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Abstract

Classical particle dampers suffer from their non-robust damping behavior, i.e. they can only be efficiently applied to a spe-
cific frequency range and amplitude range. The reason for that is that particle motion, also called motion mode, and damper
efficiency show a strong correlation. By changing particle or container properties the motion modes are shifted to other
excitation conditions but their efficient range is not much affected. To increase the damping performance and robustness of
particle dampers, two approaches are presented here by introducing new motion modes. Therefore, the particle dampers are
analyzed experimentally using a shaker setup and numerically using the discrete element method. The first design approach
uses inner structures inside the particle damper, manufactured by a 3D printer. The inner structures consist of different
numbers of beams, placed perpendicular to the container moving direction. They lead to a much more robust damper as the
transition between the motion modes gets smoother. For the second approach, the container walls are equipped with different
soft polymers. In this way a new motion mode at low excitation intensities is observed, leading to a high efficiency possibly
on a large excitation intensity range. For an easy calculation of the necessary wall’s Young’s modulus an analytical formula

based on Hertz impact theory is derived.

Keywords Particle damper - Inner structures - Coated container walls - DEM - Design guidelines

1 Introduction

Passive damping techniques are often applied to reduce
structural vibrations. Classical liquid dampers are most
widely used for these applications. These dampers are well
studied and mathematically easy to describe. However, liq-
uid dampers fail under harsh environmental conditions and
do need an anchor point. Hence, especially for applications
where liquid dampers are not suitable, particle dampers are
becoming more and more popular.

Here, containers filled with granular material are
attached to the vibrating structure. Via structural vibrations,
momentum is transferred to the particles causing granular
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interactions. Inelastic normal collisions and frictional losses
lead to energy dissipation, reducing the structural vibra-
tion [24]. On the one hand, particle dampers show various
advantages compared to other damping techniques. Espe-
cially, the ability to withstand harsh environmental condi-
tions [25, 32] and the high durability [11] are major benefits.
Additionally, they are cost-efficient devices and add only
little mass to the primary system, as shown by Johnson [11].
Also, particle dampers lead to broadband damping proper-
ties, see e. g. Schonle [31]. On the other hand, so far no
general design guidelines exist, hindering their wide indus-
trial usage. This is because particle motion, also referred
to as motion mode, and energy dissipation correlate in a
non-trivial way, which is often poorly understood. Identi-
fying these correlations is still part of ongoing research,
seee. g. [15, 21,28, 36, 37].

To obtain a better understanding of the complex
mechanisms inside particle dampers, the discrete ele-
ment method (DEM) is widely applied. The DEM has
been developed by Cundall and Strack [4] for the simula-
tion of granular systems consisting of discs and spheres.
Nowadays, arbitrary particle shapes can be simulated,
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see Lu et al. [13] or Matuttis [16]. However, for reasons
of numerical efficiency spherical particles are still most
commonly used. The particle dynamics are mainly influ-
enced by particle interactions. Therefore, various con-
tact models have been developed. The applied penalty
laws can but do not need to be based on physical laws,
see e. g. Poschel [26].

For monodisperse spherical particle systems, an inten-
sive study about the correlation of particle motion modes
and energy dissipation is presented by the authors in [21]
for a wide excitation frequency range and excitation ampli-
tude range. The motion mode of a particle bed describes
its current state of movement, e. g. the fluidization mode
for fluid-like motion or the bouncing collect-and-collide
state for a movement as one particle block. It is shown how
particle properties, container properties and micro-mechan-
ical contact behavior influence the efficiency of the differ-
ent motion modes. However, the efficient range within the
motion modes concerning excitation frequency and excita-
tion amplitude is limited by the studied influence parameters.

To overcome this problem, in literature various
approaches have been studied. Hollkamp [10] experimen-
tally found only little effect of the particle shape. Numerical
studies by Hamzeh [27] came to the same conclusion. More-
over, geometrically simple container shapes, like cuboids or
cylinders, as well as their orientation seem to be of minor
importance, as found by the authors [21]. More complex
container shapes, however, could have a significant influ-
ence, see Wong et al. [33]. An interesting approach is pre-
sented by Gnanasambandham [7] who uses liquid-filled par-
ticle dampers to damp low frequency vibrations and achieved
good results. Another design is presented by Yao [35]. He
equipped the particle dampers with lose spoilers to increase
the damping performance at small vibration amplitudes. This
approach is adopted by Gnanasambandham [6] to fixed inner
structures. Thereby, an increased damping performance at
a single frequency is obtained. By Lu et al. [14] as well as
Li and Darby [12] coated particle dampers for application
in civil engineering are investigated. These dampers show
significantly lower force peaks caused by the particles and
could increase the damping performance.

Although many promising approaches to increase the
damping performance and excitation robustness of particle
dampers exist, accurate design guidelines are still missing.
This is because the investigations are often restricted to
numerical analysis or a single excitation frequency. Hence,
the overall picture is not obtained and general statements are
difficult to derive. This paper aims to partly close this gap
by presenting extensive numerical and experimental stud-
ies for horizontal vibrations of high excitation intensities.
Hereby general design guidelines for the design of robust
particle dampers are derived. Especially, coated container
walls and fixed inner structures are used to fulfill this task.
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This paper is organized in the following way: First, in
Sect. 2 the different characterization methods for particle
dampers, i. e. motion modes and the complex power method,
are introduced briefly. In the following Sect. 3 the experi-
mental and numerical setups are introduced. The obtained
insights and design guidelines are then presented in Sect. 4.
Finally, the conclusion is given in Sect. 5.

