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Vibration and damping analysis of a thin finite-size microperforated plate
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Microperforated plates (MPP) are commonly used to absorb acoustic waves in sound control technologies.
However, less is known concerning the added damping exhibited by thin finite-size MPPs. This added
damping effect is known to be induced by viscous and thermal exchanges in the boundary layers near the
fluid-solid interface of the perforations, which results in energy dissipation. The present work actually
shows that MPPs can feature a significant added viscous damping, especially at low frequencies of vibration.
An analytical approach based on an alternative form of the Biot theory for finite size porous plates is
developed. Parametric studies highlight the existence of a characteristic damping frequency at which the
added damping of the perforations reaches a maximum. For specified boundary conditions, the damping
level can be maximized by adjusting the geometrical parameters of the perforations (diameter, perforation
ratio) so that the resonance frequency of the plate coincides with the characteristic damping frequency.
The damping reaches a maximum at a particular frequency, and is also effective over a non-negligible
bandwidth. Formulations on the mass density and Young’s modulus as a function of the perforation ratio
are provided to address the sensitivity of mass and stiffness to the microperforations. The structural
damping capabilities of MPPs are validated by measurements on finite size MPPs which confirm the
significant damping increase in the low-frequency range.
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Nomenclature
Geometric constants ¢ modal damping ratio
d diameter of perforation (mm) Cmn modal damping ratio of mode mn
h plate or MPP thickness (mm) D bending stiffness (GPamm?)

L, plate or MPP length in z direction (mm) E Young’s modulus (GPa)
L, plate or MPP length in y direction (mm) K; fluid bulk modulus (kPa)

Macroscopic parameters

M Biot’s elastic coefficient (Nm™?)

Qoo tortuosity Other parameters

10) perforation ratio A eigenvalue

o fluid flow resistivity (Nsm74) Amn eigenvalue of mode mn

be Biot’s friction coefficient (Nsm™*) Jé] real part of \

[Biot Biot’s characteristic frequency (Hz) Bimn real part of Amn

Mechanical parameters v imaginary part of A (rads™!)

«@ Biot’s elastic coupling coefficient o imaginary part of Ay, (rads™')

n loss factor w angular frequency (rads™*)

s isotropic structural loss factor wmn  angular undamped frequency of mode mn
Nmn loss factor of mode mn (rads™1)

e fluid dynamic viscoelasticity (kgm™"s™") N number of degrees-of-freedom (dof) in plate dis-
0 Poisson’s coefficient cretization

o plate effective density (kgm™*) U, (z,y) modal shape of mode mn

Pt fluid density (kgm™?) ws(z,y,t) solid motion

Ps stucture density (kgm™?) w(z,y,t) fluid-solid relative motion

1. Introduction

Microperforated plates (MPP) are simple, lightweight structures already used in various noise control
applications, such as acoustic coatings in flow ducts [41] or cooling systems for turbines. These structures
can also be used to reduce noise in hostile environments, such as nuclear engines and reactors [40], launcher
fairings [32]. Various microperforated materials have been proposed [13, 25, 30] and applied to create
comfortable spaces, rooms, and environments [1]. These structures are known to dissipate acoustic energy
as heat via visco-thermal effects if the size of the perforations is of the same order as the size of the viscous
and thermal boundary layers [4].

Various theories and linear models for microperforated panels are now available. One of the earliest
studies of the acoustic behaviour of microperforated panels introduced a model with distributed Helmholtz
resonators [17] and was followed by similar work using the analogy between mechanical and electrical
systems [29]. The study of MPP based on sound propagation in thin tubes of small sections was also
proposed via simplified Kirchhoff equations by Maa [26, 27] who established a simple formulation for
the acoustic impedance of an MPP. From Maa’s works, it was shown that the MPP can be optimized
to induce maximum acoustic absorption. For this purpose, the maximum absorption was obtained as a
function of the diameter of the perforations and their distribution over the structure [12].

MPPs have also been investigated in vibroacoustics, mainly via the electrical analogy approach, until
the 2000s [20]. This vibroacoustic approach was notably used by Dupont et al. [15] to characterize
the acoustic transparency factor for an MPP. Takahashi and Tanaka [37] also proposed to study the
vibroacoustics of MPPs and introduced the notion of relative velocity. They highlighted the correlation
between the size of the perforations and the acoustic absorption efficiency of the MPP. This work was
extended by Lee et al. [24], who were able to demonstrate that the vibrations of MPPs strongly affected
their acoustic response, as they resulted in additional energy dissipation. Later, Lee et al. [23] proposed
to study sound absorption of flexible curved micro-perforated panels, backed by an air cavity, using
an electro-acoustic analogy. They observed that microperforations could induce an additional damping
on structural vibration responses. However, the magnitude of this added damping and its sensitivity
to geometric parameters have not yet been explored. Other approaches, such as the modal approach,
had also been proposed by Bravo et al. [9] to study the sound absorption and transmission loss of a
finite microperforated panel. They had deduced that MPPs induced a change in sound absorption. In
another study, they had used the modal approach to determine the influence of vibration on the acoustic



absorption and transmission loss of a finite size microperforated panel [10]. Their work had shown that
the relative velocity between the structure and the surrounding fluid should be considered when studying
the vibrations of the MPP. They concluded that considering the MPP vibration generated an additional
absorption peak. In addition, the geometric and mechanical parameters of thin MPPs could be modified to
satisfy a required sound absorption. Another study, carried out over a wide range of frequencies, had been
proposed to determine the influence of microperforation on a honeycomb structure [36]. The mechanisms
involved in microperforations were modelled as a mass-spring-damping system. The shape of the structure
as well as the frequency band considered did not allow obtaining conclusive results concerning the added
damping for the microperforations. Parametric studies have also been performed to better understand the
effects of perforations on the vibrations of microperforated plates. To this end, Putra and Thompson [35]
studied the influence of the porosity and the diameter of the perforations on the efficiency of the acoustic
radiation. Moreover, the vibration characteristics of microperforated plates (natural frequencies and
damping) for different sizes and number of perforations has been studied [18]. They have shown that in a
heavy fluid, the perforations increased the damping of the structure. Other parametric studies considering
the influence of the diameter of the perforations and their number have been performed, highlighting the
influence of the position of the perforations on the dynamics of the plate [33, 34].

In parallel to the models developed for the MPPs, work on the vibratory response of porous plates
has been carried out. Indeed, from the theory of thin rectangular finite plates, an analytical model
based on the stress-strain relation of Biot [5, 6] has been developed by Theodorakopoulos and Beskos
for porous materials [38]. Using an alternative form of Biot’s poroelasticity equations and an additional
simplifying assumption, Leclaire et al. [21, 22] were able to propose a simpler model in the form of two
coupled partial differential equations governing the dynamics of the porous plate. They had shown that
porous plates induce an added viscous damping and a maximum damping condition involving porous
geometric parameters were given [21]. The fluid-structure interaction and the acoustic radiation were
then implemented by Aygun et al. [3].

Furthermore, for a sufficiently rigid structure, it was proposed by Atalla and Sgard [2] to study the
MPP as porous structure using an equivalent fluid model based on the Johnson-Allard approach for porous
materials. Under simplifying assumptions (rigid frame, small plate thickness with respect to any acoustic
wavelength), the Biot parameters used for porous structures could also be defined for MPPs and a length
correction factor allowing considering the radiation induced by the distortion of the fluid at the end of the
perforations [2, 19].

