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Microperforated plates (MPP) are commonly used in the field of acoustics for sound absorption purposes. Recent
research in the area of structural dynamics revealed that they also provide additional viscous damping in the
low-frequency range because of fluid-solid interactions in the microperforation boundary layers, mainly through
viscous friction mechanisms. It is now established that the vibratory behavior of these systems can be modelled
using a homogenization procedure that produces a pair of coupled partial differential equations (PDEs) collectively
governing the dynamics of both a structural plate and a fictitious virtual fluid plate. It has been observed that
the added damping achieves its maximum at a characteristic frequency governed in particular by the size of the
perforations. It is also known that these systems, which can be implemented in hostile environments such as
aircraft turbines, involve nonlinear mechanisms for large mechanical and/or acoustic excitations. Two causes
of nonlinearities can be distinguished: (i) one associated with a high amplitude harmonic speed of the fluid
in the perforations, and (ii) one associated with large harmonic structural deformations. The two causes can
combine under strong excitation. The present paper focuses exclusively on the first cause of nonlinearity. As
the fluid velocity increases inside the perforations, resistive and inertial phenomena arise within the perforations,
influencing the structural response. These effects can be partly captured analytically by the Forchheimer correction,
materialized by an additional quadratic nonlinear damping term in the PDE governing the dynamics of the
fictitious fluid plate. The system of equations is solved numerically, and sensitivity analyses are carried out on
the added damping to the excitation level. The proposed model is validated by experiments conducted on an
equivalent cantilevered MPP. Analytical and experimental results show that the added viscous damping depends
on the relative fluid-solid velocity. The added damping effect can, depending on the perforation diameter, reach a
maximum for a critical value of the relative fluid-solid velocity, with all other independent parameters fixed. In the
nonlinear framework, the added damping is a function of space and depends not only on the perforation diameter
as in the linear framework, but also on the relative fluid-solid velocity, and is defined as a function of space.
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Nomenclature

Primary quantities introduced in the paper are recalled below with emphasis on the main explicit dependencies to other
quantities. They are no repeated in the text. When deemed appropriate, secondary quantities with appropriate dependencies
are directly introduced in the text.

Geometric constants

Symbol Description Explicit dependencies Unit
d diameter of perforation - m
h plate thickness - m
Ly plate length in x direction - m
Ly plate length in y direction - m
Macroscopic parameters
Symbol Description Explicit dependencies Unit
Qoo effective tortuosity ¢, d -
€ end-length correction ¢,d, h sm~!
o) perforation ratio d -
o nonlinear fluid-flow resistivity ¢,d,x,y,t Nsm—*
00 static fluid-flow resistivity ¢, d Nsm—*
I3 Forchheimer’s parameter ¢,d, h sm~!
Cq discharge coefficient ¢,d, h -
Mechanical parameters
Symbol Description Explicit dependencies Unit
« Biot’s elastic coupling coefficient - -
Qac acoustic absorption ¢, d —
n loss factor - -
i nonlinear loss factor of mode ¢, d,w, €, W -
ny linear loss factor of mode ¢ ¢, d,w -
e fluid dynamic viscosity - kgm~1ls™!
Poisson’s coefficient - -
plate effective density 1) kgm™3
Pt fluid density - kgm—3
Ps structure density - kgm—3
D bending stiffness ¢ GPam?
E Young’s modulus - GPa
Ky fluid bulk modulus - kPa
M Biot’s elastic coefficient - Nm—2
Re Reynold’s number ¢, d, w -
Other parameters
Symbol Description Explicit dependencies Unit
(z,y) coordinate system attached to plate - m
(ze, Ye) coordinate of excitation point - m
(zg,Yg) coordinate of observation point - m
X vector of Fourier coefficients w m
w driving angular frequency - rads™?!
we characterictic angular frequency b, d rads—!
wL nonlinear characterictic angular frequency ¢, d rads—!
wj MPP angular frequency of mode 1 - rads™!
v, modal shape of mode i T,y -
fo nonlinear force in frequency domain X, w N
fext forcing force in frequency domain w N
fNE nonlinear force in time domain z,y,t N
fe characteristic frequency ¢, d Hz
Foxt forcing force amplitude - N
Sfext forcing force in time domain z,y, t,w N
N number of degrees-of-freedom - -
Ny number of harmonics - -



t time - S

14 amplitude of w z,y,p,d ms~!
Ver critical relative velocity ¢, d,w ms~!
w fluid-solid relative displacement z,y,t m
Ws solid displacement x,y,t m

1. Introduction

Microperforated plates (MPP) are commonly used as lightweight acoustic-absorbing materials, serving
as a viable substitute for porous materials and conventional acoustic resonators. MPP have versatile
applications in acoustic reduction across various settings, including acoustic rooms, acoustic linings
within flow ducts [1], and even in nuclear engines and reactors [2]. These simple structures can also be
crafted from various materials, ensuring greater safety and environmental friendliness with reduced risk of
degradation. Moreover, these structures are well suited for use in challenging environments characterized
by substantial excitations or high temperatures, such as in engine enclosures as acoustic barriers and
within sound suppressors, to provide a few examples.

Theoretical and experimental studies were carried out to characterize the linear response of the acoustic
absorption of microperforated plates. Maa [3] proposed to model an MPP using Kirchhoff’s equations.
Atalla and Sgard [4] used the Johnson-Allard approach to model the microperforated plate as an equivalent
fluid. They proposed a modified tortuosity to account for the distortion of fluid flow at the end of
the perforations and the interaction between them. The observed acoustic absorption was induced by
dissipative frictional mechanisms in the thermal and viscous boundary layers for a perforation diameter
of the order of their thickness. In the area of structural dynamics, Gallerand et al. [5, 6] proposed an
analytical model, validated by experimental measurements, to explore the dynamic response of a finite-size
MPP saturated by air. It was shown that additional damping, occurs around a characteristic frequency,
because of dissipative mechanisms appearing in the thermoviscous boundary layers at the fluid-solid
interface of the perforations. In summary, MPP can be used in two different ways: (1) coupling MPP to
air cavities, where the acoustic resonance between the MPP and the cavity provides the sound absorption,
and (2) microperforating an existing structure to add structural damping on modes.

However, microperforated plates are likely to be used in harsh environments subject to strong mechanical
and/or acoustic excitations. This is why MPP, traditionally used as acoustic materials, have been studied
under high levels of acoustic excitation. In the context of nonlinear acoustics, the acoustic velocity of
particles in perforations can attain high values. This results in flow separation and vortices at the sharp
edges of the perforations. The formation of vortices absorbs the acoustic wave energy and thus increases
the acoustic resistance of the MPP’s perforation [7-9]. The acoustic impedance is then modified to
accommodate nonlinear effects. In this context, Maa [9] proposed a formulation of the acoustic impedance
for an MPP at a high-pressure level and found a relationship between the nonlinear resistance and the
Mach number defined from the particle velocity in the perforation. Cummings [10, 11] proposed a model
to predict the temporal behavior of reactance (the imaginary part of the acoustic impedance). It was
shown that the energy absorbed by the material depends on the sound level but that there is no linear
relationship between these two parameters. Melling [12] provided a nonlinear reactance model based
on a quasi-stationary approximation of acoustic flow through perforations. Experimentally, Ingard and
Ising [13] showed that, in the nonlinear regime, the fluid separates at the perforation outlet in the form of
jets. They also showed that pressure and velocity amplitudes were linked by a square-law relationship.
Forchheimer [14] proposed an empirical relationship between velocity and pressure to correct for resistive
effects when fluid flow rates in porous media become significant. The relationship is an extension of
Darcy’s linear law for large fluid flow rates in porous media. At the viscous term of Darcy’s law, this
expression includes a quadratic or cubic inertial term [14, 15]. Adler et al. [16] showed that there is
no quadratic correction to Darcy’s law for small Reynolds numbers® R, (less than unity). Conversely,
quadratic correction dominates in the case where R, > 1. In the context of MPP, R, > 1 is expected for
airflow velocities greater than 1mms™' in millimeter perforations.

