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Abstract
In this paper, an experimental characterisatiora gbarticle impact damper (PID) under
periodic excitation is investigated. The developméthod allows the measurement of
damping properties of PID without the supplementesy of a primary structure. The passive
damping of PID varies with the excitation frequerary its design parameters. The nonlinear
damping of PID is then interpreted as an equivalestous damping to be introduced in a

finite element model of a structure to predictdisiamic response. The results of numerical



simulations are in good agreement with those okarpent and show the relevance of the
developed method to predict the dynamic behavibarstructure treated by PID’s.
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Nomenclature

g - Gravity,

d- Gap,

m- Total mass of particles,

M - Mass of the enclosure,

f (t) - Excitation force,

w - Frequency of excitation,

C. () - Linear viscous damping coefficient,
P - Total power of PID,

n(w) - Loss factor,

{ X} - Nodal displacement of the plate,

[C,] - Proportional damping matrix of the plate,

[ C, (@) ] - Contribution in damping of PIDs,

[M] - Mass matrix of both plate and the enclosures,
[M, ] - Mass matrix of the plate,

[M,] - Mass matrix of the enclosures,

[K] - Stiffness matrix of the plate,



1. Introduction

Particle impact damping (PID) is a passive meanza@¥iding high damping to the vibrating
structure. This process consists to introduce finetaarticles in voids or enclosures attached
to the primary structure. When the structure motias,particles collide with each other and
with the enclosure causing damping through fricteond inelastic collisions. The dynamic
response of the primary structure is modified bghsan additional damping and mass.
Despite the increasing use of particle damping rteldgy Panossian et al., 2008 [1];
Simonian et al., 2008 [2])the modelling of PID remains difficult due to a noen of
problems. One of the principal complexities in gsiRID is the remarkable nonlinear
behaviour making them complicated to desigogplewell et al., 1991 [3]; Papalou et al.,
1998 [4] Bapart et al., 1985 [5]; Park et al., 2009 [6] andCempel et al., 1993 [7)] The
design problem is explained by the large humbgravhmeters, such as the geometry of the
enclosure, the shape and material of particlesatheunt of free space (gap size or volume
fraction) given to the particles, the level of d&gement and acceleration of the primary
structure.

In order to circle these issues, most of the modgleffort has been concentrated in the
simplification of the problem, without considerimdnat is happening internally in the PID in
detail. As an example, many authors model a bgzhdicles as a single particllérhadi et

al., 2005 [8), estimating the performance of the PID on thisaive particle. Another way to
simplify the problem is to linearise the model thiferent operating conditions, &su et al
(2005) [9] who estimated the damping contribution of PID aseguivalent linear viscous
damping. It is noticed that most of the previougestigations characterise the performance of
the PID by the use of a primary structure. Therftie effectiveness of PID is determined
by analysing the frequency response of the straciwound its resonance frequencies. This

technique allows for understanding the energy péggin mechanisms of the PID, however,



the identified damping cannot be explored in o#tenctures. This is because the dissipation
mechanism of the underlying global model is différfgom one model to the next one. While
it is possible to calculate the correct dissipateergy from any equivalent model at each
operating point it is more satisfactory to extrdm information directly from vibration data.
Such a method is the Fourier Transform-based pflawrtheory used byrang (2003) [10]
andWong (2009) [11] This method allows the measurement of both thesnaad damping
properties of the PID without the supplementary wsea primary structure. In this
application, the average dissipated power (knowraase power) and maximum trapped
power (known as reactive power) by the vibratingipie damper can be estimated directly
via the cross spectrum of the force and respogslsof the PID. The power flow method is,
however, a time-averaged method and requires tbiagrn of the damper to be periodic.
The latter method is attractive; firstly, it allowse characterisation of the design variables to
be done quickly. Secondly the determined dampingffioctent which depends on the
excitation level can be used in any primary strrectu

In this work, the power flow method is used to eudéerise the damping of a vertical PID
under harmonic excitation. The loss factor of thartiple damper is characterised
experimentally with respect to both the frequenog #he level of displacement. Then the
damping of the characterised PID is converted sroequivalent linear viscous damping
coefficient for different levels of excitation. Ithe second part of this investigation, the
numerical study of a plate treated with PIDs wadgpmed; its purpose was to predict the
dynamic behaviour of a primary structure using thes factor determined by power
measurements. An experimental study was conduotedrify the capacity of this method to

predict the contribution of PID in the damping loétprimary structure.