The addition of microperforations on a plate has an influence on the sound absorption and induces
additional structural damping on the vibration responses [24]. However, this damping effect and the
vibrational behaviour of MPPs remain to study in detail. This present work therefore proposes to model
the dynamic response of microperforated plates and to investigate their structural damping capabilities.
To this end, based on an MPP-porous analogy [2], a vibration approach for porous plates [21] is used to
model the dynamic response of MPPs from a modal analysis. Since the diameter of the perforation and
the perforation ratio have an influence on the sound absorption [18, 33-35], their effect on the damping
added by the microperforation is explored.

This paper is organized as follows. Firstly, in Section 2, the present study suggests an analytical
vibratory model for MPP as an extension of the works [21] and [3]. Then, in Section 3, modal analysis is
performed in order to explore the MPP vibratory response along with the effect of Biot’s viscous damping
mechanism in the perforations. The effect of the added damping introduced by viscous friction in the
perforations is determined on the eigenmodes. The validity of the approach is discussed by comparing
the results of the damping factors obtained for a plate with and without microperforations. Section 4
provides a parametric study to characterize this added damping and to maximize it, in particular in the
vicinity of the first vibration modes. Finally, in Section 5 an experimental study is undertaken in order to
validate the proposed model and the possibility of using microperforations to improve the damping of the
structure.

2. From porous plate to microperforated plates: governing equations

2.1. A microperforated plate seen as an equivalent porous plate

It is proposed to apply to the microperforated plates the models used to characterize the dynamics of a
thin, finite porous plate loaded with fluid represented in Figure 1. By assumption, since the thickness of
the plate is small compared to other dimensions, only bending is considered. Based on Biot’s theory [5, 6],
the equations of the structural dynamics of porous plates [21, 38] were established. All Johnson-Champoux-
Allard (JCA) macroscopic parameters (porosity ¢, tortuosity e, airflow resistivity o and characteristic
lengths A and A’) were used in these models. An approach establishing a vibration model for a finite size
porous plate is proposed [21]. This model considers a finite plate of dimension L, x L, X h, oriented in the
xy plan represented in Figure 1, excited by an external load fext(,y, ). This external load representing



a force per unit length is oriented along the normal to the plate (in this case —z). This model defines the
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Figure 1: System of coordinates in the plate with fext(z,y,t) the external mechanical force.

fluid-solid relative displacement w(z,y,t) as well as that of the plate ws(z,y,t) and takes the form of the
two coupled equations. This system of equation describes the dynamic response of a finite porous plate
saturated by a fluid in its pores and is written

a?Mh? .. ..
(D + 172f>v4ws(x7 Y, t) + h(pws($7 Y, t) + pf’LU(il?, Y, t)) = fext(x7 Y, t)7 (13')
aMV?wy(x,y,t) — pris(z,y, 1) — m(jw)i(z,y,t) =0, (1b)

Ox2
is the fluid displacements. In Equation (1), the term

where V4(-) = V2(-)2 and V2(-) = 2G) + B;y(é) and w(z,y,t) = ¢p(wi(x,y,t) — w(z,y,t)) with we(z,y, t)

Eh3

b= 12(1 — 1) 2)
is the bending stiffness of the non-porous plate, a function of: Young’s modulus'. E, thickness h and
Poisson’s coefficient 1y. The density of the fluid-solid mixture is noted p. The parameter « is unitless and
characterizes the elastic coupling between the equivalent fluid and the solid while the coefficient My is the
elastic modulus of the equivalent fluid, both defined by Biot [7]. In the particular case of lightweight fluid,
the two previous elastic coefficients are expressed as a function of the perforation ratio and fluid bulk
modulus K; such that [21]

¢

Equation (1a) corresponds to the elastic response of the equivalent plate and Equation (1b), to the relative
motion between the fluid and the solid. The viscosity of the fluid causes forces to emerge at the fluid-solid
interface on both the fluid and the solid. The viscous force per unit volume is defined as a function of w
the angular frequency [6]

fv(x’yat) = U¢G(jw)u')(x,y,t) (4)

2

M and «a =~ ¢. (3)

where the function G(jw) is the high-frequency viscosity correction defined for the forced response

. 4o pepjw
By considering a harmonic displacement of the w(z,y,t) = w(z,y) exp(jwt) and writing w(x,y,t) =

w(z,y,t)

=, Bquation (4) becomes

fv(x7y7t) = U(bG(]w)W (6)

This dissipative effect is directly proportional to the viscous force generated by friction in the boundary
layers in the perforations and is considered in Equation (1b) in the form of the complex coefficient

m(jw) = %(pfozoo + W), (7)

1t is possible to use a complex Young’s modulus to achieve structural damping defined from the isotropic structural loss
factor ns. The latter is considered after the space discretization of the equations performed in Section 3.1.

2Equation (4) and Equation (5) could be generalized in order to carry out an analysis of free vibrations using a complex
coefficient A which considers the damping by not neglecting the real part. In the case where low damping involved, the
approximation A & S\ & jw is valid.



where the second right hand-side term is the dissipation coefficient arising in f,(z,y,t). In the low
frequency limit, G(jw) in Equation (5) can be approximated by its asymptotic limit: lim,_,0 G(jw) = 1.
By inserting Equation (7) into Equation (1b) and using this low frequency assumption, it is possible
to decompose the mass parameter in two terms: an equivalent mass term multiplying w(z,y,t) and an
equivalent damping term multiplying w(z,y,t). Equation (1) can then be recast into

a2th3
12
O[MfVQws (377 Y, t) - (pfws (1‘7 Y, t) +

(D + )V4ws($, y, t) + h(pws(z,y,t) + pso(z,y,t)) = foxt(x,y, 1), (8a)

PO 5w, y,1)) — i, 1) = 0. (8b)

In the case of the study of the vibrating plate, the chosen reference frame is linked to the fluid, which
results in a negative viscous force and therefore a negative relative velocity coefficient multiplying w(z, y, t)
which damps the motion of the structure.

Based on the JCA model for rigid porous media, the previous formulation can be adapted to the
microperforated plate. The macroscopic JCA parameters are therefore modified for the special case of
MPPs [2]. In fact, for microperforated and porous plates, it is possible to decouple the viscous and
thermal effects arising in the microperforations by using two complex quantities, which depend on the
angular frequency w of the response: the equivalent density po(w) and the equivalent fluid bulk modulus
K (w). The equivalent density captures the viscous and inertial interactions between the solid frame and
the fluid, while the equivalent modulus of elasticity accounts for the thermal interactions. Using this
approach, all JCA parameters defined for a porous plate can also be expressed for a microperforated
plate with perpendicular cylindrical pores, for which it is possible to assume that the fluid within a
microperforation behaves as a Poiseuille flow involving an incompressible Newtonian fluid. The physical
phenomena involved in a microperforation are recalled in Figure 2. For an MPP with perforations of
circular cross-section, the static airflow resistivity indicated is [2]

32p¢
o= o (9)

where ¢ is the dynamic viscosity of the fluid, ¢, the perforation ratio, and d, the perforation diameter.
For straight cylindrical pores, the viscous and the thermal characteristic lengths, respectively noted A
and A’ are equal to the radius of the perforation, that is A = A’ = d/2.

Also used in the JCA’s model is the tortuosity a., that reflects the distortion of the fluid flow in the
pore generated by a compression wave velocity. For an MPP, the perforations are straight and a,, = 1.
However, it is important to note that the JCA model must be modified in order to account for end
correction effects caused by radiated waves and distorted flows arising in the vicinity of the perforations.
The air mass contained in the perforation oscillates and radiates on both sides of the plate (Figure 2).

