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Abstract

This paper aims at developing an experimental method to characterize the vibroacoustic response
of a panel to a diffuse acoustic field excitation with a different laboratory setup than those used in
standards (i.e., coupled rooms). The proposed methodology is based on a theoretical model of the
diffuse acoustic field and on the measurement of the panel’s sensitivity functions which characterize
its vibroacoustic response to wall plane waves. These functions can be estimated experimentally
using variations of the reciprocity principle which are described in the present paper. These
principles can either be applied for characterizing the structural response by exciting the panel
with a normal force at the point of interest or for characterizing the acoustic response (radiated
pressure, acoustic intensity) by exciting the panel with a monopole and a dipole source. For both
applications, the validity of the proposed approach is numerically and experimentally verified on
a test case composed of a baffled simply supported plate. An implementation for estimating the
sound transmission loss of the plate is finally proposed. The results are discussed and compared

with measurements performed in a coupled anechoic-reverberant room facility following standards.

PACS numbers: PACS: 43.40.At, 43.40.Dx
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I. INTRODUCTION

The experimental vibroacoustic characterization of panels under a diffuse acoustic field
(DAF) excitation is of great interest for the industry. This excitation is commonly used
to determine the sound reduction index of panels as described in several standards using
coupled reverberant-reverberant room [1] [2] or reverberant-anechoic room [3] [4] laboratory
facilities. Theoretically, a DAF is defined as an infinite set of uncorrelated plane waves with
uniformly distributed incidence angles. In standard laboratory measurements, this excita-
tion is reproduced using a reverberant room and only partially corresponds to its theoretical
definition, especially below the Schroeder frequency of the room where the sound field is
dominated by well-defined acoustic cavity modes. Even above the Schroeder frequency, the
pressure field is not perfectly homogeneous and the lack of grazing incidence plane waves
has been pointed out in the literature. Inter-laboratory variations of vibroacoustic measure-
ments in reverberant rooms can be attributed to these phenomena, but other parameters
are involved such as room dimensions, niche effects, panel mounting conditions, aperture

size and measuring protocols [5] [6] [7].

In this context, the aim of this study is to investigate an alternative and robust approach
to experimentally characterize a panel’s response to a DAF excitation by using only the
theoretical model of this excitation to overcome the limitations of a reverberant room mea-
surement discussed above. Indeed, the mathematical formulation of a panel’s vibro-acoustic
response when submitted to random excitations in the wavenumber domain allows estimat-
ing the system’s response, at any point on the structure or in the acoustic medium, from
wall-pressure cross spectral density (CSD) functions (characterizing the excitation) and from
so-called ‘sensitivity functions’, which were introduced in [8] [9] for the analogous problem
of panels excited by a turbulent flow. The latter are defined as the panel’s response to wall-
pressure plane waves and characterize the panel’s vibroacoustic behavior. The estimation of
the panel’s response submitted to a DAF excitation therefore only requires the experimental

measurement of sensitivity functions in the acoustic wavenumber domain.

A method is proposed for estimating the sensitivity functions experimentally. Whereas
the direct interpretation of the sensitivity functions would require exciting the panel by sets
of wall plane waves, which is not easy from an experimental point of view, an alternative

method based on a reciprocity principle is proposed. The reciprocity principle states that the
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sensitivity functions at any point on the structure or in the acoustic medium are equivalent
to the panel’s velocity response expressed in the wavenumber domain when the system is
excited by a vibration or acoustic source at the same point. From an experimental point
of view, it is then only necessary to excite the system with a vibration or acoustic source
and to apply a wavenumber transform to the measured transfer function between the panel
velocity and the source magnitude to obtain the sensitivity functions for a wide range of
wavenumbers. Globally, the proposed experimental process consists in exciting the panel
with the source of given magnitude at the point of interest. The spatial vibratory response of
the panel is then measured with a scanning laser vibrometer. In a subsequent post-processing
phase, a discrete 2-D wavenumber transform of the measured vibratory field is performed to
deduce the sensitivity functions. Finally, using the wall-pressure model of a DAF and the
previously estimated sensitivity functions, the response when the panel is excited by a DAF
can be deduced at any point on the structure or in the acoustic medium. To evaluate the
sound transmission loss, this process is repeated for a series of points belonging to a surface
surrounding the panel to estimate the acoustic intensity at these points when the panel is
excited by a DAF.