The law proposed by Forchheimer has been applied and used for MPP under high-acoustic excitations.
Using the equivalent fluid model and the approach proposed by [4], this previously defined approach for
porous materials can be applied to MPP. The Forchheimer correction was used by Tayong et al. [7] to
investigate the acoustic absorption of MPP supported by an air cavity. They demonstrated that the
absorption coefficient increases with the Mach number up to a critical Mach number. If the critical Mach
number of an MPP is too low (meaning that the critical Mach number is within the linear amplitude

IThe Reynolds number as well as the Mach number are based on the acoustic wave. The fluid flow velocity used to
determine these addimentioned parameters is the root-mean-square velocity, not the instantaneous fluid flow velocity.



regime), the absorption coefficient of the MPP only decreases with the Mach number in the nonlinear
amplitude regime. In another work, Tayong et al. [17] experimentally explored the interaction between
multiple perforations in a nonlinear acoustic regime. Forchheimer’s quadratic law was also used by Laly et
al. [18] who proposed a model to characterize the acoustic impedance of an MPP at high acoustic pressure.
They modeled the microperforated plate as an equivalent fluid using the Johnson-Allard approach.

In all of the works presented above, the MPP is considered rigid. For low excitation amplitudes
(acoustic and mechanical), there are approaches that consider structural vibrations of the MPP. However,
no studies have examined the combined vibrational and acoustic behavior of a flexible MPP in the nonlinear
excitation regime. In order to grasp the nonlinearity domain of the present study, it is nevertheless
important to emphasize that numerous studies are available on the response of conventional plates
or perforated plates [19]. These studies assume that there is no interaction between the fluid in the
perforations and the structure, subjected to high amplitudes. In linear theories, it is assumed that the
deformations are small compared to the thickness and that the shear deformations in the straight section
can be neglected. This assumption is no longer valid for large-amplitude excitations. Consequently,
the derivation of governing equations with large deflections requires special attention. Von Kérman’s
nonlinear plate theory was widely used to explore the forced harmonic vibration of plates, beams at large
amplitudes [20-23] or more complicated geometry like a plate with acoustic black hole [24, 25].

In these studies, only structural/geometric nonlinearities are considered. For MPP saturated with air
in a dynamic context, we therefore distinguish two types of nonlinearity: (i) acoustic nonlinearity, and
(ii) geometric nonlinearity. The geometric nonlinearity can be captured by cubic stiffness terms [22, 23],
while acoustic nonlinearity can be captured by quadratic velocity terms [7]. As the magnitude of the fluid
particle velocity increases in the perforation, the acoustic nonlinearity may be activated first, before the
geometric nonlinearity. Indeed, via viscous fluid-structure coupling, the solid will impose motion on the
fluid. This coupling is strongly affected by the thickness of the visco-thermal boundary layers. Thus, for
perforation diameters largely smaller than the thickness of the visco-thermal boundary layers, the fluid is
totally “pulled” out of the perforation. Its velocity in the perforation is therefore zero. For perforation
diameters significantly greater than the thickness of the boundary layers, fluid movement in the center
of the perforation will not be affected by solid movement. In some cases, the fluid velocity is also zero.
In these cases, the relative velocity between the fluid and the solid is equal to the velocity of the solid,
and the acoustic nonlinearity linked to the fluid-structure coupling will not appear. Between these two
limits, the reduction in air flow surface during the movement of the MPP results in a fluid velocity in the
perforations greater than that of the solid. Acoustic particle velocity increases significantly when the wave
is compressed in the microperforations [13]. Nonlinearities caused by fluid-structure coupling (related to
the fluid) will thus appear before those related to the solid. In this paper, we are only interested in the
acoustic nonlinearity, also called Forchheimer’s nonlinearity, due to the fluid into the perforations. In the
Forchheimer regime, a high harmonic flow velocity through the perforations is assumed.

This article is organized into four sections. First, Section 2 proposes a nonlinear vibratory model based
on the linear vibratory MPP model adapted to a nonlinear acoustic framework using Forchheimer’s law.
This leads to a system of two coupled partial differential equations (PDE). Secondly, Section 3 provides
details on the procedure for solving the resulting nonlinear PDE. Thirdly, Section 4 analyzes the effects of
the nonlinear damping on the MPP behaviour. Finally, Section 5 presents experimental results to validate
the developments.

2. Model

This section recalls the equations governing the dynamics of a finite size microperforated plate saturated
by a light fluid, as proposed in [5]. They are then extended to the nonlinear framework where the velocity
of the fluid in the microperforations is large and the inertial effects in the microperforations are no longer
negligible. The latter are captured by a correction term proposed by Forchheimer [7, 14]. This correction
leads to an additional antisymmetric quadratic damping term in the governing equations.

2.1. Dynamics of a finite-size microperforated plate saturated by a light fluid

A simply supported finite-size MPP of dimensions L, x L, X h placed in the zy plane is investigated.
Only displacements along the z-axis is considered. The plate is excited by an external force fext. The
equations of motion read [5]

. ) o M¢h?
h(pws + pfw) + (D + 17;>V4ws = fext (la)
peting + 22205 4 o + aMpV2w, = 0 (1b)

¢



where V is the classical gradient differential operator. They are obtained by considering the MPP as
a particular porous plate [4] using an alternative form of Biot’s theory [26]. Equation (1) governs the
vibratory response of the MPP in the linear regime where wy is the solid motion and w = ¢(ws — wy)
is the relative fluid-solid motion with ¢ the perforation ratio and we the fluid motion. Equation (1a)
represents the elastic response of the homogeneous solid plate, while Equation (1b) corresponds to the
relative fluid-solid motion. The fluid-solid density mixture p = (1 — ¢)ps + ¢pr is a function of the solid
density ps and fluid density ps. The parameters o and My are elastic coefficients defined by Biot [27]. In
the context of an MPP saturated by a lightweight fluid the Biot’s coefficients are simply written o = ¢
and My = K¢/¢ [26] where Kt is the bulk modulus of air. The coefficient D is the bending stiffness. In
order to consider the influence of the microperforations in the MPP stiffness, D is updated to [28, 29]