Fluid
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Figure 2: Physical phenomena occurring near a perforation of diameter d [2], where &, and d; are respectively the viscous
and the thermal boundary layer and ecor is the correction length due to acoustic radiation.

The mass of air carried along during the radiation is greater than that contained in the perforation. This
inertia effect increases the mass of the vibrating air and is accounted for by means of correction lengths
€cor that must be added on both sides of the perforation so that the tortuosity thus becomes [2]

2€cor
o0 = 1 b) 10
a + h (10)

where h is the plate thickness and ecor = 0.24v/7wd?(1—1.14y/¢) [2]. Equation (10) is valid for a perforation
ratio ¢ < 16 % and assuming that kgh < 1 with the wave number ky = w/co and ¢y the wave velocity in
the fluid. This factor e.o, considers the fluid radiation inside the perforations.

In the present work, by assuming cylindrical straight perforations and using the JCA parameters
for MPP, it is possible to establish a vibration model for the MPP based on Equation (8). For this
purpose, all standard boundary conditions can be considered in Equation (8) assuming that the MPP is a
homogeneous effective medium. In this paper, the numerical study is performed for a plate considered



to be simply supported on each of its edges while the experimental study is carried out clamped-free
boundary condition. For a thin plate of dimensions L, x L, x h, the simply-supported boundary conditions
for the solid displacement, are
ws(.’E = anat) = ws(x = szyat) =0, Mac(x = anat) = Mx(x = any7t) =
ws(xay = O7t) = ws(;l:,y = Lyat) = 07 My(xay = O7t) = My(x7y = Ly7t) =

; (11a)

where M, and M, are the bending moments in the = and y directions, respectively.

2.2. Non-dimensional analysis of the equations of motion
The first step to simplify the analysis is to search for the dimensionless groups that control the system of
equations. Every solution of an equation can be expressed as a linear relation between these dimensionless
groups [11, 28]. The dimensionless system can be written as a function of p — 3 scaled parameters,
where p is the number of independent parameters, with p = 9 in Equation (1). This can be achieved by
nondimensionalizing the governing Equation (1) through classical methods [14].

Setting the external load equal to zero, the dimensionless version of Equation (1) can be expressed as
a function of the p — 3 = 6 dimensionless parameters: E' = E/(12(1 — v?)aMy), p' = p/pt, m' = m/py,
us = ws/h, U = w/h and 7 = t x (aMz/(pth)). The time derivative is taken with respect to the
dimensionless time 7. The spatial derivatives induced by V* and V? must respect the directions x and
y which are adimensionalized by the thickness h of the plate. As a result, the autonomous version of
Equation (1) takes the new form

E'V*ug + pliig +U =0, (12a)
V2ug — iis —m/'U = 0. (12b)

As explained in the next section, this will be used to approximate the natural frequencies and the damping
factors of the microperforated plate.

2.3. Approximate natural frequencies and damping factors of microperforated plates
Leclaire et al. [21] derived approximate natural frequencies of a porous plate. This formulation is valid
if > Ms, as generally accepted for rigid porous materials and for microperforated plates vibrating in
surrounding air, as numerically confirmed.

In order to obtain approximate resonance frequencies and damping factors, similar assumptions are
considered for MPP in the present section. From the dimensional analysis in Section 2.2, Equation (12b)
is written m’U = V?ug — iis and Equation (12) can then be combined into the equation

=0 (13)

!

1 V2

E/v4us+us<pl_7) + 1/'115
m m

which only involves the dimensionless plate deflection us. Note that in the case of an MPP saturated by a

low-density fluid, the term p’ — # is approximated by p’. Equation (13) simplifies to

V2,
m/

E'V*us + plitg + =0 (14)
and this assumption is numerically validated. A similar expression involving the plate deflection wg can
be derived using the dimensional parameters of Equation (1), that is
pfava2ws> —0

m(jw) '
Assuming a harmonic response along with the simply-supported boundary conditions in Equation (11)
allows us to separate space and time dependencies, that is wg(x,y,t) = @s(x,y) exp(At). After space
discretization, Equation (15) is an ODE with constant coefficients. It can be written as an eigenvalue
problem?®. Solutions for the eigenmode (m,n) correspond to complex eigenvalue \,,,, where m and n
are the indices of the modal discretization in the z and y directions. On the context of damped system,
the real part of \,,, is negative and accounts for the damping of the structure, while the imaginary part
corresponds to the eigen angular frequency. Solutions of Equation (15) can be obtained for a particular
MPP which parameters are listed in Table 1. The diameter of the perforations is set to d = 1.4 mm. The
numerical values of the damped eigenfrequencies 7,,, obtained with two approximations are listed in
Table 2. The relative error is less than 3%. However, the real parts do not match. The approach in
reference [21] does not allow to depreciate the system but can be used to have an accurate estimation of
the natural frequencies. This is due to the fact that in this approach, the stiffness term aM;V2w(x,y,t)
is neglected. In order to consider damping in the response, Equation (15) is therefore used in this study.

DViw, + h(pzbs + (15)

3Details of space discretization and resolution are given in Section 3.2.



Microperforated plate Solid and fluid parameters

L, (mm) 490 ps (kgm™2) 2680

L, (mm) 570 pr (kgm™3) 1.213

h (mm) 1.0 E (GPa) 66

¢ (%) 10 K (kPa) 130

d (mm) [0.1;5] Vo 0.3
s 10~*

pe (kgm™ts™h) 1.84 x 107°

Table 1: Implemented numerical values.

Equation (15)  Model [21]

m,n ﬂmn Ymn ﬂmn Ymn

1,1 —-0.47 113.7  0.0008 114.4
1,2 -040  259.5 0.0015 260.1
2,1 -036 311.0 0.0016 311.6
2,2 =028 456.2  0.0018 457.4
1,3 —=0.25 502.7 0.0018 503.3
3,1 =020 6396 0.0019 640.9

Table 2: Eigenvalues A\pn = Bmn + J¥mn for the simply-supported MPP defined in Table 1.

2.4. Biot’s frequency and maximum damping

The Biot frequency noted fgiot is a characteristic frequency defined by Biot [5] as

Rl

. 1
27 pg (16)

fBiot =
This characteristic frequency separates two regimes: for f < fgjot, the inertial effect dominates while for
f > fBiot the viscous dissipation dominates. The Biot characteristic frequency is related to the thicknesses
of the viscous boundary layers . In the particular case of cylinder pores with circular cross-section, fgiot
is defined when §, = d/4.

In the context of porous plates, it has been shown that there is a characteristic frequency equal
t0 fBiot/ s for which the viscous frictional damping of a porous plate is maximum [21]. Making this
frequency coincide with the main resonance of a plate maximizes the damping of the system. It is shown
in the following that similar results are observable for MPPs.

In fact, in the case of a microperforated plate, the Biot frequency can be written as a function of only
one parameter that can be ¢ or d which are dependent parameters satisfying

2
Nperfﬂ'd

®=uL.L,

(17)
where Nperf is the number of perforations in the MPP. In this document, we have chosen to consider fgiot
as ¢-independent. By injecting Equation (9) in Equation (16), the Biot frequency is therefore written
for an MPP only as a function of d. The characteristic frequency f. = fBiot/0, for which the added
damping is maximum, is written as follows

32
fc = s

= 18
2T oo prd? (18)

The corresponding angular frequency is written w. = 27 f.. This frequency is characteristic of viscous
friction between the fluid and the solid.