2 Characterization methods

To analyze motion modes and the energy dissipation
of a particle damper, the damper is investigated sepa-
rately, i. e. without underlying structure. Thus, general
insights can be obtained either from experiments or simula-
tions. The particle damper is subjected to a defined horizon-
tal vibration using a rheonomic constraint, i. e. it follows the
given movement perfectly. The particle container movement
is applied as

x, = X sin(Q1), (1)

with container amplitude X and angular frequency Q =2 z f.
The corresponding container velocity and acceleration fol-
low as

¥, = Vcos(Qr), @)

X, = —Asin(Q1), 3)

C

with V = XQ and A = X Q2. Oftentimes, the dimension-
less excitation intensity I' = A/g is used, with g as gravity
constant.

2.1 Motion modes

To distinguish the different motion modes of a particle
damper, animations, velocity fields and experimental obser-
vations can be used. Indeed, this task is not always trivial
and unambiguous as the transition between motion modes
is smooth. By the authors five different motion modes are
observed for a monodisperse particle system under horizon-
tal vibration, see [21]. The velocity fields of these motion
modes are shown in Fig. 1 for the in-plane particle velocity
in the direction of excitation and gravity. All velocity fields
are taken at a container position of x, = X, i. e. at the maxi-
mum stroke and zero container velocity.

The solid-like state, see Fig. 1a and Meyer and Sei-
fried [21], is characterized by almost no relative motion
between particles and container. This causes the granular
matter to look like an added block, staying at the container
base and moving with the same velocity as the container.
Here, this motion mode is seen at low excitation intensities
uptoI' = 1.
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For excitation intensities I > 1 the granular systems
first enters a state of local-fluidization, see Fig. 1b and Sal-
uena [29]. Particles located at the top layers become fluid-
ized, i. e. irregular relative motion between these particles,
while the particles at the container bottom still behave like a
solid. When the excitation intensity is further increased the
whole particle system gets fluidized, called global-fluidization,
as shown in Fig. 1c¢ and by Saluena [29].

From the global-fluidization, depending on the excitation
conditions the particle system can migrate in different motion
modes, like bouncing collect-and-collide, decoupled, convec-
tion or Leidenfrost effect. For the here investigated particle
dampers, only the bouncing collect-and-collide and decoupled
motion modes are observed. In the bouncing collect-and-col-
lide motion mode, see Fig. 1d and Sack et al. [28], the par-
ticles move as one single particle block synchronously with
the driven container and collide inelastically with the damper
walls. The decoupled motion mode is shown in Fig. le and
by Meyer and Seifried [21]. This motion mode also migrates
from the global-fluidization. It is characterized by a very small
absolute particle velocity compared to the velocity of the con-
tainer. Thus, the granular matter appears to be decoupled from
the container.

2.2 Complex power

To analyze the energy dissipation and the efficiency of the
particle damper, the complex power method, introduced by
Yang [34], is used. The complex power is determined by

| ———

Pr=-FV
> 4)

< excitation direction

At this, F* denotes the complex amplitude by fast Fourier
transform (FFT) of the driving force signal acting on the
container and V' is the conjugate complex amplitude by
FFT of the velocity signal of the container motion. Both
quantities can be obtained from experiments or simulations.
The dissipated energy per cycle Ediss then follows using the
complex power to

~ 2r "
Ey =2nE4 = o - Real(P*). 5)
To judge the damper’s efficiency the effective loss factor 7 is
used, see Masmoudi et al. [15] and Meyer and Seifried [21]
for details. It is calculated by a scaling of the dissipated
energy with the kinetic energy of the particle system E;,
using the mass of the particle bed m,, i. €. the mass of all
particles, to

Ediss _
Ekin

Ediss

! D iieg V52 ©
with V¢, being the complex amplitude by FFT of the velocity
signal at driving frequency. As consequence, the effective
loss factor is independent of the container and particle mass
and enables the comparison of different particle settings.
It should be noted that do to the definition of the effective
loss factor, it is not limited by a value of one. However, to
compare different particle damper settings and to ensure a
unique coloring of the later utilized surface plots, a value of
one or higher is indicated by the same color.
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3 Experimental and numerical setup
3.1 Experimental setup

For the analysis of the energy dissipation and effective
loss factor, a corresponding testbed is set up by the authors
in [18, 19] and shown in Fig. 2.

In this paper, the particle container is an aluminum cyl-
inder with an inner radius R of 20 mm and an adjustable
length L of 50 + 5 mm. To realize the adjustable length,
the container and the cap of the container are equipped
with a fine thread. This adjustable length of the cylin-
der will be used later to set up the clearance & between
particle bed and container cap precisely, see also Fig. 2-
left. Experimental tests performed here have shown that
the minimum clearance is limited by the particle radius,
i.e. h;, = r. This limitation might be due to the irregular
surface of the particle bed. Hence, the fine-tuning of the
clearance is performed by experimental tests, as the clear-
ance can also be extracted from the measurement results.
This is explained later in detail. The mass of the container
is m.,, = 200g. To realize the rheonomic constraint of
the container movement, see Eq. (1), the particle damper
is excited by a controlled harmonic force via a shaker,
the LDS V455, perpendicular to gravity. The shaker’s
excitation force is controlled in order for the frequency
and acceleration magnitude of the container to stay con-
stant. For this, the container’s acceleration is measured
by the 4534-B accelerometer and processed by the LDS
Comet system. The excitation force is measured using a
load cell, the 8230-002. Shaker, accelerometer, load cell
and control system are from BRUEL & KJagr. The velocity
of the particle container is measured via a laser vibro-
meter (LV) PSV-500 from PoryTEc. The data acquisition
of the velocity and force signals are accomplished by the
Front-End of the PSV-500 with a sampling frequency of
40 kHz.

The feasible measurement range of the experimen-
tal setup lies between excitation frequencies of 40 Hz
to 1 kHz and between excitation amplitudes of 1 <T" < 40.