2. Experimental characterisation of the particle inpact damper

A schematic of the experimental apparatus is shmwaigure 1. The characterised PID is
similar to the one used byang (2003) [10] and Wong (2009) [11] It consists of a
cylindrical casing (enclosure) with a regulated bidp Indeed, four screws are used to adjust
the gap d which represents the distance betweetophef the bed of particles and the ceiling
of the enclosure (Figure 2). The total mass ofdhelosure is 23 x TDKg. The enclosure
which is partially filled with lead particles wadtached to a force cell which was itself
attached to an electromagnetic shaker. The fordevalocity signals were measured with the
force cell and laser vibrometer, respectively. AnBmic Signal Analyser DSP Siglab model

20-42 was used to collect and process the data.

Figure 1.

The developed experimental method for identificatiof damping of PID consisted in
measuring the evolutions of both force and velooitythe system versus the frequency of
excitation. In order to characterise the PID withigh precision, a sine-sweep excitation was

used with a small frequency step.

Figure 2.

2.1. Theoretical background

Basically, it is known that the complex power asa@d to one harmonic cycle is given as

P=F_V’ (1)

rms*" rms

whereF andV™ are respectively the complex force and the congugathe complex velocity.
The average dissipated power (also known as aptiveer in electrical engineering) can be

extracted from the real part of the complex power
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ReP)=F i Virs -COSE & . )

where (¢ -, ) is the phase difference between the force ancitglsignals in radians.

The imaginary part of power corresponds to a tesomlly known as reactive power (also a
term borrowed from electrical engineering) and lbamwritten as

Im(P)=F, .V, ..Sin@ - ) 3)
The loss factor contribution of the PID can be prtedl as

Re(P)
Im(P)

n = 4)

2.2. Experimental process

The experimental process is organised in two steps:

In the first step, the particles are replaced bye@uivalent mass (equal to the total mass of
particles) fixed to the ceiling of the enclosurdieTgoal of this set of tests is to verify the
measurement of powers; this includes the analysid e@alibration of the experiment
parameters which have an effect on the measurgmnecision.

In the second step, the equivalent mass is replagetkad particles moving inside the
enclosure, the gap being adjusted by the four sréhe measurements of force and velocity
are performed taking into account the instrumehbiaion done using the equivalent mass.
It appears that these measurements are very sensitiany phase error between force and
velocity signals. Therefore the calibration stepfisnajor importance.

2.3. Experimental results

The impacting mass of PID consisted of lead pa&siclThe tests were conducted by keeping
both gap and mass of particles constant (the gap2wal0-3m, the size of lead particles was
2 x 10-3m and the total mass of particles was ¥019-3 Kg) while varying the excitation

frequency from 20 to 70Hz with steps of 3.3Hz. Theasurement of force and velocity



allowed the computation of the trapped and dissgpgowers, afterward the loss factor was
carried out using equation (4).
Figure 3 shows the evolution of the loss factotha PID versus the excitation frequency.

Four levels of excitation level are considered.

Figure 3.

For a significant explanation of the obtained ressut was desired to choose for the x-axis, a
non-dimensional term that could describe the matibthne particles inside the enclosure. It is
known that the power dissipation changes considier@ice the particles begin to impact the
ceiling. This condition is controlled by the amptie of the enclosure motion and the gap
size. Therefore, displacement/gap was chosen as-dixes. Figure 4 shows the evolution of
the loss factor of the PID versus the non-dimerdi¢aisplacement / gap).

These results reveals that a high values of lagsifavere reached, showing the efficiency of
this passive process. In addition, the level of léactor increases when the displacement

amplitude increases.

Figure 4.

2.4. Expression of loss factor via viscous dampirgpefficient

In this section, the loss factor of PID which watedmined experimentally is converted into
an equivalent viscous damping. Figure 5 represandshematic of both the PID and the
adopted model. The contribution of PID is estimaisdan equivalent linear viscous damping

coefficient c(w) determined for different levels of excitation arepdnding on the excitation

frequency.

Figure 5.
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As one would expect, the system constituted byeti@osurevl and the impact mass does
not exhibit any stiffness, then its motion equattan be expressed by

M.X(t) +c(w).x(t)=f (t) (5)
where f (t) represents the excitation force andsMhe mass of PID.