3. Vibration analysis of a finite size microperforated plate

3.1. Space semi-discretization

In the framework of linear elasticity, displacements are considered small and normal to the plate surface at
rest. In Equation (8), the time dependence and space dependence in wg(z, y,t), fext(x,y,t) or w(z,y,t) are
separable and the motion can be considered as a linear combination of natural motions. Thus, Equation (8)
represents a set of an infinite number of simultaneous differential equations. In the particular case where
exponential type solutions are targeted, Equation (8) and the associated boundary conditions collectively
constitute a bi-harmonic eigenvalue problem. Solving this problem gives access to the eigenvalues A,



and to the modal basis functions ¥,,, (z,y). The deflection of the plate is then assumed to be in the
following form

(z,y,t) Z Z Upn (2, 9) (19)

where w$, . (t) represent the generalized coordinates of eigenmodes (m,n) that are unknown functions of
t. Similar expressions are chosen for the relative fluid-structure modal displacement with the ¢-function
Wi (). Indeed, for a microperforated structure, it is assumed that the same boundary conditions and
basis expansions are used for the displacement fields of both the plate and the fluid [38]. In the case of
the present study, the fluid within the perforations is considered as an effective fluid taking the shape of
an equivalent fluid plate and the perforated solid is considered as an effective solid taking the shape of an
equivalent solid plate. For a mechanical excitation, the motion of the equivalent fluid plate is related to
that of the equivalent solid plate and therefore it is reasonable to consider that the boundary conditions
are the same for both plates.

The basis functions U,,,(z,y) are chosen as a linear combination of hyperbolic and trigonometric
functions. For a rectangular plate, ¥, (2,y) = dm ()@, (y) where

ok (&) = Ag cosh Q€ + By, cos Qi€ + C sinh Qi€ + Dy, sin Q€. (20)

The basic functions for particular boundary conditions are presented in Appendix A. In order to simplify
the notations, we decided to reorganize the ¥,,, (x,y) into a single index expression ¥;(x, y). Equation (19)
can be therefore rewritten for a finite number of modes such that

s(z,y,t) Zw with i=1,2,---,N (21)

where N is the number of degrees-of-freedom (dof) in the discretization. In this reorganization, each pair of
indices (m,n) € NxN is ordered lexicographically in order to correspond to a single index ¢ € N. Thus (1,1)
is the smallest element, the next is (1,2) then (1,3), (1,4),---, (1, %), (2,100, (3,1, (%, 1),
in the particular case where the number of dof in x and y discretization are equal to % The same
reorganization of indices is performed for w(x,y,t) and for fex(z,y,t) and is used here and in the rest of
this document.

The resolution of Equation (8) involves the discretization and projection of the equations onto the plate
and fluid eigenmode basis. From the above modal expansion and a space semi-discretization procedure,
Equation (8) can be written in a matrix form

() + Dz(t) = £(t), (22)

where

D:[M91K M‘_Iflc], z(t)z(i%) and £(t) = {M_?q(t)} (23)
with

o= (3 ne- P W) o3 8] e[l 9] "

and q(t) is the vector that stores external excitation terms. Boldface notations represent vectors or
matrices. The vector x(t) stores both solid and relative fluid-solid displacements, respectively w(t) and
w(t), and is defined relatively to an equilibrium position when the structure is at rest. The vector w(t)
contains the inputs w(t) while the vector w(t) stores the entries w;(t), both defined via the space-time
decomposition presented in Equation (21). The matrices Mg, , My, Ky with £ = 1,2 and Cg can be
obtained via a discretization by projection on the eigenmodes of the plate

M, = hp/ U(z,y) ¥ (z,y) dzdy, M, = —pf/ (x,y)¥" (2,y) dzdy,

S
M, = hpf/ O (z,y)¥" (z,y) dzdy, pfa“/ U(z,y)¥" (v,y)dzdy,

S

(25)

Co= o / O (2, )87 (2, y) da dy, Ky = all; / A (2, )87 (z, ) dz dy,

S S

2M 3
K, = (D + u)/ A (z,y) ¥ (z,y) dedy
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where S is the plate surface i.e. [[q = fOL’ fOLy. In Equation (25), ¥(z,y) is the column vector that
stores the entries ¥;(z,y) and A = V? is the Laplacian operator, applied to each term of ¥(z,y). Also,
the damping matrix C, is a function of o and thus d. It accounts for friction in the perforations and can
be considered as a viscous damping. The structural damping of the perforated panel can be considered
by taking a complex bending stiffness defined from the isotropic structural loss factor 75 of the material
constituting the MPP. In this case, K has complex entries: the real parts correspond to rigidity terms
and the imaginary part, to damping terms. The low depreciation involved making it possible to obtain D
in real form. The damping matrix C and the stiffness matrix K are rewritten such that

o, o _[RK; 0
C—[O Cz} and K_[KQ 0]. (26)

where each coefficient in C; is its equivalent coefficient in SK; divided by the corresponding w;, the ith
frequency obtained for an undamped system. The matrix D, presented in Equation (23) is therefore
A-independent.

3.2. Modal analysis

In order to study the free vibration modal motions of the microperforated structure, the external force
in Equation (8) is set to f(¢t) = 0 and Equation (22) is reduced to z(t) + Dz(t) = 0. Modal analysis
is performed in order to determine the natural modes of vibration and the associated frequencies and
damping coeflicients. Equation (22) represents a homogeneous set of Ordinary differential equation (ODE)
with constant coefficients. Its solution can be written in exponential form as

z(t) = Zexp(At), (27)

where A and Z respectively are a scalar and a vector. By inserting Equation (27) into Equation (22) and
dividing all term by the non-vanishing exp(At), the eigenvalue problem

Dz = A2 (28)

is obtained. The matrix D is real and the solutions of Equation (28) provides 4N eigensolutions. Due to
the structure of K, the solutions for the structural modes and those for the relative fluid-structure modes
are decoupled: 2N solutions correspond to the structural modes and 2N to the relative fluid-structure
modes.

Since the boundary conditions are simply-supported, the modes are orthogonal, D has a block diagonal
structure

D,
p-| - | (29)
Dy

where D; is a 4 x 4 block defined for mode i. The resulting characteristic equation det(D; — AXI) = 0
translates into

)\4 — d441. /\3 + dgli)\Q — (dSIid44i — d34id41i))\ =0 (30)

where d,,. is entry pg in D;. The chosen formulation of the model presented in Equation (8) which
contains no w terms. This results in a rigid body motion of the fluid and thus a zero eigenvalue, which
corresponds to the trivial solution A = 0 in Equation (30). The other three roots of Equation (30) are
positive real or complex conjugates. Eigenvalues corresponding to structure displacement are complex
conjugates \; = f3; + jv; where the imaginary part S\; = v; = w;+/1 — ¢? is the natural frequency of
the mode ¢ for the damped system and the real part ®)\; = 5; = —(;w;, the damping term involved in
the exponential decrease of the mode, expressions in which w; is the natural frequency of the undamped
mode i and (;, the corresponding modal damping ratio. Motions in the underdamped modes consist of
decaying oscillations, which can be described as a system of two coupled first-order differential equations
in time. Details of modal resolution for a one-dof dissipative system are presented in Appendix B. Four
eigenmodes 2y, with &k € [1;4], corresponding to eigenvalues, Ay are defined where 2; and 2o are complex
conjugate while Z3 and Z4 are purely real. Also, the eigenvalue corresponding to Z3 is 0.