The remainder of the paper is organized as follows: the considered vibro-acoustic problem
and the quantities characterizing a panel under a DAF are described in Sec. II. Then, the
mathematical formulation of the vibro-acoustic problem is presented in Sec. III where the
sensitivity functions appearing in the formulation are defined. An alternative interpretation
of these functions based on the reciprocity principle is proposed in Sec. IV. This inter-
pretation suggests a simple implementation for measuring the sensitivity functions. The
proposed methodology for characterizing the panel response under a diffuse acoustic field
is summarized in Sec. V. Numerical and experimental validations are provided in Sec. VI.
Finally, a comparison with measurements performed following standards [4] is proposed in

Sec. VII.

II. VIBROACOUSTIC CHARACTERIZATION OF PANELS UNDER DIFFUSE
ACOUSTIC FIELD

Let us consider a baffled panel of surface ¥, with arbitrary boundary conditions separating

two semi-infinite acoustic domains. Each of these acoustic domains is characterized by a
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FIG. 1. Panel (gray line) and coordinate system. (a) receiving side: semi-infinite domain. (b)
source side: theoretical DAF.

mass density pg and a sound velocity ¢g. As shown in Fig. 1, one supposes that a DAF is
generated on one side of the panel. We define x = (z,y, 2) the observation point in the
receiving half space z > 0 or on the panel z = 0 and X = (Z, ) the excitation point on the
panel surface. Both points are defined in the Cartesian coordinate system (x,y, z) shown in
Fig. 1.

To experimentally characterize the vibroacoustic behavior of this panel, two quantities

are considered:

- the one-sided normal velocity frequency response v at a given point on the panel,
which for random excitations is given by the auto spectral density (ASD) function of

the normal velocity G, (X, f),

- the transmission loss (TL) defined by

7L () = logsy () 1)

where f is the frequency and is considered positive.

The incident acoustic power and the radiated acoustic power are denoted II;,. and II,,q4, Te-
spectively. For a DAF exciting a panel of area ¥, the incident acoustic power is theoretically

given by [10]
prpb (f) Ep

Hinc =
(f) S poco

(2)

where G,p, (f) is the one-sided frequency wall-pressure ASD function and the factor 8

accounts for pressure doubling at the panel surface [11]. The radiated power of the panel

4
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into the receiving medium is obtained by integrating the normal active sound intensity flow

passing through a virtual surface >, surrounding the panel
Hrad (f) - // Iact (X, f) n dX7 (3)

n being the unit exterior vector normal to 3,, dx the surface element and I, (X, f) the
active sound intensity at point x. The latter is directly related to the one-sided frequency
CSD function Gy, (x, f) between the sound pressure p and the particle velocity vy at point
x with [12]

Lo (%, f) = Re{Gyy (x. £)}. (4)

Theoretically, the radiated power is obtained by solving the formal integral in Eq. (3).
For numerical and experimental applications, the integral of Eq. (3) may be approximated

by discretizing the surface ¥, and using the rectangular integration rule:

Hrad (f) ~ Z Iact (X, f) n 6X> (5)

XEoy

where o, represents the set of points defined on ¥, and dx is the elementary point area.

To characterize the vibration response of a panel to a DAF, it is then necessary to
evaluate G, at the considered point on the panel while the evaluation of Gy, for the set
of points o, is required to estimate the TL. An approach for evaluating these quantities
based on deterministic transfer functions and using a reciprocity principle is presented in

the following sections.

III. MATHEMATICAL FORMULATION OF THE VIBROACOUSTIC RESPONSE
OF PANELS UNDER DIFFUSE ACOUSTIC FIELD

Let us consider the blocked wall-pressure field p, (X,t) exerted on the panel by a DAF
excitation at point X as a function of time. The response of the panel at point x when the
panel is excited by p, (X,t) is denoted «a(x,t). If x is on the panel, « stands for v whereas

it stands for p or vy if x is in the acoustic domain. This response can be expressed by the
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convolution product [13]

atx0 = [ p / Z hogr, (%%t — ) py (%, 7) drd%, (6)

where hq/F, (X,X, 1) is the impulse response (structural velocity, acoustic pressure or particle
velocity-wise) at point x for a normal unit force applied at point X. Assuming that the