Fig.2 Testbed for determina-
tion of energy dissipation of
particle dampers with sche-

accelerometer

force sensor & Particle
damper

;

The measurement range is divided up into a logarithmic
grid of 108 points. Hence, 12 frequencies and 9 accelera-
tion values are used and each combination is measured for
a duration of 5 s.

3.2 Numerical model

To study the particle damper numerically the discrete ele-
ment method (DEM), developed by Cundall and Strack [4],
is used. It is a discrete simulation method for granular mate-
rials. Every particle is considered as an unconstrained mov-
ing body only influenced by applied forces. The dynamics
are described by Newton’s and Euler’s equation of motion
for every particle, see e. g. Poschel [26], and are mainly
influenced by contacts between particles themselves and
walls. The absolute translational acceleration of the center
of mass ¥; = [, xly , X?]T of particle i is obtained by

mX; =f. )
with particle mass m; and f,; being the vector of
applied forces on particle i. Since only spherical parti-
cles are considered in this work, the rotational accelera-
tion @; = [, a)f , a)f]T of particle i is calculated as

a,i®

Lo, =¢,,

®

with the particle’s inertia tensor I; and £, ; being the vector
of applied torques on particle i in respect of the particle’s
center of mass. The inertia tensor I, = I, E of the particles
is diagonal, whereby all three entries of I, are identical. To
model a contact, the contact partners’ mutual compression
is used. This modeling allows the contact partners to deform
continuously. The mutual compression 6 is counteracted by
the resulting contact forces.

In this research, the algorithms presented by the authors
in [20] are used for the spherical particles. At every new
time step, the contact detection is performed. All existing
contacts have to be determined. If every particle is checked
with all others this results in a search complexity of O(ni),
with 7, being the total number of particles. A variety of
algorithms have been developed to increase the search
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efficiency, such as sort-based, cell-based, or tree-based ones,
decreasing the search complexity to an optimum of O(n,).
In the program, the Verlet list in combination with the link
cell algorithm are used, as described in detail by
Pdschel [26].

For the normal contact forces the formula of Gonthier [8]
is utilized and reads

Fn=kn53/2<l+£l§>. )
13
0

It is based on the contact law of Hertz [9] using physical
parameters of the contact partners to describe the contact
stiffness k,,, namely the particle radius r, the Young’s modu-
lus E, and the Poisson’s ratio v. The damping during contact
is modeled using the penetration velocity 6 and the initial
penetration velocity &,. The non-linear damping parameter d
depends only on the coefficient of restitution (COR) € and
can be solved offline, see Gonthier [8]. The COR controls the
amount of energy dissipation during contact. For € = 1 the
contact procedure is fully elastic, while for € = 0 the contact
procedure is fully inelastic. Here, a velocity dependent COR
is applied, which has been determined by previous numeri-
cal finite element method (FEM) studies, see [23]. The
utilized COR is displayed in Fig. 3 for the later used steel
sphere—sphere impacts as well as for steel sphere—aluminum

—i#— sphere—sphere

0.8 —0— sphere—wall
Loo6f
W
~
QO 04}
O
0.2 |-
0 | | | | J
0 1 2 3 4 5

impact velocity [m/s]

Fig.3 COR of steel sphere—sphere and steel sphere—aluminum wall
impacts by FEM simulations for a particle radius of 1.25 mm

wall impacts and a particle radius of 1.25 mm. For both
contact pairs, a high dependency on impact velocity is
observed. For very small impact velocities, the COR is close
to one. When the impact velocity increases the COR starts
to decrease rapidly for both contact pairs. For high impact
velocities, the COR drops below 0.63 and 0.54, respectively,
and converges to an almost constant value.

For the tangential forces, sliding friction using a smooth-
ing hyperbolic tangent function to avoid jumps in the fric-
tion forces at zero velocity is utilized, which is presented by
Andersson et al. [1] and reading

F, = —p |F,| - tanh(z |v}]), (10

with u being the friction coefficient, v; being the relative,
tangential velocity at the contact point of the collision part-
ners and 7 the smoothing parameter.

The chosen time integrator has a big influence on the
simulation speed and the overall stability. As the contact
detection and evaluation of the contact forces are most time-
consuming in DEM simulations, the numerical effort for the
time integrator itself is often negligible. But, its choice has a
big influence on the number of evaluations of the equation of
motion. Here, the time integration is performed using a vari-
able time step fifth order Gear predictor-corrector algorithm
developed by Gear [5] and presented in detail in Meyer and
Seifried [20].

The accuracy of the implemented simulation code in MAT-
LAB has been validated several times, see e. g. [21, 22]. For
the desired simulation time of up to 1 s, the code runs very
efficient for particles numbers up to 10,000 — 20,000. The
used material and contact data are listed in Table 1. As in the
experiments, the same excitation and post-processing param-
eters are chosen. Each excitation configuration is simulated
for 25 vibration cycles.

4 Design of robust particle dampers

Within this paper, various particle damper designs are ana-
lyzed experimentally and compared with each other. Aside
from that, numerical analyses are performed to gain further

Table 1 Material parameters of
spheres and container

Material Sphere Container
S235 A16060
Young’s Modulus [GPa] 208 70
Poisson’s Ratio [-] 0.3 0.33
Density [kg/m?] 7900 2700
Friction Coefficient [—] 0.1 for all contacts
Coefficient of Restitution [—] velocity dependent, see Fig. 3
Dimensions [mm] T, = 1.25 L,R=50+5,20
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insights into the complex processes inside particle dampers.
To make the results comparable, a standardized approach is
used. At that, the cylindrical particle damper is filled with
spherical steel particles of 1.25 mm radius. For the filling
procedure, the longitudinal axis of the damper points against
gravity. Particles are poured up to a marking at £ = 50 mm,
see Fig. 2-left. Thus, the damper contains about 4500 par-
ticles weighting about 291 g. Hence, a sufficient amount of
particles exist in all container dimensions and a numerical
analysis using DEM is still affordable. The adjustable cap
of the cylindrical container is used to set up a clearance
of h = 7z mm. The size of the clearance will be discussed
in the next section. For the experiments the container is
turned by 90°, so that the longitudinal axis of the cylinder is
perpendicular to gravity and in the direction of excitation,
see Fig. 2. This setting is henceforth referred to as baseline
setting. Later, the effect of inner structures or coated con-
tainer walls are analyzed, which consequently reduces the
total amount of particles inside the damper. As the effective
loss factor is independent of the container mass and particle
mass, see Eq. (6), the results are still comparable.