It is possible to perform a projection on the modal basis z;(t) = P;u;(t) where each 4 x 4 P; matrix is
organized as follows:

P, =[R2, S21 23 24, (31)



Contrary to the modal forms ¥;(x,y), which allow the discretization in the space of the equations, the P;
modes correspond to the diagonalization modes, resulting from the projections of the discretized equations
on the modal basis. After projection in the modal basis, Equation (22) takes the block matrix form

Bi m 0 0
) — T : Cp-lpp. _ |™m B 0 0
u;(t) = Lyu(t), with L, =P; D,P;, = 0 0 0 0 (32)

0 0 0 B,

For block 4, the equations are (the index 7 and the time dependency are dropped for readability purposes)

= frur +y1uz, (33a)
Uy = —y1uy + PBrus, (33b)
iz = 0, (33¢)
G = Baua. (33d)

The mapping back to the physical basis is possible by multiplying the vector u;(t), resulting from the
resolution of Equation (33) by the change of basis matrix P;.

3.8. Forced response analysis

The modal analysis is sufficient for the mechanical analysis of the MPP and allows for simple parametric
analyses. However, microperforated plates can also be excited by a mechanical force acting at a particular
location on the structure, for example. In order to simulate real experimental conditions, it is important
to study the forced response to an external mechanical excitation. For this purpose, a harmonic pointwise
external excitation of amplitude Fiy is applied at (xq,yo) with the angular frequency w. The punctual
external load is therefore written for the ith mode such that foxt, (2o, yo,t) = Fext ¥i(z0, yo) exp(jwt). The
same approach presented in Section 3.2 is performed for the forced response. In this aim, after the proper
projection on the considered basis of shape function, Equation (22) become

where f;(t) is the restriction of f(¢) to block i. Equation (32) therefore reads (again for block )

= frur +y1u2 + fi, (

Uy = —y1u1 + Bruz + fa, (35b

usz = f3a (35C

Uy = PBaug+ fa. (35d
In Equation (35), the fi, terms correspond to the kth term in each i block of the matrix f(¢) defined in

Equation (23). The modal participation of the forced response is obtained by solving Equation (35) for
the steady state in the form

w;(t) = a;(w) coswt + b; (w) sinwt (36)

where a;(w) and b;(w) represent the modal participation in the forced response, with modulus c;(w) =
a;(w)? + b;(w)?.

4. Sensitivity analysis

4.1. Sensitivity of the MPP wvibratory forced response to fluid load

In this section, in addition to the fluid in the perforations, the external fluid is taken into account. The
MPP is considered to be in a semi-infinite fluid medium. Indeed, when a structure vibrates in a fluid,
it radiates acoustic waves, and it is required to account for the fluid-structure interaction [3]. The fluid
loading is introduced in Equation (1) by adding a coupling term, depending on wj (t). To capture the
effect of the fluid loading, it is proposed to add an acoustic source, expressed as

Qi(xvy’t) = _ijZik(l - ¢)wz(t)‘1’k(l’7y) (37)
k=1

where Z; is the ik element in the acoustic radiation impedance tensor. The reorganization of indices
presented in Equation (21) is used here. The effect of radiation at the orifice of the perforation is already
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active via the correction term e.o, [2]. Only the displacement of the solid multiplied by the proportion of
the surface of the solid is considered, via the term (1 — ¢)wj (¢). The cross-coupling coefficients in the
radiation impedance tensor are given by [31]

Zik: :prf// Tik(l’,y,.’lll,y/) dS/dS (38)
S ’

where Yy (x,y,2",y") = Ui (2,y)Gr(z,y, 2",y )Ur(2',y"). The Green function G,(z,y,z’,y’), associated
with the contribution of a surface element S’; is defined by

_ exp(jrko)

GI‘ 9 b /7 !
(z,y,2",y) Sy

; (39)

where 7 is given by r = \/(z — 2/)2 + (y — ¥')2. The factor 1/27 in Equation (39) is used in the case
presented here for a baffle plate. For a non-baffle plate, this factor must be replaced by 1/4w. When the
receiving and transmitting elements are the same, the distance r becomes zero and the Green function (39)
becomes infinite. In order to ensure the convergence of the integral, the solution proposed in this work
to deal with this singularity is to use a limit formulation when r is close to zero. In order to compute
Equation (22), the surface is discretized into small segments. The integral formulation of the radiation
impedance is therefore expressed as a discrete problem, with ny, elements in the discretization. A quadruple
Riemann sum is performed in order to obtain a numerical approximation of Equation (38).

The acoustic load, represented by the radiation impedance, has two effects. First, it modifies the
damping of the plate-air system represented by RZ;;. Second, it adds a reactive effect to the plate-air
system by the addition of a mass represented by $Z;. For a low-density fluid (e.g. air), the cross-coupling
terms can be neglected, so that Z;; = 0 if ¢ # k. The radiation impedance matrix is thus a diagonal
matrix.

Finally, Z;;, is inserted in Equation (8) through the load

Qrad(xvyvt) = Z%(xvy’t)7 (40)
=1

where g¢; is defined in Equation (37). The fluid-loaded system can thus be modelled, for an MPP immersed
in a low-density fluid, as

2M h3
(D + alig)vAlws + h(pws + wa) = fext + Grad; (413)
aM:hV3ws — h(pf’lI)S + szoo w) — hot = graq. (41b)

After space discretization and projection onto plate mode shape, Equation (41) is solved by using the
approach presented in Section 3.2. For a microperforated plate loaded with low-density fluid, the modal
diagram is negligibly modified by the parietal pressure induced by the fluid on the plate. A comparison
of the eigenfrequency ; and corresponding modal damping ratio (; between a simply-supported MPP
saturated by air and an MPP in vacuo is undertaken in Table 3. It appears that in the case of an
air-saturated plate, the fluid loading has a negligible effect on the natural frequencies and damping rates.

1. in vacuo 2. in air

Vi Gi Vi Gi
113.97 4.071x107% 113.95 4.079x1073
259.39 1.536x107% 259.37 1.537x1073
310.82 1.148x107% 310.80 1.149x1073
456.51 0.584x107® 456.50 0.585x1073

.

W N =

Table 3: Modal characteristic of mode 4 for the microperforated plate defined in Table 1 with d = 1.4 mm and 7s set to zero.
Eigenfrequency ~; in rads~! and the corresponding modal damping ratio ¢;.

4.2. Free vibratory response sensitivity to perforation ratio

Two parameters can have a significant influence on the MPP vibratory response: ¢ and d. The other
parameters (o, aso, A and A’) are dependent on ¢ and d. For an MPP, the higher ¢, the less rigid is
the structure. In order to maintain the mechanical properties of the material (E and ps) for an MPP
close to those of the non-perforated structure, the perforation ratio must remain low, typically below
16 % in our study. Moreover, Biot’s damping stems from viscous friction coupling with fluid-structure
interaction. Then, since losses occur in the perforations, the greater the number of perforations of a
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Figure 3: Modal damping factor sensitivity to ¢ for a simply-supported MPP (see Table 1) with d = 1.4 mm. The isotropic
structural loss factor s = 2(s is assumed constant for each mode i.

given d, the greater the damping. For the MPP described in Table 1, the influence of ¢ for a given
perforation diameter on the modal damping ratio of the first four mode shapes are presented in Figure 3.
The constant perforation diameter is set to d = 1.4 mm. The comparison between the added damping and
the structural damping is also provided in Figure 3. The structural damping for the ¢th mode 7y = 2(; is
assumed to be constant and ¢-independent. Value of 7, for an alumium plate is given in Table 1. In the
present study, all microperforations have the same geometry and diameter. In this case, f. is chosen to be
expressed as a function d. The perforation ratio therefore has negligible influence on f. but might slightly
perturb the natural frequencies by changing the mass and stiffness matrices. A correction of the Young
modulus [8, 39] can thus be applied on ¢ so that