random process is ergodic, the cross-correlation function R, (X,t) is defined by

Roor (x,t) = / a(x,7)a (x,t+7)dr. (7)
where o/ also designates v, p or vy. Introducing Eq. (6) in Eq. (7) and performing a time
Fourier transform of the resulting expression of the cross-correlation function gives the space-
frequency spectrum S, (X, w), which after some manipulations (see [13] for details) can be

written as

Seor (X,w) //2 // Hoyr, (x,%,w0) Hy g, (x X w) Spups (i,}zc, w) dxdx, (8)

where H,/p, (X,X,w) is the time Fourier transform of hq/p, (x,X,t) and corresponds to the
panel frequency response function (velocity, pressure or particle velocity-wise) at point x
when it is excited by a normal force F), applied at point X; S,,, (5(, >:<, w) is the time
Fourier transform of the cross-correlation function of the blocked wall-pressure; finally * is
the complex conjugate. Defining the wavenumber-frequency spectrum of the wall-pressure
Sp,p, (E,w) as the wavenumber transform of the space-frequency spectrum S, ,, (5(, X, w),

one has
- = 1 o0 (i
Spbpb (X, X, W) = 4—7]_2 // Spbpb (k,w) egk( )dk:. (9)

where k = (k,, k,) is the wavevector defined in the plane (z,y) and dk is the two-dimensional
wavenumber element. By introducing Eq. (9) in Eq. (8) and rearranging the terms, one
obtains

1 [ee)
St (6,0) = 15 / Hoy (x, k) HY (x, k) S, (K, w) dk, (10)

bPb

where

H, (x,k,w) = // Ho/p, (X, %, w) e 7% dx. (11)
2p

6
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The H, (x, k,w) functions are called the sensitivity functions [14] and characterize the vi-
broacoustic behavior of the panel. The function H,/p, (x,X,w) is the time Fourier transform
hasF, (X,%,t) and, therefore, corresponds to the transfer function between the panel velocity

frequency response and the frequency spectrum of the applied effort.

The wall-pressure CSD function in the space-frequency domain of a DAF can be expressed

by [15
sin (kor)

Spvpy (r,w) = Spopy (w) kor

(12)

where r = |X — X/, ko = w/co is the acoustic wavenumber and S,,,, (w) is the wall-pressure
ASD function. The space-wavenumber transform of Eq. (12) gives the wall-pressure CSD

function in the wavenumber-frequency space

Spopy (k,w) = Spype (w) @y (k,w), (13)
where
L — if |k| <k
k‘o k27 k|2 1 0
By, (o, w) = ¢ VI . (14)
0 if |k| > ko

As the wall-pressure CSD function of a DAF is null for wavenumbers larger than the acoustic
wavenumber, the integration domain involved in Eq. (10) can be restricted to the wavenum-
bers contained in the acoustic domain (i.e., |k| < kg). Moreover, in practice, this integral
is approximated considering a set of wavevectors in the acoustic domain €2 and using the
rectangular integration rule. It should be stressed here that S,. (X,w) is a two-sided spec-
trum as a function of the angular frequency. It can be related to the one-sided spectrum as

a function of the frequency G, (X, f) by

Gaor (X, f) =47 S (X, w) . (15)

For the sake of coherence with experiments, one-sided frequency spectra will be considered

in the remainder of the article.

According to Eq. (10) and (15), the one-sided frequency ASD function of the velocity v

7
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at point x (z = 0) of a panel excited by a DAF can be estimated with

1
Gy (Xa f) ~ m Z ’Hv(xv k?“))’QprPb (f) (I)pbpb (k7 w) 52k7 (16)
keQy
whereas the one-sided frequency CSD function between the pressure p and the particle

velocity vy at a given point x into the acoustic domain can be estimated with

G (5, ) % g D Hy (5,10, 0) Hy 06,5 ) Gy () B (o) %K, (17)
keQy
where 0k represents the wavenumber resolution and G, (f) = 47 Sp,p, (w) is the one-sided
frequency ASD function of the blocked wall-pressure.

To evaluate these two quantities, the sensitivity functions H,, H, and H,, for wavenum-
bers belonging to €2 are thus to be determined. A direct interpretation of these sensitivity
functions can be deduced from Eq. (11). Since H,/p, (X,X,w) is the response o at point x
for a unit normal force at point X, H, represents the frequency response « at point x due
to a wall-pressure plane wave of wavevector —k (i.e., due to the pressure field e=7%%). This
direct interpretation is depicted in Figs. 2(a), 2(c) and 2(e) for H,, H, and H,,, respectively.