B ECH3 . . (1—(;5)2
oy M CE T

(2)
where E and v are respectively the Young’s modulus and Poisson’s coefficient for the non-perforated plate.
For a vibrating MPP saturated with a lightweight fluid, the elastic modulus of the plate is much larger
than that of the fluid, i.e. £ > M. In this case, with MPP vibrating in air, this condition is fulfilled
and only inertial 2intelgabctions are accounted for in the plate equations. In Equation (1), the stiffness
coeflicient, D + % can be approximated by D, as considered in the rest of the present paper. Also,
the bulk modulus of air Kt is considered constant and equal to its adiabatic value in the resolution of the
system of Equation (1). All Johnson-Champoux-Allard (JCA) parameters defined for a porous medium
can be rewritten for an MPP as a function of ¢ and the diameter of the perforations d. In this paper, all
perforations are assumed to be cylindrical with the same circular cross-section, the size of which can be

varied depending on the investigated case. The static airflow resistivity and the tortuosity are defined by
_32pu 2e

—W and Oéoozl—f—ﬁ (3)

0o
where ps is the fluid dynamic viscosity and € = 0.24V7d?(1 — 1.141/9) [4] is an end correction factor
used to incorporate the fluid radiation inside the perforations and the distortion of the fluid flow at the
perforation orifices.

2.2. Added damping in linear regime

In a linear context, an MPP exhibits viscous added damping due to energy dissipation induced by
fluid-structure interactions coupled with thermo-viscous ones between shearing adjacent fluid layers near
the perforation solid walls. The loss factor resulting of these mechanisms is written in terms of the angular
frequency w [5],

. ha I 1) aM;d?proo I
i (w) = — 5) (3) (3)ng’ (4)
DI (acopiwl;™)? + (¢o0l;™)?

where Ii(p) with p = 1,2, 3 is the ith component of the projection matrix I*) defined from ¥(z,y) which
stores the W,(x,y) term corresponding to the ith mode shape function such that?

10 — / / VAU (2, ) V2O () dedy, T = / / V2O (2,y) BT (2, y) dar dy,
S S

¥ =// W (z,y)®" (2,y) dr dy.
S

The loss factor in Equation (4) reaches a maximum at the characteristic angular frequency [5]

32p¢
Qoo psd?

161
TQoo pyd?’

and its corresponding frequency f. = (6)
defined from Biot’s frequency for porous materials [26, 30] and adapted to the MPP case. The added
damping delivered by the microperforations is maximum at the characteristic frequency, but also has
an effect in a range of frequencies around f.. Since f. is a function of d, the perforation diameter can
be adapted to induce maximum added damping at a resonance frequency of the MPP, i.e. to make f.
coincide with a natural frequency of the MPP.

2More details about the spatial and temporal discretization of the PDE are provided in Section 3 and in [5].



2.8. Added damping in nonlinear regime

When the fluid velocity in the microperforations becomes sufficiently high, the airflow resistive effects
occurring in the microperforations are no longer constant and increase linearly with the fluid velocity [7, 31].
They are incorporated into the model using Forchheimer’s law, which is defined for a rigid porous material
subjected to high flow velocity in the pores. According to Forchheimer’s law, the airflow resistivity
reads [15, 18]

o = (1 + &) oo. (7)

with Forchheimer’s parameter £. In the context of a vibrating MPP, the relative fluid-solid velocity
corresponds to the fluid velocity for a rigid frame MPP, studied in an acoustic context, that is w corresponds
to wg, and Equation (7) becomes

o = (1 +¢lw])oo. (8)

In fact, the absolute fluid velocity in Equation (7) corresponds to the relative velocity between the fluid
and solid in the case of a vibrating MPP.

The Forchheimer parameter is obtained through airflow resistivity measurement on a high-flow resistivity
meter (Mecanum Inc. HF-SIGMA high-flow resistivity-meter). The Forchheimer parameter is determined
by measuring the pressure drop along the sample at several flow rates and using straight-line interpolation
at zero flow velocity, in accordance with Equation (7) [32, 33]. Through this procedure, measurements
on an MPP were conducted with d = 2.8 mm, ¢ = 10% and h = 1 mm yielding® ¢ = 1.43 +0.025sm™".
Another way to determine £ is to use the empirical expression [18]

2
§ _ 6pf(1 2925 )(z)’ (9)
TheCiog
where Cj is the discharge coefficient, commonly with Cq € 0.6 — 0.8. A typical value is Cq = 0.76 from
[18]. The unitless constant 53 is assumed to be equal to 1.6 according to [18]. Equation (9) with the above
values for d, ¢ and h leads to £ = 1.42sm™"', in good agreement with the experimental value. Note that
the Forchheimer parameter depends only on the perforation parameters (d and ¢) and the MPP thickness.
From Forchheimer’s law in Equation (1) is derived the system

h(pivg + piir) + DV wg = foxt, (10a)
PI 5 + oo + o€ + aMeV2w, = 0, (10b)

¢

in which temporal and spatial dependencies were dropped for readability. A supplementary quadratic
damping term oo|w|w, equivalent to a modal force always opposite to the direction of the velocity and
proportional to its square, is incorporated.

prs +

3. Solution method

3.1. Harmonic balance method

This subsection provides details on the discretization procedure and the resolution of Equation (10).
Solutions for wg, w and fexs are developed on the basis of orthogonal or quasi-orthogonal eigenfunctions W.
For instance, the plate displacement is assumed to be of the form

N
ws(w,y,t) = Zwsl'(t)q}i(xvy)v (11)
i=1

where wg, is the generalized coordinate of mode shape ¥;, i € N*and N is the number of degrees-of-
freedom (dof). Index i corresponds to a reorganization of the pair of eigenmodes (m,n) € (N*,N*). Similar
expressions are assumed for w, and fext is chosen as a force applied at the point (z.,y.), expressed as

N

fext(l'ev Ye, t) = Foxt Z \I/i(l'ev ye)q;)x(t)~ (12)
=1

3The perforation parameters and plate thickness used to experimentally determine the Forchheimer parameter correspond
to those used in the experimental validation section (Section 5).



Based on the modal expansion and spatial semi-discretization procedure outlined above, Equation (10)
can be expressed in matrix form:

M;wi(t) + Mw (t) + Kyw(t) = £7(¢), (13a)
Mg (t) + Mow(t) + Cwi(t) + ¥ (w(t)) + Kaw(t) = 0, (13b)

where

Ki =D [ V(0.7 (0y) dedy, Ka=hadds [ V39(r.y) ¥ (5.y) dody,
S S

C= hao/ W(x,y) ¥ (z,y)dzdy, M= hpf/ U(z,y) ¥ (z,y)dzdy, (14)
s

hpfozoo

M=ty [ ¥ @) dedy,  Ma— [ #a@n)¥ @ do
S

where S = L, x L,. Entry i of the nonlinear force vector fNL(W(t)) reads

N
[t (w —hoof/ ng x,y)‘zwp(t)‘l’p(w,y)‘%(w,y) dz dy. (15)

The Harmonic Balance Method (HBM) is implemented and the contributions are assumed to be periodic
and therefore expressed as Fourier series truncated at the rank Ny, [34-36]:

