation behaviour at higher frequency excitations in this
phase. As the volume fill ratio grows, the damping efficiency level at lower frequencies decreases and the mentioned difference be-
tween lower and higher frequencies increases.

As the vibration intensity is increased, fluidisation behaviour increases. However, zones of convective behaviour also extend deeper
into the particle collection, hence the use of the term fluidisation/convection to describe this motion. The energy dissipation
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effectiveness is shown in Fig. 18 for varying parameters. As seen with the partial fluidisation, particle size does not affect the energy
dissipation performance in this phase. However, increased clearance reduces the effectiveness. The most likely reason for this is that
greater clearance allows the particles to spread further in a horizontal direction, reducing the depth and therefore making convection
motion more likely in the granular medium. As convective motion is associated with low energy dissipation efficiency, the overall
energy dissipation effectiveness level decreases. As contrary to the investigated partial fluidisation case, slight decreasing in the
effectiveness with increasing frequency was observed in this phase.

Under horizontal motion, some convection occurs in the fluidisation-based phases and the more convection there is, the lower the
damping efficiency. With increased vibration intensity, the convection phase is reached (identifiable in Figs. 5b and 6b for higher
frequencies when I' > 15) where most of the particles undergo convection motion. In this phase, there is significant decompaction, and
fast-moving particles occur at both boundaries of particle cloud as shown in Fig. 19.

Levels of granular damping efficiency were found to be very low — as illustrated in Fig. 20 and slightly decreases along the frequency
axis. Increased clearance slightly reduces the effectiveness, but the particle size does not affect the energy dissipation performance.
Note that the high levels seen at the lowest frequencies are due to being close to a different motional phase.

4.3. General discussion on effectiveness of motional phases

Effective damper design depends on the application, the host structure and external loading conditions. A damper that is highly
effective in reducing the vibrations of one structure will not necessarily be effective when applied to a different structure as success
depends not only on having an adequate mass of particles but on ensuring that they function effectively. Effective functioning of a
damper is defined by the motional phase of the particles when subjected to the operational vibrations. Thus, achieving a suitable
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motional phase is critically important in damper design.
From the findings discussed in this section, the following general design rules can be defined:

L. If the operating frequency range is relatively narrow, the bouncing bed phase will offer the highest damping level over a
relatively large amplitude range. The key design parameter is the effective clearance which can be calculated from Equation.
This is also the only effective phase for zero gravity conditions [22,30].

II. For a wide frequency range at relatively low amplitude, the fluidisation phases (global fluidisation for the vertical case and
partial fluidisation in the horizontal case) will give best performance. The amplitude for optimum performance can be adjusted
by altering the static pressure field for example, by making the particle bed deeper and narrower [15,18,23].

III. If excitation amplitudes are beyond highest-amplitude optimum zone that can be achieved for fluidisation phases, the transition
phase (in the vertical case) and fluidisation/convection (in the horizontal case) can also be employed, although the damping
achieved will be somewhat lower.

5. Conclusions

The aim of this study was to relate the granular motional phase map to energy dissipation effectiveness for a broad range of
conditions. This was achieved using a DEM model validated by experimental work. A clear link between the phase map and energy
dissipation has been shown and explanations provided of how the different motional phases cause energy dissipation.

The work has shown that there are two distinct mechanisms that control the performance of granular dampers: collective collision
and fluidisation. Optimal performance can be achieved for each mechanism, but they are affected by different factors. Some of the
apparent contradictions in the literature can be explained by referring to the dominant mechanism involved in that particular piece of
work.

The most effective collective collision regime involves two collisions per cycle that occur at alternate ends of the enclosure (the
“bouncing bed” phase). This phase provides the highest energy dissipation efficiency, but the optimum conditions occur over a narrow
range, which appears as a diagonal ridge on a frequency-amplitude map. This work has shown that the location of this optimum
condition can be accurately estimated by determining the effective clearance in the damper and relating this to the operating
amplitude and frequency because of the link between flight time of the particle group and the motion of the casing. It was shown that
random close packing within the particle group gave the best estimate of effective clearance — an important finding because the
optimum zone in this phase is relatively narrow.

While the existence of the solid—fluid-convection process exhibited by a granular medium is well known, this paper has shown that
it is independent of collective collision regime, so that it can be optimised separately. Behaviour is affected primarily by the level of
activation (relative level of dynamic and static forces) and the optimum dissipation effectiveness occurs when the majority of particles
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Fig. 20. Granular damping efficiency in horizontal convection phase with varying particle size: (a) v = 0.466, (b) v = 0.415, (c) v = 0.373 and (d) v
= 0.339.

are fluidised but have not yet started to convect. Optimum conditions were found to be relatively insensitive to frequency, they are
identifiable as a broad ridge on the amplitude-frequency map at normalised acceleration of around I' = 3. This work suggests that
optimised fluidisation-based phases can be used for low-amplitude, frequency-independent granular damper designs.

Away from optimal collective collision or fluidisation, the granular energy dissipation effectiveness reduces. Particle size was not
found to affect dissipation behaviour significantly. The enclosure length affects the collective collision mode only in terms of the
clearance distance, and the fluidisation behaviour in terms of the particle bed depth and hence level of activation.

The significance of the work presented in this paper is that it simplifies the design process of granular dampers. The designer is
presented with the choice either to optimise collective collision (if the expected amplitude and frequency are well-defined) or to
optimise fluidisation (for performance over a broad frequency range). The phase map can then be used to assess the benefits of po-
tential changes without the need for further numerical or experimental sensitivity studies, greatly reducing the effort expended.
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