For a periodic excitation, the power of the diswgdasystem can be expressed by

P(w)= (6)

1 F? (w)c(w)
2

‘i wWF? (w).M +m)
(@)’ - M +m)?  -(c(@) - @M +m)?

where w represents the excitation frequency.
Using equations (4) and (6), the loss factor is poted by

Re(P@) __ c(@)
Im(P(«))  @(M +m)

n(w)= (7)

This relation allows the conversion of the losgdaevhich was characterised experimentally
into viscous damping depending on the frequencythadevel of the excitation. In order to
use these results in a structural model, the vscdamping coefficient is fitted by a

polynomial equation depending of the frequency {gpee 6).

Figure 6.

3. Investigation of a plate treated by PID’s

The aim of this second part of our investigationtaspredict the response of a primary

structure treated with PIDs using the damping ¢adiefit characterised experimentally by the
power method. An experimental study was condutttecbmpare experimental results with

the simulation ones and to verify the capacityhaf developed method to predict the dynamic
behaviour of the primary structure treated with 1D

The chosen primary structure is a free-free platech was preferred to a beam-like structure

in order to ensure a rich spatial behaviour ungeacic loading.
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3.1. Experimental study

In order to reveal the impact of PIDs locationstba dynamic response of the plate, two
configurations of PIDs positions were consideregk (Bgure 7). The four PIDs used in this

experiment have the same design parameters (partichss and gap). The plate is made of

aluminium specified with a mass densjpy= 2700 kg/m, Young’'s modulus€ = 7 x 13° Pa

and Poisson ratio = 0.3. The plate dimensions are length 560 mm, widtH = 460 mm and
thicknesse = 2 mm. The mass plate is 1.39 Kg which represghtismes the total mass of all

particles used in PIDs.

Figure 7.

Figure 8 shows the experimental apparatus accotditige considerations mentioned above.
The aluminium plate was suspended horizontallyhbge elastic cables. The PIDs were fixed
on the plate according the two configurations dbsdrin figure 7. A magnetic shaker was
used to provide a harmonic excitation force withyireg excitation frequency. The signals of
both velocity and force of the excited structurereveneasured, respectively using a laser
vibrometer and force cell. The plate responses wellected with a multichannel Dynamic
Signal Analyser Siglab model 20-42. Then the meaments were carried out successively at
9 points distributed on the plate according torfgy8. The locations of these nodes are chosen
in order to describe adequately the dynamic belavad the structure in the considered

frequency band.

Figure 8.

Figure 9.



3.1.1. Experimental process

The experimental process for the two PIDs confijong is organised in two parts. The PIDs
enclosures are first kept empty in order to charégse the modal behaviour of the primary
structure. Then the measurements are repeatedheitbnclosures containing 10.5 x3Kg

of lead particles with a gap of 2 mm. The excitatievel is kept the same as the one used in
the characterization of the PID. For each one e$¢htwo situations, the Frequency Response
Functions (FRFs) velocity/force of the plate arecassively measured at 9 points of the plate
by moving the Laser vibrometer at each locationt &ach measurement, a stepped-sine
excitation generated by Siglab data acquisitiontesgsis amplified and then input into the
shaker. A predefined level of force is chosen amshtained throughout the test thanks to a
closed-loop control. After the measurement, the ahatiaracteristics are identified from the
9 FRFs using the software MODAN ® which was devetbpn the Applied Mechanics
Department of FEMTO-ST Institute in Besangon, Fearithe identification is based on a
single-mode approach.

3.1.2. Experimental results

Figures 10 and 11 show the FRFs (accelerationcejameasured for the two configurations
of the system at the 9 points described above. édanination of these FRFs (with and
without particles) shows the effectiveness of PIDseducing the vibratory levels of the
structure over a wide frequency band: the effettBIDs are visible on each one of the five

first modes of the plate

Figure 10.

Figure 11.
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Table 1 shows a comparison of the identified matiaracteristics with and without particles
for the first configuration. It is found that theegence of particles causes an increase of
modal damping which can reach quite high leveldaut significant changes of the natural
frequencies and mode shapes. For example, folrdtenfode, the modal damping increases

from 1.5% to 2.9% with a frequency variation of%.7
Tablel.

The same results are presented for the secondgooatiion in Figure 11 and Table 2. It is
noticed, when comparing the modal damping of tretesy for the two configurations, that
the first one provides greater modal damping formaddes. For the second configuration, the
damping is nearly unchanged for the first mode.sTikidue to the PIDs positions of the
second configuration which coincide with the nodlaks of the first mode. This result

confirms that the damper efficiency depends omibde shapes of the plate.
Table2.

3.2. Numerical study

Figure 12 shows a schematic of the considered pleaited with PIDs and the adopted model.
The plate is modelled by finite element method g$dscrete Kirchhoff Quadrilateral (DKQ)
element. The damping contributions of PIDs are medeyy frequency dependent viscous

damping coefficients.
Figure 12.