4.1 Baseline setting

The baseline setting is analyzed experimentally as well as
numerically using DEM. The numerical accuracy of the
DEM model is demonstrated by the authors in [21]. In Fig. 4
the effective loss factor of the baseline setting determined
experimentally and the corresponding motion modes are
shown. The motion modes are determined from animations
and velocity fields obtained from simulation as well as indi-
rectly from the experimentally measured effective loss fac-
tor. The latter is possible due to the strong correlation of
effective loss factor and motion modes, see [21].

Different motion modes can be observed, depending on
both the excitation frequency and excitation intensity. The
solid-like state is only seen at the lowest acceleration inten-
sity I' = 1 and low excitation frequencies f < 100Hz. The
solid-like state, see also Fig. la, is classified by almost no
relative motion between particles and container. This results
in a low energy dissipation and causes the effective loss fac-
tor to be low 77 < 0.1.

From the solid-like state, the system turns into the local-
fluidization mode, see also Fig. 1b. The local-fluidization
mode is seen for low acceleration intensities I < 2 and low
to medium excitation frequencies f = 40-250 Hz. As most of
the particles still behave like a solid and only the top particle
layers show some relative motion, the effective loss factor is
still comparatively low 77 = 0.2 — 0.3.

From the local-fluidization mode, the system switches
to the global-fluidization mode, see Fig. 1c. The global-flu-
idization mode can be observed on a large excitation range
with low to high effective loss factor values 77 = 0.2 — 1.6.

@ Springer

effective loss factor 7 [-]
0

excitation intensity T' [-]

40 100 250 500
excitation frequency f [Hz|

1000

@ solid-like o global-fluidization # decoupled
# local-fluidization Abouncing CaC

excitation intensity T' [-]

40 100 250 500
excitation frequency f [Hz|

Fig.4 Experimentally obtained effective loss factor (fop) and identi-
fied motion modes (bottom) of about 4500 steel particles of 1.25 mm
radius. The dashed line indicates a constant container stroke
of X = 1 mm. CaC: collect-and-collide

Medium effective loss factor values occur at the transition
from local to global-fluidization mode, at acceleration inten-
sities of I" = 3. This behavior can be explained by the transi-
tion to global-fluidization. Even though there is a substantial
amount of relative motion between the particles, the total
kinetic energy is still comparatively low. This results in the
medium effective loss factor values. Further accelerating
the container leads to an increase in relative motion and an
even higher increase of kinetic energy, resulting in a reduc-
tion of the effective loss factor. However, at high excitation
frequencies f > 500 Hz and low excitation intensities I" < 3
effective loss factor values up to # = 1.6 are seen. In this
regime, the kinetic energy of the particle bed is very low,
because the container velocity amplitude V is low, see Eq.
(2). However, the reason for the high measured effective loss
factor values is not conclusively clarified, but might occur
due to air resistance or cohesive forces. This is still under
investigation.
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The bouncing collect-and-collide and decoupled motion
modes, see Fig. 1d and e, develop from the global-fluid-
ization mode at high acceleration intensities I > 10. The
decoupled motion mode occurs at medium to high excita-
tion frequencies f > 150 Hz and is characterized by a small
effective loss factor #7 = 0.05-0.15. This is reasonable as the
motion of the particle bed is decoupled from the container.
Hence, only little energy is transferred to the particle bed,
resulting in low energy dissipation.

The bouncing collect-and-collide mode on the other
hand appears at low excitation frequencies f < 150 Hz. The
effective loss factor range is very large with 77 = 0.1-1.0. In
the bouncing collect-and-collide motion mode, the particle
bed forms a packed layer that takes off the container base,
see Fig. le. This packed particle layer moves synchronously
with the driven container as illustrated in Fig. 5.

At first, the particle bed is pushed by the container wall,
until the container reaches its maximum velocity &, = V.
At this point, the particle bed leaves the container wall and
moves with constant velocity X,.4 = V. At impact with the
opposite container wall, an inelastic collision occurs, i. e. the
particle bed adopts the container’s velocity instantaneously,
see Sanchez et al. [30] and Bannerman et al. [2] for details.
It is seen in Fig. 4 that the contour lines of the effective loss
factor for this motion mode agree very well with the lines of
constant container stroke, as indicated for X = 1 mm. Thus,
the effective loss factor of this motion mode is very sensi-
tive to the container stroke. Bannerman [2] and Sack [28]
derived a formula to calculate the container stroke at maxi-
mum effective loss factor. They obtain that the maximum
effective loss factor is achieved when the particle bed
impacts the opposite container wall when the container is
moving in the other direction again with maximum velocity,
i.e.atx, = 0and &, = —V, see Fig. 5. The optimal container
stroke of the bouncing collect-and-collide motion mode X,
is therefore achieved to

KXo = =, (11)

with & being the clearance of the particle bed to the opposite
container wall as indicated in Fig. 5. This is remarkable as

Fig.5 Particle movement of the
bouncing collect-and-collide
motion mode at high effective
loss factor values

Thed = V = const.

no dependency on the excitation frequency exists for the
optimal stroke. For container strokes higher than the optimal
one (above the dashed line in Fig. 4), the effective loss fac-
tor slowly decreases. However, for container strokes lower
than the optimal one (below the dashed line in Fig. 4), the
effective loss factor quickly decreases. This happens due
to the transition into a different motion mode. See also the
authors’ other works [17, 21] for further discussion of this
topic. Hence, the obtained result is sensitive to the container
stroke and more robust designs are necessary.