Ny, Ny
w(t) = fAO + Z Aj coskwt + By sinkwt and w(t) = fCO + Z Cy, cos kwt + Dy sin kwt. (16)

The vectors Ay, Bi, Ci and Dy store respectively the coefficients A;, Bix, Ci and D;, with k =
1,2,...,Nyand ¢ =1,2,..., N are the Fourier coefficients to be found. Only the velocity and acceleration
of the fluid-solid relative displacement is considered here because there is no stiffness term on w in the
equations of motion. Term-wise differentiation in time is achieved, such that

Nh Nh
w(t) = Z kw(—Aj sin kwt + By cos kwt),  wy(t) = Z —k2w? (A cos kwt + By sinkwt),  (17a)
k=1 k=1
Ny
t) =Y kw(—Cg sin kwt + Dy, cos kuwt). (17b)
k=1

The temporal contribution of the excitation force is assumed periodic and reads

Ni
fAC" + Z * cos kwt + B sin kwt, (18)

where Ag® and B§* are a priori known. Usually, the excitation force is considered monoharmonic and the

only non-zero coefficient is A$*. The Fourier expansion of every entry of the nonlinear vector reads

Nn
N (w(t)) = haog( A + Z ik €os kwt + IT;; sin kwt)), (19)

where A;, I';i and II;; are nonlinear functions of the Fourier coefficients stored in C; and Dy, as follows:

A= /<Z\II CJO)‘Z‘I’ Cro
/ / Z v, Cj¢coslwt + Djy sln&ur))
j=

U; dzdy, (20a)

X ‘Z v, Z(CTS cos swT + D, sin sz)‘ cos kwt¥,; dz dydr, (20Db)

Nh
/ / Z\If Cjecosbwt + Dy s1n€w7'))
0
7j=1

Ny
‘ E v, C’m cos swT + D¢ sin swT)

sin kwrW; de dy dr. (20c¢)



Substituting Equations (16), (17), (19) and (20) into Equation (10), and equating the coefficients associated
with each harmonic component cos kwt and sin kwt with k = 1,2, ..., Ny, yields a system of (4N) x (2N +2)
equations. In order to simplify the expressions, it is possible to rewrite Equation (10) in a matrix form in
the frequency domain as

H(x,w) = G(w)x(w) + F¥(x, w) — £(w) (21)
where
x(w) =[3Ag,3Cy,A],B].C{,D{ ,A; ,B;,C],D;,....,.A} ,B} ,CL D\ ] (22)

stores the Fourier’s coefficients A;, Bk, Cir and Dy (the w contributions are dropped for readability
purpose). The matrix G = blockdiag(0, G1, Ga, ..., Gn,) is a block matrix with each block of dimension
of 4N. The elementary block k reads

—w2k2M1 + K4 0 0 wkM
0 7w2]€2M1 + K1 —wkM 0
Gr@) = | _ 2k2M, 4 K, 0 C wkM (23)
0 —ka’QMg + Ko —wkM C

The n(4Ny, + 2)-dimensional vectors £(w) and f¥(x,w) contain respectively the Fourier coefficients of
the external forcing contribution and those of the nonlinear force contribution, and read

~‘X 1 ex ex ex ex ex ex ex
fe (W) = [i(AO )Ta 07 (Al )Ta (Bl )T7 07 03 (A2 )Tv (BQ )Ta 07 Oa ) ( Nh)Tv ( Nh)T7 Oa O]T (24&)
f.NL(X,w) = hO—Oé- [07 AT7 07 03 (Fl)—ra (Hl)—ra 0; 07 (FQ)Tv (HQ)Ta cee 707 03 (I‘Nh )T7 (]'_‘[Nh )T]T' (24b)

The vectors A, T';(w) and II;(w) are obtained for each value of w through Equation (20). For known
values of Ag* and Bf*, Equation (21) is solved using the Python built-in £solve function, which returns
the roots of the nonlinear equation H(x,w) = 0 and leads to the unknown coefficients A, By, Cy and Dy.
The fsolve function is a version of the root-solving Powell’s hybrid method. This approach combines the
Gauss-Newton algorithm with gradient descent and approximates the Jacobian matrix by direct differences
at the starting point. This method causes no convergence issue even with the nonlinear absolute value
function involved in the formulation of the problem, meaning there was no reason to opt for a potentially
more advanced solver.

Using the single-mode assumption, the temporal and spatial contributions in Equation (15) can be
decoupled. Otherwise, the quadratic damping term implies elastic coupling between the modes due
to the absolute value function in Equation (20). Then, temporal and spatial dependencies cannot be
separated and Equation (20) must be calculated for each nonlinear step of the algorithm. The integral is
approximated numerically using the Python built-in function nquad.

3.2. Convergence analysis

First, a convergence analysis is performed on the number of harmonics and the number of dof in the
approximation. The overall residual is denoted r(w) = ||r(w)| with r(w) = [(rM)(w)) T, (r® (w))T]T where
the vectors r(!)(w) and r(?)(w) are determined from Equations (13a) and (13b) by the integrals

w 27w

W) = = /0 (les(t) + M (t) + Ky wa(t) — fex(t))dt, (25a)
w 27w

r®(w) = = /0 (M\X/S(t) + Mow(t) + Cw(t) + £¥ (Ww(t)) + ngs(t))dt. (25b)

Equation (25a) is numerically computed using the Python built-in nquad. The vector f¥“(w(t)) depends
on the mode shape and therefore on x and y. After discretizing the three axes z, y and ¢, a three-
dimensional Riemann sum is used to numerically approximate Equation (25b) thanks to a Gauss-Legendre
quadrature with 100 points for spatial discretization and 300 points for temporal discretization to guarantee
accuracy. The vectors w(t) and w(t) are obtained by injecting the Fourier coefficients stored in x(w) in
Equations (17), (19) and (20). The residual and its corresponding computation time t¢ are evaluated for a
simply-supported aluminum MPP of dimensions 490 mm X 570 mm X 1mm with d = 2.2mm, ¢ = 10%
and £ = 0.87sm™!. The sensitivity to N and IV, of the normalized residual

L, (w) = 2010g10(7:e(:éu))), (26)



is indicated in Figure 1 for w = w; where w; is the first resonance frequency of the linear MPP. The
solution vector x(w) is obtained for w; = 115rads~! from the procedure presented in Section 3. The
residual is computed for N =1,3,5,7 and for N, = 1,3,5,9,13,17. Even numbers of harmonics are not
studied, as the nonlinearity is odd, so only odd harmonics contribute. The residual reference 7ef(w)
in Equation (26) is set to 1 x 107!, which corresponds to 7(w;) obtained for N = 7 and N, = 17 and
to the relative error between two consecutive iterations imposed as a stopping criterion in fsolve. In

Ll'(wl) (dB)

110+

Figure 1: Influence of the number of harmonics on the forced response of the first mode of a simply supported microperforated
plate. (a) normalized residual calculated from Equation (25) for Fext = 0.1N; (b) computation time (inverted axes for
readability).

light of Figure 1, it is clear that for moderate excitation, N, = 1 is sufficient to accurately predict the
structural response of the system. The residual for N = N;, = 1 is equal to r(w;) = 4 x 10~7. Moreover,
the computation time increases significantly as N and Ny increase, from 0.64s for N = Ny = 1 to around
3 hours for N =7 and N, = 17. Most of the computing time is allocated to calculating triple integrals
(Equation (20)). In fact, the time required to compute an integral of Equation (20) increases from 0.02s
for N =Ny =11t0977s for N =7 and Ny, = 17. Consequently, in the remainder of this paper, only the
fundamental harmonic is considered in the HBM resolution.