The sensitivity functions must, therefore, be estimated only at the point of interest x
and for the set of wavevectors (2. A large number of waves should be considered to entirely
cover the acoustic wavenumber domain. Moreover, from an experimental point of view,
wall-pressure plane waves cannot be easily reproduced. To circumvent these issues, another
interpretation of these sensitivity functions based on the reciprocity principle is given in the

next section.

IV. ALTERNATIVE INTERPRETATION OF THE SENSITIVITY FUNCTIONS

In order to propose another interpretation of the sensitivity functions, let us consider the
standard reciprocity principle which states that the response of a system is invariant with
respect to the exchange of points of excitation and observed response [16]. Following the

previous notation, it can be translated into

Hop, (x,%,w) = Hyja(X, X, w), (18)

8
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where H,/5(X,%,w) is the frequency response function between the panel velocity and a
source @, dual of a. As the normal force F,, is applied on the panel, the exchanged observa-
tion point is also on the panel which explains why the right-hand side of Eq. (18) remains
the velocity response of the panel, regardless of a. However the type of excitation source &
depends on « and it will be detailed below for each quantity considered for a.

Sticking to the general case, by introducing Eq. (18) in Eq. (11) one obtains
H,(x,k,w) = // H,/o(X,x,w)e 7% dx. (19)
Ep

The right hand side of Eq. (19) can be interpreted as the space-wavenumber transform of
H,5(X,x,w) with respect to the spatial variable X. The points X become observation points
on the panel surface >, which means that the space-wavenumber transform is performed
over the vibration velocity field of the panel. To sum up, the sensitivity function H,(x, k,w)
may be obtained by exciting the panel with a source & at point x and by calculating the
space-wavenumber transform of the panel velocity frequency response normalized by the
source frequency spectrum. This second interpretation of the sensitivity functions is now
detailed for the three cases involved in the evaluation of the panel response excited by a
DAF.

Case of plate velocity (« = v): The reciprocity principle states [17] that the ratio of
the normal velocity of the panel at point x over the applied normal force at point X is equal
to the ratio of the normal velocity of the panel at point X over the normal force applied at

point x. Eq. (18) becomes
H'U/Fn (X7 i? CL)) = Hv/Fn(i7 X? (.U) (20)

In this case, @ is a normal force and thus, the sensitivity function H,(x, k,w) is obtained
by exciting the panel with a normal force at point x and by performing a space-wavenumber
transform of the transfer function between the panel vibration velocity response and the

force frequency spectrum, as illustrated in Fig. 2(b).

Case of radiated pressure (a = p): Lyamshev reciprocity relations for elastic struc-
tures excited by point forces [16] indicate that the ratio of the pressure at point x over the

applied normal force at point X is equal to the ratio of the normal velocity of the panel at
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FIG. 2. Direct interpretation of the sensitivity functions: (a) Hy, (c) Hp, (e) H,, and corresponding
reciprocal interpretation (b) Hy, (d) Hp, (f) Hy,. (d) and (f) see appendix for demonstration.

point X over the volume velocity ), of a monopole source placed at point x. The demon-
stration of this particular reciprocity relation according to Lyamshev [18] is provided in
Appendix A1 (this classical demonstration is useful to introduce reciprocity in terms of
particle velocity and dipole source strength, which is demonstrated in appendix A 2). In

this case @& is a monopole source of volume velocity @, and Eq. (18) becomes

Hyp, (%, X, w) = Hy g, (X, x,w). (21)

The sensitivity function H,(x, k,w) is therefore obtained by exciting the panel with a
monopole source at point x and by performing a space-wavenumber transform of the panel
vibration velocity response normalized by the frequency spectrum of the monopole’s volume

velocity, as illustrated in Fig. 2(d).