By using the measured optimal stroke and Eq. (11)
the clearance can be extracted from measurements and
tuned in a targeted manner. Here, for the desired clearance
of h = & mm an optimal stroke of X, = 1 mm is obtained.
Hence, for this optimal stroke, the bouncing collect-and-
collide motion mode is clearly visible, see Fig. 4.

4.2 Inner structures

To increase the efficient range of operation of particle damp-
ers, i. e. a more robust behavior concerning the stroke of
the particle damper, different inner structures for the con-
tainer are analyzed experimentally in the following. These
inner structures are printed by the SLA 3D printer Form3
by FormLABs using the Tough 2000 resin and a printing reso-
lution of 100 pm. In order for the structures to withstand the
high impact forces applied by the particles, this especially
strong and durable resin is chosen. Figure 6 shows the three
different inner structures developed here.

The structures are printed with an included base plate
for the cylindrical container and are attached to it by four
screws. All arms of the structures have a cross section
of Smm X 5 mm. The first structure, see Fig. 6a, is a single
cross positioned in the middle of the cylinder. The second
structure, shown in Fig. 6b, is a triple cross with three evenly
distributed crosses connected to each other. Likewise, the
last structure depicted in Fig. 6¢ is a triple star with uniform
intervals between the stars. For the triple star setting the
particle mass reduces from 291 to 220 g, which results still
in a particle number of about 3400 instead of 4500. This is
still sufficiently enough for all motion modes to appear.
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Fig.6 CAD sketches of inner
structures inside cylindrical
particle container

(a) Single cross.
d =225 mm

base plate

4.2.1 Experimental results

The experimental results of the effective loss factor for these
three structures filled with 1.25 mm radius steel spheres and
a clearance of h = # mm are shown in Fig. 7. To enhance
comparability, the result of the baseline setting of Fig. 4 is
displayed as well.

(a) Baseline setting (same as Fig. 4).

effective loss factor 7 [-]

(b) Triple cross.
d = 8.75mm

(c) Triple star.
d = 8.75mm

container cap

A strong influence of the inner structures on the damping
properties is visible. The use of more structural elements
results in a greater impact on the damping characteristics.
At the optimal stroke of the bouncing collect-and-collide
motion mode, the effective loss factor decreases with
increasing number of used inner structures. Starting
at#j = 1.0 for the baseline setting and reducing to 7 = 0.8 for

(b) Single cross.

effective loss factor 7 [-]

0.1 0.2 0.5 1 0.1 0.2 0.5 1
40 40
- - container stroke X = 1 mm T
— ~
> >
Z 10 Z 10
g g
k= k=
= =
2 2
® 2.5 ® 2.5
+— +~
5 5
™ M
(&) 5]
1 ‘ 1
40 100 250 500 1000 40 100 250 500 1000
excitation frequency f [Hz] excitation frequency f [Hz]
(¢) Triple cross. (d) Triple star.
effective loss factor 7 [-] effective loss factor 7 []
0.1 0.2 0.5 0.1 0.2 0.5 1
40 40
i i
— ~
> >
= =
Z 10 Z 10
] g
k= 8
= =
2 .2
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Fig.7 Effective loss factors of particle dampers with inner structures filled with steel particles of 1.25 mm radius and clearance 4 = 7 mm
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the triple star setting. On the other hand, the gradient of the
effective loss factor towards lower container strokes as the
optimal stroke, i.e. X < X, (below the dashed line) strongly
decreases with more inner structures being used. Thus, the
particle damper becomes more robust in this excitation
area. Note, this is only true for excitation intensities ' > 7.
Similarly, the effective loss factor increases faster at high
excitation frequencies f > 500 Hz the more inner structures
are used. Especially at low excitation intensities I" < 4, high
effective loss factor values up to 77 = 2.0 are achieved for the
triple star structure.

In contrast to the baseline setting, a smaller particle radius
now has a big effect on the effective loss factor. In Fig. 8 the
experimentally obtained effective loss factor is compared for
a particle radius of 0.3 mm with and without the triple star
inner structure but same clearance & = 7 mm.

It is seen that a smaller particle radius increases the
effect of the inner structure, compare to Fig. 7d. While in
the bouncing collect-and-collide motion mode the maximum
effective loss factor further decreases to # = 0.6, at high
excitation frequencies a very large efficient area is seen. It
ranges from excitation frequencies f > 400 Hz and excita-
tion intensities I" < 10.

The aforementioned observations can be summarized
with three simple rules of thumb:

e Inner structures lead to lower effective loss factors within
the bouncing collect-and-collide motion mode, but to a
more robust (less sensitive) behavior in this excitation
area.

e Inner structures lead to higher effective loss factors at
high frequencies.

(a) Without inner structure.

effective loss factor 7 [-]
0.1 0.2 0

40

excitation intensity I' [-]

40 100 250 500
excitation frequency f [Hz]

e The more inner structures are used and the smaller the
particle radius, the stronger the effect on the effective loss
factor.