(1-¢)°
1+ (2-3u)¢’ (42)

where E and vy are respectively the Young’s modulus and the Poisson’s ratio of the non-perforated
plate. Equation (42) is included in the analytical model. Microperforations also affect the mass matrix
by defining an equivalent structure density such that p = ps(1 — @) + ¢pr. In the particular case of a
low-density fluid, the equivalent density p can be approximated by p = ps(1 — ¢). Vibratory resonance
occurs at lower frequencies for an MPP than for a non-perforated plate of the same size. An approximation
of the natural resonance frequencies for a finite size MPP saturated by a lightweight fluid is possible from
the resonant frequencies of the non-perforated plate. The resonance frequencies of an MPP can therefore
be obtained using the well-known plate resonance formulae. The equivalent equation of motion for mode @
considering the equivalent material properties of the MPP (i.e. p and Eeq(¢)) can be written as

Eeq (d)) =F

ML= 0)i0) + K (1 Yut(t) = (13)

As a first approach, the corresponding natural resonance frequencies are

wi = 8(¢)/Ki/M; where 5(¢)=,/ﬁ. (44)

The natural frequencies of the MPP are therefore approximately §(¢) off from the natural frequencies
of a non-perforated plate. Natural angular frequencies for an MPP considering the Young modulus
correction are given in Table 4. A comparison of angular frequencies calculated from the approximate
formula of Equation (44) and the full model given in Equation (8) for an MPP is presented in Table 4.
Approximate values of angular frequencies for the MPP are obtained from those calculated analytically
for a non-perforated plate through Equation (44). The values presented in Table 4 are obtained for ns = 0
and ~y; corresponds to the imaginary part of the eigenvalues that considered the damping induced by the
microperforations. The relative error between the approximate formula and the full model is less than
1%. The approximate formula Equation (44) does not consider the visco-thermal damping added by the
microperforations which explain the relative error between the two approaches.

4.83. Free vibratory response sensitivity to perforation diameter
In order to better understand the added damping, it is proposed to plot the modal damping ratios in
terms of d. Indeed, from modal analysis, the modal damping factor is given by (; = —f;/w;. For a
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Non-perforated plate Microperforated plate

1 105.5 98.0 97.7
2 246.8 223.1 222.3
3 295.6 267.3 266.4
4 433.9 392.3 391.3

Table 4: Angular frequencies in rad s~ of mode 4 for the simply-supported MPP calculated from Equation (44) and equivalent
non-perforated plate defined in Table 1 with d = 1.4mm. The shift factor §(0.1) = 0.9 is calculated from Equation (44).
Values obtained from approximated formula (44) are compared to those calculated from the full model (8).

microperforated plate, defined in Table 1, Figure 4 shows the modal damping as a function of d, for a
given ¢. Each curve corresponds to a mode and exhibits a maximal damping induced by the optimal
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<
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Perforation diameter d (mm)

Figure 4: Modal damping sensitivity to d for a simply-supported MPP of dimensions 490 mm X 570 mm x 1 mm for ¢ = 10 %.

perforation diameter for which the modal frequency of mode 7 is equal to the damping characteristic
frequency. When d tends to infinity, the added damping tends to zero, irrespective of ¢. For constant
perforation ratio and a specified plate size, maximum damping is obtained for the first four mode shapes.
The added damping by the microperforations thus has a clear effect on low frequencies f < 32u¢/(7wd?).

4.4. Free vibratory response sensitivity to resonance frequencies
The viscous dissipation in materials can be included in Equation (15) by defining a complex stiffness
matrix using a loss factor 7; so that Equation (15) reads

M () + Ki(1 + jmi)w; (t) = 0 (45)

where M; and K; correspond respectively to the ith element of the restriction of the mass and stiffness
matrices to their diagonal terms. The approximate Equation (15) is cast into a form similar to that of an
oscillating system for each mode i as

12 p2aMig?an, ‘ 1) aMid? peb DIV |
Pt piaMipa 5 (0) +  —hjo— aM;d” piby R O (46)
I;7 ((aoo ppsw)® + b) L7 ((asopprw)? +0F) I

where by = 0¢? is the friction coefficient defined by Biot [5]. The terms Ii(k) are the ¢ contribution terms
on the diagonal in the projection matrix I*) defined

I = //S AW (z,9) 8T (z,y) dz dy, (47a)
I® = // AW (2, )T (z,7) dz dy, (47b)
5

16 = //s U(z,y) T (z,y) dz dy. (47¢)

By identification of Equation (46) and Equation (45), the modal loss factor is expressed as

(48)

hoI® / aMid?peby
miw) ==~ 5 )

DI \(awedpw)? + b?
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At the eigenfrequency ~;, the loss factor is related to the modal damping factor by the following expression
1:i(7:) = 2¢;. From Equation (48), it is proposed to explore the influence of the resonance frequencies on
7;, as illustrated in Figure 5.

=1
—e— =2
=3

—a— =4

Loss factor n; [x107?]
S

Loss factor n; [x107%]
S

LT NG

10~1 100 10! 0 100 200 300

Dimensionless frequency f/ fe Frequency f
() (b)

Figure 5: Loss factor given in Equation (48) for a simply-supported MPP of dimensions 490 mm X 570 mm X 1mm (see
Table 1) as function of frequency. In Figure 5(a) the diameter is fixed and fc is a constant. The diameter is chosen to
maximize the damping on f1, we therefore have fi1 = fc. In Figure 5(b) the diameter is different for each mode and is chosen
to maximize the damping in each mode. We therefore have f; = f..

Figure 5(a) shows the loss factor presented in Equation (48) as a function of dimensionless frequency
for a plate with constant ¢. The frequency is normalized with respect to f. defined in Equation (18).
The diameter of the perforations has been chosen to induce the maximum damping in the first mode.
Accordingly, the characteristic frequency is identical for all modes in Figure 5(a). In Figure 5(b), the
perforation diameter is not a constant and has been chosen to maximize the damping for each mode i
such that

32
L e e S (49)
W; PrOtos

The characteristic frequency which is a function d is different for each mode.
In both figures, for each mode i, n; passes through a maximum at an optimal frequency function
of d that corresponds to f. defined in Equation (18). By inserting Equation (18) in Equation (48), a
formulation of the maximum damping 7;"** is obtained, for the ¢ mode, as
(2)
2Daso I,

This maximum depends on the geometry of the plate, the boundary conditions and d.

Let us now consider the asymptotic behaviours of n;(w) in Equation (48). The high frequency limit is
limg, 00 7 (w) = 0 for mode 7. This might be explained by the fact that at high frequencies, the thermal
and viscous boundary layers

_ 2 _ R
by = o and 0§, = Brop (51)

respectively, where Pr is the Prantl number, become very thin and tend to the zero thickness limit since
they are inversely proportional to the pulsation w. In the high frequency limit, the fluid slides in the
perforations and the damping induced in the boundary layers (thermal and viscous) becomes negligible.
In the very low frequency limit, the boundary layers become very large, the fluid flow associated with the
acoustic wave is totally prevented from entering the perforation and no friction in the boundary layers
occurs. As a consequence, no damping mechanism by viscous friction takes place. Between these two
limits, the Biot damping emerges and reaches a maximum, depending on the viscous friction losses.