4. Sensitivity of microperforated plates vibratory response to nonlinear damping

4.1. Frequency response

Equation (13) is solved using the methodology described in Section 3 considering a single mode and
only the contribution of the fundamental harmonic that is N = N = 1. In Figure 2, the mobility at
the center of an MPP is plotted to investigate the influence of the amplitude of the external excitation
on the vibration response. An aluminum simply supported microperforated plate is excited by a point
force at (ze,ye) = (60mm,70mm). The mobility at point (z4,ys) = (Ls/2,L,/2), that is the solid
displacement normalized by the amplitude of the external force, is plotted in function of the normalized
angular pulsation of the excitation w/w;. Here w; is the angular frequency of the first linear resonance of
the MPP with added damping, obtained by assuming £ = 0 in Equation (10). The mobility is plotted for
different amplitudes of F.; € [107%;1] N. The aluminum microperforated plate is simply supported with
Ly x Ly x h =490mm x 570 mm x 1mm, d = 2.2mm and ¢ = 10 %. The corresponding Forchheimer’s
parameter is £ = 0.87sm™'. In this configuration, the characteristic frequency is lower than the first
MPP resonance frequency. Setting £ to zero and solving Equations (10a) and (10b) leads to the MPP
response in the linear case, and thus to wy.

In Figure 2, the linear case is obtained for F,; = 10~% N. In this configuration, the first resonance
frequency is wy and the displacement amplitude is governed by the added viscous damping in the linear
regime and thus by the loss factor given in Equation (4). When the excitation amplitude Fey increases,
there are two prominent effects: the equivalent stiffness of the system is reduced, and the added damping
can increase or decrease with the excitation amplitude.

In fact, the maximum displacement amplitude decreases and passes through a minimum, which
corresponds to Foyy &~ 0.2N in this particular case, before rising with Fuy. This minimum is reached
for a specific value of the driving frequency, referred to as the characteristic nonlinear frequency wi™
and discussed further in the next section. As mentioned in Section 2.2, the linear and, by extension,
nonlinear damping added by microperforations is related to the thickness of the boundary layers. For a
microperforated plate, viscous dissipation and thus the damping is governed by the airflow resistivity. Due
to the Forchheimer correction presented in Equation (8), o depends on the relative fluid-solid velocity.
Thus, viscous dissipation can reach a maximum at a particular relative fluid-solid velocity, referred to in
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Figure 2: Mobility at the center of the simply-supported MPP for different amplitudes of the external force with d = 2.2 mm
and ¢ = 10 %. The mobility is given for Fext € [1074; 1] N and for: (— - -) Feoxt = 1074 N that corresponds to the linear
case; (—o—) Fext = 0.2N which corresponds to the case where the maximum of the normalized displacement passes through
a minimum. The &-parameter is obtained from Equation (9). The resolution procedure is performed for N = Ny, = 1.

this paper as critical velocity? in reference to the critical Mach number defined by [7]. This critical velocity
is a function of the perforation parameters. As the relative fluid-solid velocity is linked to the excitation
amplitude Fiy, there is an excitation amplitude value for which the size of the boundary layers maximizes
the viscous damping effect. In the zero forcing limit, the plate velocity and the relative fluid-solid velocity
are very low. Resistive effects are equal to oy and do not depend on external excitation. This corresponds
to the linear case represented by the dashed line in Figure 2. In the limit of infinite forcing, solid and
fluid velocities will also tend towards infinity. In this case, the resistivity, which varies linearly with the
relative fluid-solid velocity, tends toward infinity, and no dissipative effects occur in the perforations. In
this case, the added damping will not be maximal and the amplitude of the peaks will increase with
forcing. Between these two limits, damping passes through a maximum. Note that similar behaviours
have been observed for systems with dry friction where the linear term is proportional to |&| with @ the
structural velocity [37, 38] or for the system called Lanchester dampers [39, 40]. However, for MPP, it is
important to emphasize that these observations are only valid under a regime of nonlinearity exclusively
linked to the fluid; all other nonlinearities (in particular those related to the solid) are neglected.

4.2. Mazimum of added damping in nonlinear regime

It has been established that, in a linear context, the maximum added damping is achieved when w = w, [5],
where w is the driving angular frequency. When the ratio w/w, differs from 1, the maximum added
damping cannot be attained in the linear regime.

In the nonlinear regime, the added damping depends on the amplitude of the external excitation and,
consequently, on the relative fluid-solid velocity (cf. Figure 2). To investigate the evolution of the added
damping with respect to the relative fluid-solid velocity, we propose adapting Equation (4) to the acoustic
nonlinear framework by modifying the airflow resistivity in accordance with the Forchheimer law described
in Equation (8). Since N = N}, = 1, the time and space dependencies in w are separable, allowing it to be
expressed in complex form as

le,y,t) = Va(a,y)V expliwt), V= 1/C3 + D3, (27)

where C1; and Dy; are the unknown coefficients obtained from HBM. By substituting Equation (27) into
Equation (8), the resistivity becomes a function of V', which is then inserted back into Equation (4). As a
result, the loss factor for the nonlinear case is obtained, here only for the first mode and its fundamental
harmonic, as:

I aMid?proo (I + v

, (28)
DIV (awoprwI )2 + (¢oo (1P + €VIH))2

mw,V) =

4Details concerning the critical velocity are given in Section 4.2.
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where
é“z/wmwﬂ%mwwmw (29)
S

carries the Forchheimer’s acoustic nonlinear mechanism. As previously mentioned, in addition to being
frequency-dependent, the loss factor also depends on the relative fluid-solid velocity in the nonlinear
regime. The loss factor provided in Equation (28) is plotted as a function of w and V' in Figure 3 for a
simply-supported MPP of dimensions 490 mm x 570 mm X 1 mm. The perforation ratio, the perforation
diameter and the Forchheimer parameter are respectively set to ¢ = 10%, d = 2.2mm and & = 0.87sm™ 1.
In Figure 3, we can see that the maximum of 7;(w, V') is not unique, but rather corresponds to an infinite
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Figure 3: Loss factor 11 as a function of the angular frequency w and the magnitude of the relative fluid-solid velocity V. The
solid line (—) corresponds to the maximum of ;. The simply-supported MPP has dimensions 490 mm x 570 mm X 1 mm,
along with a perforation ratio ¢ = 10 %, a perforation diameter d = 2.2mm, and a Forchheimer parameter £ = 0.87sm™1.