4.2.2 Numerical insights

To obtain insights into the effect of the inner structures,
these are also analyzed numerically for the triple cross set-
ting. At first, the effect on the bouncing collect-and-collide
motion mode is discussed. In Fig. 9 the velocity fields are
shown for the baseline setting and the triple cross setting
for a particle radius of 1.25 mm, an excitation frequency
of f = 100Hz and an excitation intensity of both I' = 20
and I" = 40. This marks the transition from low to high effec-
tive loss factor values, see also red marks in Fig. 7. The cor-
responding experimental and numerical effective loss factor
values are summarized in Table 2. The velocity fields show
the in-plane particle velocity in the direction of excitation
and gravity, i. e. the x — y plane, see Fig. 2. An offset in z—
direction of 3 mm is used to reduce the visibility of the inner

Table 2 Effective loss factor values of baseline setting and triple
cross setting at an excitation frequency of f = 100 Hz and an excita-
tion intensity of both I' = 20 and I' = 40 and clearance 4 = 7 mm

Effective Loss Factor 77 [—]

1000

Base Line Triple cross
r=20 I'=40 =20 =40
Experiment 0.17 1.0 0.64 0.81
Simulation 0.13 0.98 0.43 0.74
(b) Triple star inner structure.
effective loss factor 7 [-]
0.1 0.2 0.5 1

excitation intensity I" [-]

1
40 100 250 500
excitation frequency f [Hz]

1000

Fig.8 Comparison of effective loss factor for a steel particle radius of 0.3 mm for system with and without triple star inner structures and clear-

ance h = 7 mm
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structure, which can be seen as white areas in the velocity
fields.

The effective loss factor values of experiment and simula-
tion fit well for the considered excitation conditions. Only
for the triple cross and I' = 20 a significant difference can
be observed. It is nevertheless assumed that the numerical
model captures the qualitative dynamical behavior of the
particles for all settings. Comparing the velocity field of
the baseline setting with the triple cross setting at I' = 40,
see Fig. 9b, only small differences are seen. In the baseline
setting the particles are unobstructed in their movement,
resulting in a high particle velocity. Whereas for the triple
cross setting, the mean particle velocity decreases slightly.
Additionally, around the inner structure and on the left side
of the particle block much lower velocities are achieved.
This lowers the effective loss factor from# = 1.0to# = 0.81.
In contrast to that, at I" = 20 the baseline setting shows only
very little particle movement resulting in a low effective
loss factor 77 = 0.17, see Fig. 9b. This happens because the
clearance 4 is too big and therefore no synchronized move-
ment between particle bed and container is achieved, see
the work of Sack et al. [28] for further discussion of this
topic. By using an inner structure, the classical definition
of the clearance during testing vanishes, as some particles
get hindered by the structure. This leads to the effect that
the bouncing collect-and-collide motion mode stays active

even for container strokes of X < X, . However, the particle

@ Springer
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velocity is reduced compared to the optimal stroke, which
results in a decrease of the effective loss factor from#7 = 0.81
to 77 = 0.64. However, this value is still much bigger than the
baseline setting with 7 = 0.17.

An accurate numerical analysis at high excitation fre-
quencies f > 500 Hz is not possible as the utilized numeri-
cal model is rather inaccurate in that area [21]. As the kinetic
energy of the particle bed is very low in that area, resulting
in only very little relative motion between the particles, this
gives cause to conclude that the inner structures might lead
to a higher energy transition onto the particles, which can
then dissipate. Thus, more inner structures yield in higher
energy dissipation. However, this assumption needs further
investigations.

4.3 Coated container walls

Using inner structures, it is possible to tune the effective
loss factor in a targeted manner. However, at low to medium
excitation frequencies f < 250 Hz and low to medium exci-
tation intensities I < 5 low effective loss factor values are
still obtained, see e. g. Fig. 7. As seen in Fig. 4, for these
settings the particle bed is in the local-fluidization or global-
fluidization mode. Therefore, especially the lower particles
show only little relative motion which can be seen in Fig. 1.
As demonstrated in the last section, even inner structures
are not able to increase the relative motion in this excitation
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area. Hence, a different approach is necessary to increase
the efficiency here.

The idea is to equip the container walls in longitudinal
direction, i.e. in direction of excitation, with a coating mate-
rial, to achieve a similar motion as in the bouncing collect-
and-collide state. Within the bouncing collect-and-collide
state, the particle bed takes-off the container base and moves
through the container as one particle block. Now, the particle
bed stays on the container’s base and penetrates the coated
wall as one block, see Fig. 10.

When this material is completely compressed, an inelas-
tic collision with the wall occurs and the relative velocity
between particle block and wall vanishes. This produces a
new particle motion, henceforth referred to as compression
collect-and-collide.

Various measurements have shown that a high effective
loss factor is achieved at low excitation intensities for wall
thicknesses of 3 mm. This is shown by example in Fig. 11 for
a particle radius of 1.25 mm, coating wall Young’s moduli
of both 1.4 MPa and 55 MPa, and a clearance of 7 = 7 mm.

Fig. 10 Particle movement for
the compression collect-and-
collide motion mode at high
effective loss factor values. one
particle chain

Tphed
—

(a) Wall Young’s modulus of 1.4 MPa.

effective loss factor 7 [-]
0

excitation intensity I' [-]

1 - -
40 100 250 500
excitation frequency f [Hz]

1000

Compare the results also to the baseline setting in Fig. 4.
For the weaker wall Young’s modulus of 1.4 MPa, addi-
tional high effective loss factor values are obtained around
an excitation frequency of f = 100Hz and I < 2.5 with a
decrease in excitation frequency towards higher excitation
intensities. For the stronger wall Young’s modulus of 55
MPa, additional high effective loss factor values around an
excitation frequency of f = 500Hz and I < 2.5 are seen.
Hence, the frequency at high effective loss factors and low
excitation intensities I" < 2.5 is strongly dependent on the
coating wall material.