The motion of the global system is governed by
[MI{X}+[c@] {x} +[K]{x} ={t} ®)
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where{X} is the nodal displacement of the plafef,} is the external force applied to the

system.[K] and [M] represent respectively the stiffness and massixeaftiboth the plate
and the PIDs

[M]=[m,]+[M,] ©)
where[ M, | is the mass matrix of the plate ajid,]is the additional mass matrix caused by

the presence of the PIDs.

(z) (z)) (zJ (z)]

(z) M (10)

L(z) | M
where M represents the mass of PID without particles.
[C(a))] which represents the damping matrix of the glayatem is given by
[C@]=[C]+[C] (11)
Where[CO] is the proportional damping matrix of the platel e[i@d] represents the additional

damping matrix caused by PIDs

0 (z) (z)) (zy) (z)) |
(z) Ci(w)

o) 0
(z)) C.(w)

[Ci(w)]=| """ o (12)
(z)) C.(w)
0 o)

_(ZI) Ce(w)_
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Ce (w) represents the equivalent punctual viscous dampingach PID (characterised
experimentally and depending of the excitation diextpy) located at the nodeg , k and| of

the plate.

It is noticed that the dependence of the PID cbation to the amplitude excitation is not
considered here, this significant simplificationncaffect the quality of the numerical
predictions, but it was retained because it leadsa simple technique for calculating the
dynamic responses of the primary structure. Thelampntation of this modelling was
performed in the MATLAB environment.

3.2.1. Numerical results

To validate the finite element model, the firsfimatural frequencies of the system formed by
the plate and the four empty enclosures are cordpaitd those of the experiment (Table 3).
The variations do not exceed 4% showing a good eageat for the two considered
configurations. It is noticed that the studied fregcy band of the plate is in accordance with

the one used during the PID characterisation.

Table3.

Once the finite element model is validated, thgdency dependent damping contributions of
PIDs are introduced thanks to the polynomial equatiustrated in Figure 6.

Figures 13 and 14 show a simulation of the FRF¢glacation / force) of the undamped plate
(without effects of PIDs) and of the plate treatéith PIDs respectively for the first and the

second configuration, calculated at the nine natesvn in figure 9. It is noticed that the

PIDs can reduce the vibratory level of the fivetfinatural’s frequencies of the system which

agrees with the experimental results.

Figure 13.
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Figure 14.

Figure 15 shows a comparison of numerical and exgetal responses of the system with
and without particles determined at points 6 arfdr&he configuration 1. A slight shift is
observed between the calculated natural frequerasidsthose of the experiments. For the
case of the system with the particles, the shiftn@e visible and shows the effect of the
particles mass which has been neglected in the Inbldere are also differences at the peaks
amplitudes in the vicinity of the natural frequesgbetween the numerical and experimental
responses for the system with and without particlBsese differences stem from the
hypothesis considered when modelling the systene dé&pendence of the amplitude of
vibration damping is not taken into account anchtitenecessarily influences the dissipation
of energy in PID. In addition, the model does miude damping provided from enclosures-

plate connections ensured by screws.

Nevertheless, the analysis of simulation resultshef structure with and without particles
shows the ability of the model developed in thigkmo predict the dynamic behaviour of the
structure taking into account the effect of dampaygoarticles. First, the effectiveness of the

PIDs is visible on all the studied modes as obskexperimentally.

Figure 15.

In order to reveal the influence of the excitatlewels plate on its dynamic response, a case
study was conducted. Four excitations level aré,ube intensity of those excitations are the
same one used in the experimental PID charactiemsas presented in Figure 3 and 4. The
Figure 16 shows the FRF's of the plate calculatethigee points 1, 5 and 6 for the four
considered excitation levels (configurationl). Timfluence of the excitation levels is

observed by comparing picks levels in the vicinatfy natural frequencies. However the

14



frequency effects on the PID performance are migrafecant than the influence of excitation
levels. Indeed, the optimal damping value of thB I more pronounced at 50 to 60 Hz
indicating that the damping of the third, fourtrddifth plate mode are more visible then the

first and the second one.

Figure 16.

Tables 4 and 5 show the simulated modal dampingectisely for the two configurations

studied, as well as the modal damping increasetalilee particles effect. Figure 17 shows
this modal damping increase for the five first n@déthe two configurations, comparing the
numerical and experimental values. Is appears lgléhat the modal damping increase is

correctly predicted by the proposed model.