It is worthy to pay attention to the frequency range over which the damping is effective. Indeed, for a
given mode, the added viscous damping effect is maximal when the plate frequency coincides with f.,
but it acts on a larger bandwidth around this maximal characteristic frequency. In Figure 5(b), the Biot
damping acts over a wider range of frequencies when the perforation diameter is chosen to damp higher
frequency modes. This is due to the fact that, for low frequencies, the thickness of the boundary layers
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varies rapidly with w. A small change in frequency will result in a larger change in the boundary layer
thickness. In the high frequency limit, the boundary layer thickness can also vary with frequency, and the
Biot damping will be effective over multiple modes. Accordingly, the choice of perforation diameter will
certainly be a trade-off between the range over which the damping applies and its value.

4.5. Free vibratory response sensitivity to plate thickness

The plate thickness h has also a influence on the added damping. The loss factor given in Equation (48)
for three MPPs with different thickness sizes is provided in Figure 6 for constant d and ¢. In order to have
the same resonance frequency of the first plate mode for the three MPPs considered, (i.e. f; = 18.2Hz),
both dimensions L, and L, are adjusted. The frequency is thus normalized with respect to f;. According
to Figure 6, the added damping increases as the thickness of the plate decreases for a constant resonance
frequency. In order to better understand the damping sensitivity to h, an expression of the loss factor

12
—— h =0.5mm
—e— h = 2mm
8

Loss factor 71[x107%]

0 2 4 6 8 10

Dimensionless frequency f/f1

Figure 6: First mode loss factor given in Equation (48) as function of dimensionless frequency for three simply-supported
MPP of dimension: (—) 346 mm X 403 mm X 0.5 mm, ( ) 490 mm X 570 mm X 1 mm and (+) 693 mm X 806 mm X 2 mm.
The dimensions of the three MPPs have been chosen so that their first resonance frequency of the undamped system, f; is
identical. The parameters of the perforations are set for the three MPPs to d = 1.4 mm and ¢ = 10 %.

that capture the thickness effect can be developed from Equation (48). In fact, by considering only the
equivalent response of the solid without the fluid contribution, the pulsation w; writes in terms of h

w; = A;h where A; = (52)

A formulation can be derived by inserting Equation (52) into Equation (48). The loss factor is then
written in terms of h

BWY —I1® a M2 peb
ni(h) = ————— where BY = M, BY = (ppsA;)? and BB =p2. (53)
B®h3 + B®h ' pA; I '

For small values of h, the term Bl-(2)h3 is neglected compared to B and the added damping is inversely
proportional to h. Equation (53) was derived in the framework of thin plate theory. When h tends to
zero, the system should behave like a membrane and further investigation of this situation is required.
However, this is beyond the scope of this study.

5. Experimental validation

This section presents validation results. The Mecanum Oberst test bench is used for the mechanical
characterization of MPP. This system is based on the norm ASTM E756-05 [16] and is relevant for the
measurement of the damping loss factor and the Young modulus. Since the test bench is standardized,
the dimensions of the test system are imposed by the experimental setup introduced in Figure 7 and
Figure 8(a). In order to easily associate the experimentally observed peaks with the proposed theory,
the plates are chosen longer than wide. Thus, the mode shapes along y do not participate in the low
frequency range. The plate section is considered as straight and rigid according to y and the previous
model is simplified by using the Euler-Bernoulli theory. The microperforated steel plate of length L, is
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(a) (b)

Figure 8: Experimental setup in Figure 8(a) and MPPs used for damping characterization in Figure 8(b)

clamped at x = 0 and free at x = L, and free-free along y. A magnetic exciter placed at z = L, sends an
exciting force of amplitude F.y;. The vibratory response of the plate saturated by air is measured with a
magnetic sensor at the point R.

Two MPP configurations, presented in Figure 8(b), are used for validation purposes. The dimensions of
the MPP (@ are 298 mm x 30 mm x 0.87 mm while the dimensions of the MPP (@) are 130 mm x 30 mm X
0.87mm. Between these two configurations, the cross-section L, x h and geometric parameters of the
perforations are identical so that ¢ = 11% and d = 1 mm. Each MPP configuration corresponds to a
non-perforated plate that acts as a reference. Several samples of each plate configuration were tested to
quantify the error due to manufacturing and experimental errors. For each investigated microperforated
plate, f. is first calculated. The damping is assumed to be maximum for the mode ¢, when f. is equal
to the resonance frequency of mode i. To achieve this, the plate length can be adjusted in the range
L, € 95—300 mm to fit the first or second frequency resonance of the MPP, with the damping characteristic
frequency prescribed by d. In order to remain within the domain of sensor’s validity, 50 Hz to 5000 Hz,
and to maximize the damping which dominates at low frequencies on the mode at f; ~ f. = 45 Hz, two
lengths are considered to match the first or second natural mode of the MPP with f..

The mobility in dB for the tested plates with a comparison between analytical and experimental
responses are presented in the following.

5.1. Maximum added damping on the first natural mode

In the case of the MPP (D), the analytical and experimental mobilities for the MPP are compared to
those of the non-perforated plate in Figure 9. Measured Young modulus and the resonance frequency for
the first plate mode are presented in Table 5 for MPP (@ and the reference plate. Corresponding values
obtained analytically are also given. The theoretical Young modulus is obtained from Equation (42)*.

Experimental reference plate Experimental MPP @ Theoretical MPP @ (42)

E (Mpa) 197037 E (Mpa) 149885 E (Mpa) 140487
£ (Hz) 511 £ (Hz) 373 £ (Hz)  37.2

Table 5: Measured and analytical Young’s modulus and first resonance frequency for MPP (@) and the corresponding
experimentally obtained values for the reference plate. The theoretical Young’s modulus is obtained in this table from the
experimental Young’s modulus of the reference plate and Equation (42).

For each resonance peaks, the gain in dB between measured MPP and plate reference can be obtain
from
> ) (54)

4The Young modulus is f-dependent. The Young modulus sensitivity to frequency is not considered in Equation (42) and
therefore in the analytical model.

- ref

WN(TR, YR, fi)
g = 201log (‘ —
10 wév[PP(xRayRafi)
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Figure 9: Mobility of various clamped-free plate: (+) experimental non-perforated plate, (_’_) experimental MPP @),
(—) theoretical MPP (. For theoretical and measured MPP (@), d is chosen to induce maximum damping for the first
natural mode. The Figure 9(a) corresponds to the frequency response for the first two modes while the Figure 9(b) is a
zoom on fi, the first resonance mode. Perforation parameters are d = 1 mm and ¢ = 11 %.

where W (z g, yr, fi) and WwMPF (xR, yr, f;) are respectively the solid velocity of the reference and the
microperforated plate at the ith resonance frequency. The pair (z g, yr) is the coordinate of the observation
point R represented in Figure 7.

From Figure 9, it can be observed that the microperforations increase the damping of the structure:
for the tested MPP in Figure 9, the gain g is about 9dB for f;. For the other resonance peaks, the added
damping is negligible. This is probably due to the fact that the natural frequencies of the MPP (O) are
relatively high for ¢ > 1 and the added damping has more influence in the low frequency range.