set of points that follow the solid red line. It is important to note here that these observations are only
valid with the assumptions made, that is a discretization involving the fundamental harmonic of the first
mode only. Under these assumptions, for a fixed w, there exists a corresponding V' that maximizes 7,
and conversely. The objective is to identify the values of w and V' that maximize 1, (w, V'), which requires
satisfying the condition

gradn;(w,V) =0, (30)

where grad(x) = [%:), %(‘*/)}T is the gradient operator. Equation (30) is solved and after discarding

solutions that do not respect the domain of definition of V', we obtain

(
Vv I
wat (V) = we (1 + > with ¢y = %), (31)

referred to as the nonlinear characteristic frequency, which extends the concept of the characteristic
frequency defined in Equation (6) for the linear regime. Due to the symmetry of grad n; (w, V'), Equa-
tion (30) admits an infinitely many solutions, and Equation (31) holds true regardless of the value of
V. This is consistent with the observation made in Figure 3. Equation (31) is rewritten to yield V that
satisfies Equation (30) for all w. The critical velocity reads

vamzﬁ(i—g. (32)

In Equations (31) and (32), w, is the characteristic frequency depending on d as defined in Equation (6).
Equations (31) and (32) depend on the beam functions arising from the spatial projections of the coupled
equations for the first linear plate mode (I 53) and I£4), encapsulated in ¢y), the perforation parameters
(notably d and ¢, included in w.), and the Forchheimer parameter . As V is defined in Equation (27),
Ver is only defined when w > w.. From the definition of wi™", the added damping achieves its maximum in
the nonlinear regime when w = wi*. For a given MPP, all the parameters in Equation (31) are positive
and constant except V' which increases with the excitation level. As a result, based on Equation (31), wX*"
can only increase, starting from we, implying that wi™ > w.. Three cases can be distinguished according
to the value of w:
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1. w < w. — The critical velocity V., does not exist according to Equation (32). Through Equation (31),
wi" is always greater than w, regardless of V. Consequently, the maximum added damping is reached
in neither the linear nor the nonlinear regime, and n; decreases as V increases, as shown below
Figure 4(a).

2. w = we — Through Equation (32), the critical velocity V., vanishes. The maximum added damping
occurs when V' approaches zero, corresponding to the linear regime. Consequently, 77 (w, V') reaches
its maximum in the linear regime and then decreases with the relative fluid-solid velocity from its
linear value, as shown below in Figure 4(b).

3. w > we — The critical velocity is strictly greater than zero according to Equation (32). When the
relative velocity V approaches zero, wl™ becomes less than w. As a result, the maximum viscous
dissipation is not achieved in the linear regime but can instead be achieved in the nonlinear regime.
Specifically, the added damping for w = wl™, does reach its maximum as V increases. Thus, the

maximum of 7; occurs when V = V,,. Consequently, the added damping increases with the relative

velocity up to the critical value V;, before decreasing as the relative fluid-solid velocity continues to

rise as presented below in Figure 4(c).

To summarize, for a given perforation diameter, the added damping can reach a maximum at V =V,
in the nonlinear regime only if w > w.. Therefore, for specific MPP size and V, the diameter d can be
adjusted to maximize the added damping. This behavior has already been observed in the context of MPP
sound absorption in the nonlinear Forchheimer regime. Notably, the critical relative velocity identified in
this study is analogous to the critical Mach velocity observed in [7]°. In this paper, the principal difference
is that the critical relative velocity given in Equation (32) involves the beam functions in the spatial
projections of the coupled equations for the first linear plate mode.

Remark: Due to nonlinear damping, the resonance frequency is a function of the forcing magnitude
(c.f. Figure 2) and, consequently, of the relative fluid-solid velocity, and is now denoted by w}™ instead of
w;. For a practical case, the added damping reaches its maximum in

1. the linear regime, when w; = we,
2. the nonlinear regime, when w}™* = wi*.

This is illustrated in Figure 2, where the linear characteristic frequency for the MPP under consideration
is we. = 45rads~!, and its first resonance frequency is w; = 115rads™!. The added damping reaches its
maximum around F.; = 0.2 N, which corresponds to V =V, = 2.44ms~! and w}* ~ wl* = 114.1rads™ L.

In the following, the three cases outlined in the preceding paragraphs are discussed using an example.
To this end, the MPP investigated in Section 4.1 is analyzed to illustrate the three cases: w < wc, w = we,
and w > we. In this analysis, the characteristic frequency in Equation (6) is w. = 45rads™! and w is
adjusted to reflect three specific cases: w = 30rads™! for the first case, w = 45rads~! for the second
case, and w = 115rads™! for the third case®. The perforation ratio and the perforation diameter are
respectively set to ¢ = 10% and d = 2.2mm. The Forchheimer parameter is obtained from Equation (9).
To represent the added damping in the nonlinear regime, the added loss factor is plotted as a function of
the amplitude of the relative fluid-solid velocity for the three cases in Figure 4. The studied MPP are
excited by a harmonic force with amplitude Fiy at the point (L,/10, L, /10), and the plate vibratory
responses are observed at their centers. For w < w¢, the maximum of the nonlinear added damping is not
reached. In this case, viscous effects cannot be maximized, regardless of the relative fluid-solid velocity
(see Figure 4(a)). For w = w,, the maximum of the nonlinear added damping is reached when V tends
towards 0 (see Figure 4(b)). In Figure 4, the added damping evolves towards a maximum only when
w > we. The lower the ratio w/w, is relative to 1, the higher the maximum added damping will be for
larger values of the relative fluid-solid velocity amplitude (see Figure 4(c)). In this configuration, a critical
relative velocity is reached at which the adjusted damping passes through a maximum.

4.8. Space distribution of the added damping

Since the added damping depends on the relative fluid-solid velocity, it is a function of space. The
present subsection proposes the analysis of the spatial-dependent damping of a simply-supported MPP
of dimensions 490 mm x 570 mm X 1 mm with d = 2.2mm and ¢ = 10 %. The single-mode assumption
is considered here, and it is assumed that the contributions of harmonics of order greater than one are
negligible (c.f Section 3.2). To compute the loss factor and therefore the damping added at each point,
the plate is discretized along the x and y axes into P elements of equal size. Each point is defined by its
spatial coordinates (xg4,y,) where g = 1,2,... P. A harmonic excitation of F.y; amplitude is applied on

5For more details, see Equation (22) in [7].
6The latter configuration corresponds to the one illustrated in Figure 2.
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Figure 4: Loss factor obtained by Equation (28) of the first mode of the simply-supported aluminum MPP of dimension
490 mm X 570 mm x 1 mm with ¢ = 10 % and d = 2.2 mm. The linear characteristic frequency we = 45rads—? is obtained from
Equation (6). Three cases are presented: (a) w < we with w = 30rads™1; (b) w = we and (¢) w > we with w = 115rads™ 1.
The Forchheimer parameter is calculated from Equation (9).

the excitation point (xe,ye) as given in Equation (12) applied to the considered mode. The Forchheimer
parameter is set to £ = 0.87sm~! from Equation (9). The HBM resolution is performed and outputs
the amplitude of the relative fluid-solid velocity at the resonance frequency at each considering point
(xg,Yg). Since the amplitude of the relative fluid-solid velocity is known, the loss factor is obtained from
Equation (28).