10
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Case of particle velocity (« = vy): Fahy stated that the reciprocity relationship could
be extended to acoustic dipoles and particle velocities [16], however no demonstration could
be found in the literature. As a point dipole can be represented by a point force injected in
the fluid, the ratio of the particle velocity at point x over the applied normal force at point
X is equal to the ratio of the normal velocity of the panel at point X over the force injected
in the fluid Fjy at point x. This latter reciprocity relation is demonstrated in Appendix A 2.
The dual source @ being a dipole source of force Fy injected in the fluid, Eq. (18) now
becomes

Hvo/Fn(Xy 5(,&)) = HU/F()()E)Xvw) (22>

As demonstrated in Appendix A 2, the force Fj is injected in the same direction n as
the desired direction of the particle velocity vy. One can obtain the sensitivity function
H,,(x,k,w) by exciting the panel with a dipole source at point x and by performing a
space-wavenumber transform of the panel vibration velocity response normalized by the
frequency spectrum of the force injected by the dipole source in the fluid, as illustrated in
Fig. 2(f).

To sum up, the sensitivity functions can be obtained by exciting the system at the point
of interest x and by performing a space-wavenumber transform of the panel velocity field.
In practice, the vibratory field has to be measured on a regular grid of points denoted
s, using a scanning laser vibrometer, for example. The space-wavenumber transform is
therefore approximated by a discrete Fourier transform. In order to avoid aliasing effects,
the spatial resolution 0x over I'y should be determined so that the spatial variations of
the vibratory field can be correctly represented by the grid of points. For a homogeneous
isotropic thin panel, 60X should be less than or equal to a quarter of the natural flexural
wavelength of the panel Ay at the highest frequency of interest. For a more complex panel,
a preliminary study should be carried out to define this parameter (for instance, by using a

numerical model of the panel or by using a trial and error procedure).

V. DESCRIPTION OF THE PROPOSED METHODOLOGY

A methodology for experimentally estimating the vibroacoutic response of a panel excited
by a DAF is now presented. This methodology is based on Eqgs. (16) and (17), and the second

interpretation of the sensitivity functions, as described in the previous section.

11



225 Vibration response of the panel: The methodology for evaluating the velocity ASD

»s function G,, at a given point x of the panel (z = 0) can be summarized as follows:

207 - Excite the panel with a normal mechanical force at point x (for instance by using a
228 shaker) and measure the normal velocity response of the panel at points X € I's to
220 determine H,/p, (X,X,w),

230 - Perform a discrete Fourier transform of the panel velocity response H,p, (X,X,w)
231 (with respect to X) to obtain the sensitivity functions H,(x, k,w) at point x for k € €y,
23 - Use Egs. (16) and (14) to estimate the velocity ASD function G, at point x under an
233 ideal DAF excitation.

23 Acoustic response of the panel: The acoustic response of the panel is characterized

235 by the TL as described in Sec. II. It can be obtained by following the next five steps:

236 - Excite the panel with a monopole source at a given point of interest x and measure the
237 normal velocity response of the panel at points X € I'x to determine H, g, (X, X, w),
238 - Excite the panel with a dipole source at a given point of interest x and measure the
230 normal velocity response of the panel at points X € 'z to determine H,/r, (X, X, w),
240 - Perform a discrete Fourier transform of the panel velocity responses obtained for
241 both monopole and dipole cases to estimate the sensitivity functions H,(x, k,w) and
242 H,,(x,k,w) at point x,

243 - Calculate the pressure — particle velocity CSD function at point x using Eqs. (17)
244 and (14),

245 - Calculate the active sound intensity at point x using Eq. (4).

246 The five previous steps are repeated for points x € o, (discretizing the whole virtual

27 surface X, surrounding the panel) to calculate the radiated power using Eq. (5). The TL is
s finally deduced using Eq. (1) while the incident acoustic power is evaluated with Eq. (2).

12



20 VI. NUMERICAL AND EXPERIMENTAL VALIDATION OF THE PROPOSED
0 APPROACH

251 A. Test case description

252 For numerical and experimental validation purposes a test case is considered, which
253 consists in a rectangular thin aluminum plate, simply supported on its four edges, baffled,
4 and submitted to a DAF excitation on one side. This baffled plate separates two semi-infinite
x5 domains filled with air (py = 1.3 kg.m™® and ¢y = 343 m.s~'). The plate’s geometrical and
256 mechanical properties are detailed in Table I. The structural loss factor 7,,, of the (m,n)
7 mode has been experimentally estimated using the -3 dB bandwidth method on the first
»s  few resonances of the plate and is taken into account in the numerical simulations. A mean
50 value of 7 = 0.005 has been measured. Simply-supported boundary conditions have been
x%0 chosen because they lead to a simple analytical solution of the plate equation of motion.
21 In addition, the experimental setup proposed by Robin et al. [19] for reproducing these
%2 boundary conditions has already been validated.