5.2. Maximum added damping on the second natural mode

The mobility in dB for MPP (2) is presented in Figure 10 with a comparison between analytical and
experimental responses. In contrast to Figure 9, the peak corresponding to the first mode f; ~ 8 Hz is
not in the domain of sensor’s validity. The values measured for this peak are therefore not considered.
The gain of damping induced by the microperforations is about 5dB for f; &~ 46 Hz. For higher frequency
modes, the added damping is negligible. Frequencies responses presented in Figure 9(a) and Figure 10(a)
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Figure 10: Mobility of various clamped-free plate: (+) experimental non-perforated plate, (_’_) experimental MPP (@),
(—) theoretical MPP (2. For theoretical and measured MPP (@), d is chosen to induce maximum damping for the second
natural mode, f2, and not for f1 as in Figure 9. The Figure 10(a) corresponds to the frequency response for the first four
modes while the Figure 10(b) is a zoom on the resonance mode f2 and f3. In order to respect the domain of sensor’s validity,
the first natural mode, which occurs at f; ~ 8 Hz is not considered in the frequency response. Perforation parameters are
d=1mm and ¢ = 11 %.

are obtained with MPPs being same geometrical parameters (¢ and d). Their comparison leads to the
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conclusion that regardless of the value of the frequency, the maximized added damping is greater for the
first natural frequency. The added damping is specific to each plate and depends on its dimensions, its
material and its boundary conditions. In the two frequency responses in Figure 9(a) and Figure 10(a), it
can be noticed the presence of amplitude jumps, which may be caused by the experimental setup and its
surrounding environment.

From the plate response presented in Figure 9 and Figure 10, each loss factor is characterized for
each resonance mode i. The theoretical loss factor is compared to the one measured experimentally from
the frequency responses depicted in Figure 10(a) and Figure 9(a). Each point is the average of several
measurements. The variability of measurements is represented through error bars that correspond to one
standard deviation of uncertainty. The results corresponding to MPP (2) are presented in Figure 11(a),
while those corresponding to the peaks for which ¢ > 1 for MPP () are given in Figure 11(b).
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Figure 11: Measured loss factor for configurations (D in Figure 11(a) and (@ in Figure 11(b) presented in this section:
(+) the experimental non-perforated plate, ( ) the experimental MPP, (+) the theoretical MPP. Each loss factor is
determined for the ith mode that refers to the three colours. The damping is reached a maximum value at f; ~ fc with
i =1 in Figure 11(a), ¢ = 2 in Figure 11(b). In Figure 11(b), only modes in the domain of sensor’s validity are represented.
Perforation parameters are d = 1mm and ¢ = 11 %.

The damping added by the perforations increases the overall damping of the structure, especially in
the low frequency range. For both the cases presented in Figure 11, the maximum damping is around
50 Hz, that is, on the first natural mode in Figure 11(a) and second natural mode in Figure 11(b). The
overall damping increases by a factor of 1.9 in the case where the microperforations are adapted to
induce maximum damping on the first natural mode. This factor is obtained for a given value of ¢
and would increase if ¢ were larger. In the case where the added damping is maximized at the second
natural frequency, the increase factor is 1.3. In order to have the most efficient added damping, it is
more interesting to maximize the damping on the first natural frequency mode and to increase ¢. We
conclude that the damping is non-linear with respect to frequency and mode. The damping added by the
microperforations is more effective in the low frequency range. For moderate and high frequencies, the
added damping is not significant, since the damping exhibited by the reference and microperforated plates
are very similar.

Moreover, the comparison of the theoretical and experimental damping loss factors shows agreement
with a maximum relative error of 15 % for modes below 330 Hz. The observed differences may be due to
approximations and assumptions made about the elastic modulus, which is independent of frequency in
the analytical model.

6. Conclusion

This paper describes the theoretical investigation and experimental validation of the vibration analysis of
a finite size microperforated plate based on the extension of a vibration model for porous plates [21]. The
porous plate vibration model is adapted to MPP using an approach based on the Johnson-Champoux-
Allard model for rigid porous media. For an MPP with cylinder perforation with circular cross-section,
all JCA parameters can be defined in terms of diameter and ratio of the perforations only. An effective
tortuosity is added to consider the correction length induced by the MPP radiation in the surrounding
fluid. Mechanical parameters (Young’s modulus and density of the structure) are adapted to capture the
effect of microperforations.

The proposed analytical model shows that the microperforations induce significant additional damping
in the structure. This effect is validated by experimental measurements on microperforated plates. The

18



observed added damping is induced by visco-thermal dissipation mechanisms in the microperforations
combined with fluid-solid interactions. These effects are closely related to the thicknesses of the viscous
and thermal boundary layers, which also are frequency dependent. Thus, the added damping reaches a
maximum for a characteristic frequency that can only be defined as a function of the perforation diameter.
Sensitivity analysis shows that the added damping is also effective over a significant frequency bandwidth,
and is all the more important as the characteristic frequency is low. Moreover, the added damping is an
increasing function of the perforation ratio and a decreasing function of the plate thickness. To maximize
the effect of the added damping on the vibratory response of the structure to a given mode, it is advised
to coincide the characteristic frequency with this mode frequency by adjusting the perforation diameter.
Considering that the added damping effect is a low frequency effect, it is recommended to adjust the
perforation diameter to induce maximum damping on the first MPP mode.
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A. Basis functions for particular boundary conditions

MPP with simply-supported boundary conditions

In the case of a simply-supported plate, Equation (20) becomes
mm

Om(x) =sin(Qpx) with Q,, = T (A1)

A similar expression holds in the y direction for the indices n.

MPP with clamped-free boundary conditions
In the case of an MPP clamped-free MPP, Equation (20) can be written as

(2m—1)m

Om(x) = cosh(Qpz) — cos(Qpz) + csinh(Qpz) + csin(Qz)  with  Q,, = 5T )

and the constant ¢ defined as follows
cosh(Q,,, L) — cos(Qn L)

cT - sinh(Q,, L) — sin(Qn L) (A-3)

The basis function is thus expressed as U, (2, y) = G (2)dn(y).

MPP with clamped boundary conditions
In the case of an MPP clamped on each edge, Equation (20) can be written as

2 1
dm(x) = cosh(Q,, ) + csinh(Q,z) — esin(Qz)  with Q,, = W, (A4)
xz
and the constant ¢ defined as follows
—cosh(Q,, L)
= , A.

© 7 Sinh(QunLy) — (—1)m (A.5)
The basis function W, (2, y) = dm(x)ds(y) is thus expressed as

U (2, ) = 2 sin(Q) sin(Quy) + ¢ sinh(Q,,2) sinh(Q,y) — 2¢2 sinh(Q,,2) sin(Q,,%) (A6)

— 2¢sin(Q,x) cosh(Q,y)) + 2¢sinh(2,,2) cosh(Q,y) + cosh(Q,,x) cosh(Q,y).
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B. Dissipative system with any damping
The following one-dof dissipative system is considered
#(t) + 2Cwi(t) + w?z(t) = 0, (B.1)

where ( is the modal damping factor and w the undamped frequency. The trivial equation &(t) — &(t) =0
is joined to Equation (B.1) and the system

#(t) 4+ 2Cwi(t) + wx(t) =0, (B.2a)
z(t) — z(t) = 0, (B.2b)

is obtained and recast in the matrix form such that
z(t) = Dz(t) where D = [(302 QICW} and z(t) = (igg) . (B.3)

To compute the response in autonomous regime, eigenvalues of the 2 dof system presented in Equation (B.3)
are obtained in the complex conjugated form such that A = § £ jv. The two-dimensional system of
equation

2(t) = \z(), (B.4)
admits solutions of the form
z(t) = Aexp(At) = z(t) = Aexp(St) exp(Ljvt) (B.5)

where A is a constant defined from initial conditions, 8 = —Cw and v = +w+/1 — (2.
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