Table4.

Tableb.

Figure 17.

4. Conclusion

The work reported in this paper aimed at finding/sveo better characterise a particle impact
damper. The loss factor of the particle damper oleracterised with respect to both the
frequency and the level of displacement by theafiggmwer measurements. It has been shown
that a high value of loss factor can be achievethvexplains the effectiveness of this type of
vibration damper. The nonlinear behaviour of thetigle impact damper was then
approximated to a frequency dependent equivalestous damping. The numerical and

experimental study of a plate treated by PID wa$opmed in order to verify that the loss

15



factor identified by power measurements allowedioteng the dynamic behaviour of the
structure. The good agreement of the result shiwas the proposed characterisation and
modelling are efficient in spite of the approxinoais they contain.
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Fig. 12.(a) Schematic of plate treated with PIDs, (b) Agopmodel.



FRF (ms?N)

10°
10’
10’
1[]" L L L L L L L L
20 25 30 35 40 45 50 55 60 65 70
Frequency (Hz)
10°

Without particles

Point 4

a2
10 . . . . . . .
20 25 30 35 40 45 50 55 60 65 70
Frequency (Hz)
10°
10" L 4
10" | E
10° | E
Point 6
10" L L L L L
20 45 50 55 60 65 70
Frequency (Hz)
10°
10° £ 4

Point 8

25

30

35

.
40 45 50 55 60 65 70
Frequency (Hz)

Point 1

35 40 45 50 55 60 65 70
Frequency (Hz)

Point 3

55 60 65 70

107" L L L
20 25 30 35 40 45 50

Frequency (Hz)

Without particles

Point 5

20 25 30 35 40 45 50 55 60 65 70
Frequency (Hz)

FRF (ms?N)

10

Point7

Without particles
With particles

45 50 55 60 65 70
Frequency (Hz)

10
20 25 30 35

Point 9

45 50 55 60 65 70
Frequency (Hz)

Fig. 13.Comparison of numerical results of frequency resperof plate

with and without particles. (configurationl).
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Fig. 14.Comparison of numerical results of frequency resperof plate
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Mode Without particles With particles Gain in
Number damping %
Frequency (Hz) Modal damping (%) | Frequency (Hz) Mol damping (%)
1 22.7 15 21.6 2.9 1.4
2 31.1 0.55 30.5 15 0.95
3 47.5 0.74 46.9 1.4 0.66
4 54.1 0.43 53.2 2.4 1.97
5 63 0.38 64.1 2.5 2.12
Table 1.Modal characteristic of the experimental systenmfigoration 1.
Mode Without particles With particles Gain in
Number damping %
Frequency (Hz) Modal damping (%) | Frequency (Hz) Mol damping (%)
1 26.3 1.2 26.3 1.2 0
2 31.3 0.74 30.5 1.9 1.16
3 49.9 1.09 49.9 1.7 0.55
4 S57.7 0.35 57.1 1.6 1.25
5 67 1.2 66.1 1.9 0.7
Table 2.Modal characteristic of the experimental systemmfigoiration 2.
Natural Configuration 1 Configuration 2
frequencies Numerical  Experimental Variation (%) | Numerical Experimental Variation (%)
1 21.7 22.7 3.3 254 26.3 3.7
2 31.4 31.1 0.92 30.1 31.3 3.8
3 47.6 47.5 0.34 51.3 49.9 2.8
4 53.8 54.1 0.01 58.4 S7.7 1.2
5 63.5 63 1.13 66.7 66.9 0.2

Table 3.Comparison of natural frequencies system.

2




Mode Without particles With particles Gain in
Number damping %
Frequency (Hz) Modal damping (%) | Frequency (Hz) Mol damping (%)
1 21.7 11 21.7 2.3 1.2
2 31.4 0.81 31.4 1.6 0.79
3 47.6 0.71 47.5 15 0.79
4 53.8 0.57 53.6 2.9 2.33
5 63.5 0.53 63.6 3.5 2.97
Table 4.Modal characteristic of the numerical system, agunfation 1.
Mode Without particles With particles Gain in
Number damping %
Frequency (Hz) Modal damping (%) | Frequency (Hz) Mol damping (%)
1 25.4 0.94 254 0.94 0
2 30.1 0.83 30.1 2 1.17
3 51.3 0.63 51.3 11 0.47
4 58.4 0.61 58.3 2 1.39
5 66.7 0.85 66.9 1.6 0.75

Table 5.Modal characteristic of the numerical system, qgunfation 2.