The following objective is to find a systematic formula to
efficiently design the coating wall material. The focus lies
on the excitation region which showed the most effects in
the experiments when coating the walls, i.e. at low excita-
tion intensities. It is found that the compression collect-and-
collide state mainly depends on the compression depth of the
coated material. Hence, an empirical formula based on the
Hertz impact theory [9] shall be derived to design the coat-
ing wall material. Hertz theory assumes that both contact

Tc Te = 0,

Te = —V

—
-
B T Smmax
(b) Wall Young’s modulus of 55 MPa.
effective loss factor 7 [-]

0.1 0.2 0.5 1
- { V//‘ - .container stroke X = 1 mm
~
>
i
B
=
&
8
o
=}
2
<
=
3
5]
13

1

40 100 250 500 1000

excitation frequency f [Hz]

Fig. 11 Experimental effective loss factors for coated wall system with different wall Young’s moduli, a particle radius of 1.25 mm and a clear-

ance of 4 = 7z mm
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partners are touching at a single point and all elastic defor-
mation is limited to the contact point. From Hertz’s theory

the maximum penetration depth 6,,,,, follows by Barber [3] to

siv\?
Omax = ; 12)
4k,

with V,, being the initial collision velocity. For reasons of
simplification it is assumed here that V;, = V, i. e. the relative
velocity at impact point corresponds to the maximum con-
tainer velocity. The contact stiffness k, can be expressed as

h:%EVﬁ (13)

The effective Young’s modulus E is given by

1 1- \/1:2) 1-— v2

- = —+ w R 14
L E. (14)
with Young’s modulus E, ,,, and Poison’s ratio v, Jw of par-

ticle and wall respectively. The effective radius R can be
obtained by

1
_Z+a, (15)

| =

with radius r,, , of particle and wall. As the wall radius is
infinite it follows R = r,,. The effective mass M is given by
L_1, 1
woom, my (16)
with mass m,, ,,, of particle and wall respectively. As the con-
tainer wall is driven by the shaker, its mass can be assumed
to be infinitely large. Additionally, instead of a single parti-
cle a whole particle layer “impacts” the coated wall, see
solid particle line in Fig. 10. Hence, the particle mass is
adjusted by the number of particles in one line ng“e. Thus,
M= ng“e m,, is obtained.

Within the bouncing collect-and-collide state their exist a
direct correlation between optimal container stroke X, and
clearance £, i.e. Xolm = h/x, see Eq. (11). A similar corre-
lation is found empirically for the compression collect-and-
collide state. Indeed, here the clearance 4 is represented by
the maximum compression of the coating wall material §
see also Fig. 10. Empirically, the correlation

max?

X =6 (17)

is found at the high effective loss factor values. This formula
matches with the high effective loss factors in Fig. 11 for
the compression collect-and-collide state. Hence, Eq. (17)
can be solved conjointly with Eq. (12) in order to obtain the
necessary effective Young’s modulus of the coating material

@ Springer
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By inserting for the container amplitude X = A/Q? and for
the container velocity amplitude V = A/Q, the equation for
the effective Young’s modulus of the coating material fol-
lows to

E =

15M Q° (19
16 VAR

Lastly, from the experiments presented in Fig. 11 a high
efficiency of the compression collect-and-collide is observed
at an excitation intensity I' = 1 which implies an acceleration
amplitude of A = g. This finally results in

E =

15 n]ine m QS
= p—Pd’ (20)
16 /g,

oSl

with Q; = 2z f; being the wanted excitation frequency of
high effective loss factor values at I' = 1. From the effec-
tive Young’s modulus by Eq. (20), the coating wall Young’s
modulus by Eq. (14) can be solved for. In the later experi-
ments, it turned out that Young’s moduli values in the
range of polymers are obtained. Hence, the Poison’s ratio
is assumed to be v,, = 0.5. For such low Young’s moduli
values the impact theory of Hertz is losing accuracy, as large
deformations in the contact zone occur and thus the assump-
tion of contact at a single point is not fulfilled anymore.
Additionally, polymers generally behave in a visco—elastic
manner instead of purely elastic. Therefore, Eq. (20) can
only be seen as a rough estimation for the necessary Young’s
modulus of the coating wall material. This is likewise true
as Eq. (20) is based on Eq. (17), which is based on empirical
experimental observations.

Even though, the necessary Young’s modulus of the coat-
ing wall can be obtained now, the particle damper can not be
considered as robust, see Fig. 11. This is because the high
effective loss factor values of the compression collect-and-
collide and bouncing collect-and-collide states do not occur at
the same vibration frequency. The goal is to adjust the effective
loss factor of the bouncing collect-and-collide motion mode
in such a manner that it fits the desired excitation frequency of
the compression collect-and-collide motion mode. Measure-
ments have shown that a good match is achieved if the clear-
ance for the bouncing collect-and-collide state is adjusted to
match an excitation intensity atI" = 15 at the desired excitation
frequency €. Hence, the clearance follows from Eq. (11) to

Aopt 15 8
h=ﬂ&m=nag=ﬂzg. Q1)
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4.3.1 Validation

To validate the presented design approach, it is applied
to design a particle damper for excitation frequencies
of f = 50Hz, 60Hz and 80 Hz, respectively. The calcu-
lated and used parameters for these tests are summarized
in Table 3 and the results are shown in Fig. 12.