The overall loss factor at w = w; can be estimated by performing the spatial average of the nonlinear
loss factor such that

1

= pp [ V@) dray, (33)

M (w17 V)
where 71 (w1, V(z,y)) is given in Equation (28). To this end, a point harmonic excitation of amplitude
Fot € [107%;0.3] N is applied and the amplitude of the fluid velocity is calculated for each observation
point that corresponds to each point (z4,y,) in the plate discretization. Figure 5 plots the normalized
overall loss factor of the added damping, given by

_ M (w17 V)
TN oy

where 7} represents the loss factor in the linear regime defined in Equation (4). The normalized overall

1.1
3 Linear behavior
1
0.9
1073 10—2 101 100
(V) (ms™1)

Figure 5: Normalized overall nonlinear loss factor as a function of the forcing amplitude. The microperforated plate is
simply-supported, and the parameters for the perforations are d = 2.2mm and ¢ = 10 %. The Forchheimer parameter is
determined using Equation (9), resulting in ¢ = 0.87sm™!. The excitation amplitudes of points @), &), (©) and (©) as well
as their corresponding coordinates are listed in Table 1.

loss factor is maximum when (V') = V¢,. For small excitation, the overall loss factor of the MPP is about

4.6 x 1073, The range in which the normalized overall loss factor remains relatively constant defines the
linear regime. In this case, the loss factor obtained with Equation (28) is equal to its value in the linear
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regime given in Equation (4). It increases with excitation level up to a critical value before decreasing.
Figure 5 also indicates that there exists an excitation level above which the added damping is lower than
that obtained in the linear case (for a fixed diameter).

Excitation & Excitation 8 Excitation ©) Excitation D)

Fuxt (N) 0.02 0.08 0.20 0.55
7, (w1, V)[x1077] 4.78 5.13 5.34 4.92
(V) (ms™) 0.09 0.34 0.87 2.21

Table 1: Coordinates of interest points of Figure 5 and corresponding external amplitude force Fext.

In Figure 5, four forcing amplitudes of interest are highlighted whose coordinates and corresponding
Foxt are shown in Table 1. For each point of interest, the added loss factor is spatially represented at the
first resonance frequency in Figure 6. In Section 4.2, it was shown that the added damping can reach

6.9

6.3

5.7

5.1

45
(a) (b) (c) (d)

Figure 6: Spatial distribution of the loss factor 71 (w1, V(z,y)) on the plate, obtained from Equation (28) at the first
resonance frequency w for the four excitation points listed in Table 1 and shown in Figure 5: (a) Excitation (&) corresponding
to Fext = 0.02N; (b) Excitation corresponding to Fext = 0.08 N; (c¢) Excitation (©) corresponding to Fext = 0.20 N; (d)
Excitation @ corresponding to Fext = 0.55 N.

m[x1077%

a maximum at a particular relative fluid-solid velocity. The same results are obtained here. As Fey
increases, the nonlinearities are activated and the added damping is maximal for the space-dependent
critical relative velocity. The higher F,., the greater the relative displacement at the center of the plate.
If the critical relative velocity is exceeded, the added damping will decrease at the center of the structure.
However, since the velocity is a field, V., is reached at other points of the MPP. The maximum added
damping will follow the zone where V' = V,,. This is because damping is governed by the thickness of
the boundary layers in the perforations, which are themselves modified when the fluid flow velocity and,
therefore, the relative velocity in the case of a vibrating MPP, becomes significant.

5. Experimental validation

5.1. Experimental set-up

Experimental measurements on samples of free-free microperforated plates excited at the center to
reproduce the vibratory behavior of a cantilever beam according to [41], are carried out to validate the
analytical model. The experimental set-up is presented in Figure 7. An aluminum microperforated plate
of dimensions 560 mm x 30mm x 1 mm with d = 2.8 mm and ¢ = 10% is considered. The perforation
diameter is chosen in order to have f; > f.. The plates are chosen to be longer than they are wide,
so that the experimentally observed peaks can be easily associated with the proposed theory. In this
configuration, mode shapes along y do not participate in the low-frequency range. The previous model is
simplified using the Euler-Bernoulli theory. The MPP is excited by a sine-point force along the z—axis at
the abscissa z. = 0. In this configuration, only even modes of a free-free beam are excited. Its modal
behavior is similar to that of a clamped beam of half its length [41]. In fact, the displacement relative to
the imposed motion and its spatial derivative are zero at x,

Ows(x, Ly /2,t) B Ow(zx, L, /2,t)
ox o ox

T=Te T=Te

W (Te, Ly/2,t) = w(xe, Ly/2,t) =0, and =0. (35)

In order to identify the resonance frequencies, the proposed MPP is first excited by white noise to
obtain the reference frequencies. Next, the frequency response is measured, which corresponds to the
velocity V, of the solid at point (z4,y,) = (0.26m, L, /2) divided by the base velocity V; of the solid at
the excitation point. To do this, the base acceleration is fixed at the excitation point and must remain
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Figure 7: Experimental set-up and sample used for the frequency response of microperforated plate: (a) and (b) represent the
experimental set-up respectively in the plan xz and zy; (c) provides the microperforated sample investigated experimentally
with xe the abscissa of the excitation point and =4 the abscissa of the observation point. The MPP is made of aluminum
and has a dimension of 560 mm X 30 mm X 1 mm. The perforation parameters are set to d = 2.8 mm and ¢ = 10 %.

constant for the duration of the measurement [42-44]. During measurements, velocities are measured
with a laser Doppler vibrometer (Polytec PSV400 scanning laser vibrometer). Since the excitation is
harmonic, the base acceleration . (t) is obtained from 27 fow,(t) where f, is the forced frequency. The
shaker amplitude level is manually adjusted to compensate for and avoid force drops near resonance due
to the interaction of the structure with the shaker. The forcing frequency f, is then adjusted to sweep the
frequencies around the first MPP resonance f; with a frequency step of 0.1 Hz. For each measurement
point, 30 measurements are averaged by the laser vibrometer.

5.2. Relative displacement

The configuration investigated experimentally corresponds to an MPP subject to an excitation at its base.
The displacement measured at the end of the structure is the relative displacement, i.e. the absolute
displacement at the end of the beam with respect to the base displacement imposed by the excitation of
the point of force. The model gives the total/absolute solid displacement. In order to be able to compare
the relative solid motion fields obtained analytically and experimentally, the model presented in Section 2
is adapted so that the base excitation acts as a forcing point. The total displacement of a structure
cross-section can therefore be decomposed as

ws(x, Ly/2,t) = we(t) + ws, (x, Ly /2,t) and w(z,L,/2,t) = we(t) + wi(x, Ly/2,1), (36)

where w,(¢) is the base displacement. The relative solid displacement and the relative fluid-solid displace-
ment with respect to the base displacement are respectively noted wy, (z, y, t) and w,(z,y,t). Equation (36)
is substituted into Equation (10) which leads to

hpiis, + hpioy + DV*Aws, = —ie(hp — dhpr), (37a)

. Qoo .. . . . . . . ..
pris, + P52+ 0 (1 — e + & (1 — i) | (1 — Brie)| + MV, = —iic(pr — provec). (37H)

¢

For a harmonic base excitation, the base acceleration reads

We(t) = 7o COSWet, (38)
where we is the forcing pulsation, and =y, the amplitude of the base acceleration. The relative displacements
ws, (z,y,t) and w,(z,y,t) are expanded onto the natural mode basis as in Equation (11) and the resulting

system of equations is solved following the procedure introduced in Section 3. It should be noted that the
nonlinear function in Equation (15) is updated by considering the base displacement, such that

N N
() = hoot /S S @ OWer,) + i) D (02 (. ) + Gi (0) Wi, y) oy, (39)
k=1 p=1
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where §(t) = [¢1(t), ¢2(t),...,dn(t)]T stores the temporal contribution of w,(z,v,t).