Table 3 Settings of coated wall experiments

Frequency f[Hz] 50 60 80
Clearance & [mm] 4.8 3.3 1.9
Optimal Stroke X, [mm] 1.5 1.1 0.6
E,, [MPa] (by Eq. (20)) 0.25 0.44 1.0
E,, [MPa] (used) 0.27 0.72 1.4

(a) Baseline setting (same as Fig. 4).

effective loss factor 7 [-]
0.1 0.2 0

40

excitation intensity I" [-]

500
excitation frequency f [Hz|

40 100 250

(¢) Designed for f = 60 Hz.

effective loss factor 7 [-]
0.1 0.2 0

i
ot

excitation intensity I' [-]

500

250
excitation frequency f [Hz]

100

e
S

1000

For each configuration, a very robust behavior of the
effective loss factor concerning the excitation intensity at
the desired excitation frequency is achieved. This range
of excitation intensities almost extends over the whole
measurement range of I' = 1 — 40. For excitation frequen-
cies below and above the desired one, a medium reduction
in the effective loss factor is seen. However, at medium
to high excitation frequencies f > 200Hz, no improve-
ment in comparison to the baseline setting is achieved.
First measurements at even higher excitation frequen-
cies f > 1000 Hz indicate a very high effective loss fac-
tor. This tendency can already be seen in Fig. 12 but needs
further investigations.

(b) Designed for f = 50 Hz.

effective loss factor 7 [-]
0.1 0.2 0.5 1

40

- container stroke X = 1.5 mm|

[
o

N
<

excitation intensity I' [-]

/
1 ! ! ;
40 100 250 500 1000
excitation frequency f [Hz|
(d)Designed for f = 80 Hz.
effective loss factor 7 [-]
0.1 0.2 0.5 1

40

—
o

2.5

excitation intensity I' [-]

500

250
excitation frequency f [Hz]

1 L
40 100 1000

Fig. 12 Effective loss factors for particle dampers with coated walls designed for different excitation frequencies. The design parameters are

summarized in Table 3
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4.3.2 Numerical insights

To obtain deeper insights into the particle motion using
coated walls, numerical studies using DEM are performed
for a particle radius of r = 1.25mm. In the following,
the bouncing collect-and-collide and compression col-
lect-and-collide motion mode for an excitation frequency
of f = 60 Hz and excitation intensities of ' =2 and I" = 15
are studied for a wall Young’s modulus of £, = 0.72 MPa,
see also red marks in Fig. 12. The effective loss factors
obtained from simulations and experiments are summarized
in Table 4. Experimental and numerical values are in the
same range, showing the qualitative agreement. However,
quantitatively there is some mismatch for the low excitation
intensities. Despite this, it can be assumed that the overall
dynamical behavior of the particles is reproduced by simula-
tion. The corresponding velocity fields extracted from simu-
lations are displayed in Fig. 13.

Table 4 Effective loss factor values of red dots shown in Fig. 12

Effective Loss Factor 77 [—]

The baseline setting is in the local-fluidization mode
for I' = 2. While the upper particles move at a high veloc-
ity, particles in the middle and at the bottom are compara-
bly slow, i. e. the whole particle block does not take-off the
container’s base. This results in a low effective loss factor
of 7 = 0.2. In the coated wall system, the upper particles
also show high velocities. The middle and bottom parti-
cles, however, are moving as one particle block with an
even higher velocity. This particle system does not take
off the container’s base either. Though, as the container’s
wall gets compressed, a relative motion between container
and particle block is possible. Hence, a high effective loss
factor of 77 = 0.97 is achieved in the experiments. AtI" = 15
the bouncing collect-and-collide motion mode is observed
for both settings, i. e. baseline setting and coated wall set-
ting. Here, the particle bed takes-off the container base and
moves with a high velocity as one particle block. In both
cases, this results in a high effective loss factors. Interest-
ingly, the coated wall system reaches even higher parti-
cle velocities than the baseline setting. Consequently, its
effective loss factor value is higher,i.e. 7 =14to# = 1.0
for I' = 15. This means that the bouncing collect-and-col-
lide motion mode is more efficient for the coated wall set-

Base Line Coated Wall ting than for the base line setting.
r=2 r=15 r=2 r=15
Experiment 0.20 1.0 0.97 1.4
Simulation 0.41 0.96 0.64 1.1
Fig. 13 Velocity fields of abso- (@I =2 (b)yI =15 lg
lute particle velocity of baseline f - -
setting and coated wall setting Nt /\ ‘\‘YL/ 7/'/\ st — .
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5 Conclusion

The efficiency of classical particle dampers is sensitive to
the excitation frequency and excitation amplitude. Thus,
during the design process of these dampers, the excita-
tion conditions have to be known quite accurately, which
is rarely feasible for real industrial applications. Hence,
to obtain a robust particle damper, two different design
approaches are discussed in this paper. While experimen-
tal measurements are carried out for analysis, numerical
studies using the discrete element method are used to
obtain deeper insights into the dynamical effects of the
new damper designs.

The first design approach uses inner structures inside the
particle container. The inner structures are manufactured
using a SLA 3D printer and consist of different numbers
of beams placed perpendicularly to the container motion.
These inner structures yield lower effective loss factors of
the bouncing collect-and-collide motion mode, but also to a
more robust behavior. At high excitation frequencies, higher
effective loss factors are achieved. These effects can even be
increased by using more inner structures or a smaller particle
radius. It is concluded that inner structures are especially
suitable when damping on a large excitation range or at high
frequencies is necessary.

The second design approach uses coated container walls
to increase the damping performance. A new motion mode,
called compression collect-and-collide, is observed within
this setting. In traditional particle dampers at low excitation
frequencies and low excitation intensities, only little relative
motion between particle bed and container is seen. In the
coated container instead, the wall gets compressed, resulting
in a high relative motion between particles and container
and thus a reasonable energy dissipation is achieved. An
analytical formula based on Hertz’s impact theory is derived
to design the coating wall material. The formulas accuracy
is proven experimentally. By adjusting the bouncing collect-
and-collide motion mode to fit the compression collect-and-
collide motion mode, a very robust damper at low excita-
tion frequencies is achieved. Additionally, the efficiency of
the bouncing collect-and-collide motion mode is increased.
However, the damper’s efficiency at medium and high exci-
tation frequencies is not affected.
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