Experimentally, the resonant response of the structure at the point (x4, L, /2) is measured for several
input accelerations and z,,, which corresponding to the amplitude at the ith resonance of the relative
solid displacement w, (24, Ly, t), is estimate by [21]:

L\
2 = Zlmax 1(J"£]’Ly/2)7 (40)
K \I};‘ﬂax

where 2;"®* is the amplitude of the transverse motion of the structure where the deformed shape for the
mode ¢ is maximum and ¥"** = max |¥;(z, L, /2)| its corresponding value. For the first beam mode
of the configuration proposed in Figure 7, the maximum of the deformed shape is reached at the end
(Lz, Ly/2) of the structure.

5.3. Experimental and analytical results

This subsection presents the experimental results, for non-perforated plate (Figure 8) and for microp-
erforated plate (Figure 7(b)), obtained from the set-up presented in Figure 7(a), compared with those
derived from the analytical model. The forcing frequency is linked to the base acceleration, which is
chosen from the range 7, € [10,90] mms~2. Firstly, experimental measurements are performed on a
non-perforated plate subjected to base excitation. In Figure 8, the normalized velocity V,/V, is given as a
function of the normalized frequency f./f1 with f; = 10.05Hz. In Figure 7, the base accelerations are
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Figure 8: Non-perforated plate velocity normalized by base velocity around the first plate resonance frequency f1 = 10.05 Hz,
for two base accelerations (experimental results are represented by points and the analytical result by a solid line):
~Ye = 7T0mm s 2 (o); Ve = 90 mm s~ 2 ( ) Experimental results are obtained through the set-up presented in Figure 7.

set to Yo = 7T0mms~2 and 7, = 90mms~2. The aim here, is to delimit the range of . to be imposed
in order to remain in the acoustic nonlinear regime induced only by large fluid displacements. Figure 8
shows that for the . values considered, the level amplitude has no influence on the plate transfer function.
The vibratory response of the plate without perforation evolves linearly with 7, and therefore with the
amplitude of the forcing. Assuming that the structural behavior of the non-perforated plate and the MPP
are similar”, it can be stated that for v, < 90 mms~2, geometric nonlinearities are not activated.

Thus, the experimental measurements for MPP are performed for 7, values lower than 90 mm s~2in
Figure 9. This figure presents the normalized velocity as a function of the normalized frequency, with a
comparison between experimental measurement and analytical results for four base accelerations. The
forcing frequency is normalized by f1 = 9.28 Hz that corresponds to the resonance frequency with added
damping in the linear case. The amplitude variations observed in Figure 9 are therefore only due to
the nonlinearities associated with fluid-structure coupling in the perforations. In Figure 9, analytical
results are provided by solving Equation (37) using the procedure detailed in Section 3 for ¢ = 1.43sm™!
which is experimentally measured on a high airflow resistivity meter (c.f. Section 2.3). The value of ¢
used corresponds to the average obtained for a series of 8 experimental measurements. The comparison
between experimental values and analytical results presented in Figure 9 allows us to validate the proposed
model for the range of .. Their comparison leads to the conclusion that, with regards to the normalized
resonance frequency, the stiffness of the system is respectively reduced as the level of the forcing amplitude

"It was experimentally confirmed that mode shapes of the non-perforated and microperforated plate are the (almost)
same.
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Figure 9: Microperforated plate velocity normalized by base velocity around the first plate resonance frequency fi = 9.28 Hz,
for four base accelerations (experimental results shown by points and corresponding analytical results shown by solid or
dotted lines): v = 10mms™2 (4); 7o = 45mms~2 (#); 7%e = 60mms~2 (e); 7o = 80mms~2 (m). Experimental results
obtained through the set-up presented in Figure 7 and solving Equation (37) with ¢ = 1.43sm™!. The perforation ratio is
¢ = 10 % and the perforation diameter d = 2.8 mm is chosen to have f1 > fc.

increases. In the case of the investigated MPP, the perforation diameter is chosen to have f. < fi. As
the amplitude of the forcing increases, the normalized amplitude of the plate velocity passes through a
minimum that corresponds to a maximum of added damping. Thus, in Figure 9, the added damping

reaches a maximum around -y, = 60 mms~2.

It can be noticed that the differences between the model and the measurements, noticeable in Figure 9,
are probably due to the uncertainty in the measurement of the base acceleration. This is because the
displacement amplitude is smaller, and measurement errors are greater.

6. Conclusions

This paper presents a dynamic model designed to capture the forced response of a microperforated plate
operating within a nonlinear acoustic regime, building upon the linear model previously developed by
the authors [5]. The resistive effects due to the high fluid velocity of the airflow in the perforations is
introduced analytically by the Forchheimer correction, which is a function of the fluid-solid relative velocity
in the perforations. The resulting equation of motion bears an added damping quadratic term multiplying
the relative fluid-solid velocity associated with fluid-structure coupling. The system is numerically solved
in the forced regime using the harmonic balance method.

It is found that the maximum added damping is reached when a resonance frequency of the system
coincides with the characteristic frequency, derived from Biot’s frequency for porous materials. This
maximum damping varies as a function of the relative fluid-solid velocity. In the present work, the
emphasis is placed on the resonance frequency. It is demonstrated that the maximum added damping,
driven by the viscothermal dissipation mechanism, can be achieved in the nonlinear regime when the
considering driving frequency exceeds the characteristic frequency. This maximum occurs at a critical
relative fluid-solid velocity, determined by the perforation characteristics, driving frequency and plate
parameters. In a practical case, MPP can be categorized into three groups based on their characteristic
frequency: i) characteristic frequency lower than the first resonance frequency; the maximum damping
is achieved in the nonlinear regime, ii) characteristic frequency equal to the first resonance frequency;
the maximum damping is attained in the linear regime and decreases as the relative fluid-solid velocity
increases, and iii) characteristic frequency higher than the first resonance frequency; the added damping
does not reach its maximum. As the relative fluid-solid velocity is a spatial function, the maximum
nonlinear added damping follows the zone where the relative velocity is equal to the critical velocity. The
proposed model is validated by measurements.

As a final comment, it should be mentioned that, in addition to the Forchheimer correction, other
mechanisms must be considered to make an accurate model for higher levels of excitation. First, in
the case of large deflections, two other types of non-linearity must be added to the model: i) geometric
non-linearity, to reflect the fact that stresses are no longer proportional to deformations, and ii) quadratic
drag damping, to account for friction with surrounding air on both sides of the structure’s surface.
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