263 The frequency range of interest is [170,2000 Hz] with a frequency resolution of 0.625 Hz.
s The low frequency limit is set according to the frequency response of the monopole source
s and the high frequency limit has been chosen arbitrarily. This frequency range is below the

x6 critical frequency of the panel, f., given by

2
cg |ph
=0,/ = 23

fo= /2 (23)
27 where D = #’ig) is the flexural stiffness. For the considered case, f. = 3867 Hz.
268 In this section, we will focus on:
269 - the velocity sensitivity functions H, at point x,; of coordinates (x = 0.06 m,y = 0.3 m,z = 0 m)
270 on the plate,
an - the pressure and particle velocity sensitivity functions H, and H,, at point xy of
2 coordinates (z = 0.06 m,y = 0.3 m, z = 0.1 m) into the acoustic medium. The particle
273 velocity vy will be determined in direction z,
274 - the frequency response of the velocity response at point x;; and of the active intensity
215 at point xy in the direction z.

13
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To apply the methodology described in Sec. V, the panel velocity field has to be measured
or calculated on a grid of points I's. In the following, a uniform mesh of 15 x 13 points is
considered in directions x and y respectively and a gap of 30 mm along the edges is left for
practical reasons. This leads to a spatial resolution of §, =, = 30 mm and ensures at least
4 points per flexural wavelength for all frequencies of interest. The highest wavenumbers

ky* and ky"** that can be resolved in directions = and y, respectively, are given by

T T
kP = B = — = — ~ 105 m™". 24
e (24
These wavenumbers are well above twice the acoustic wavenumber (related to the Shan-
non criterion) at the highest frequency of interest (i.e., kg = 37 m~! at 2000 Hz). As
a consequence, the considered grid of points provides correct estimation of the sensitivity

functions in the acoustic wavenumber domain €. The wavenumber resolutions ¢k, and dk,

in directions x and y respectively, are given by

6k, = i—: ~13m " ; 6k, = % ~ 15 m™". (25)

These wavenumber resolutions are relatively large because of the small dimensions of the
panel. In order to improve the wavenumber resolution, zero-padding is used to obtain a
wavenumber resolution of 0.5 m™! along k, and k.

In order to assess the accuracy of the reciprocity approach for evaluating the panel sensi-
tivity functions, the results obtained with this approach are compared with those obtained
by considering the direct interpretation of these functions (as described in Sec. III). This
comparison will allow validating the uniform mesh of 15 x 13 points used for the discrete

spatial Fourier transform of the panel velocity field. The numerical model used for this study

is described in Appendix B.

B. Experimental set-up

Fig. 3 shows the experimental setup used to measure the sensitivity functions. The

plate was glued on thin blades and fixed on a frame as described in [19] to reproduce simply
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FIG. 3. Experimental setup. (a) plate excited by a shaker to determine H,. (b) and (c) baffled
plate excited by a monopole source to determine H, and H,,. 1 - shaker with impedance head. 2
- plate. 3 - frame. 4 - baffle. 5 - sound absorbing foam. 6 - monopole source mounted on 3-axis
robot. 7 - single-point laser vibrometer mounted on 2-axis robot.

supported boundary conditions. To determine the velocity sensitivity functions H,, the plate
was excited by a normal force at point x;; of coordinates (z = 0.06 m,y = 0.3 m, z = 0 m).
This force was applied using a TMS SmartShaker K2007E01 with integrated amplifier, which
was fed with a swept sine over the considered frequency range and the force was measured
using an impedance head PCB288D01 (as shown in Fig. 3(a)). An adapter was used between
the impedance head and the plate reducing the area of mechanical coupling to approximately
a 5 mm diameter circle.

For acoustic applications, the plate was baffled in a 1 x 1 m? plywood panel of 2 cm
thickness. The experiment was performed in a hemi-anechoic room and 10 cm thick sound
absorbing foam (Decibel France Polyphone 63 T) was placed on the ground and around the
plate (see Figs. 3(b) and 3(c)) to avoid potential reflections and possible influence of the
background noise generated by the robot used to estimate the TL (see Figs. 3(¢) and section
VIIB). This allowed approaching fully anechoic conditions and ideal monopole and dipole
excitations.

To estimate the pressure sensitivity functions at point xy of coordinates (z = 0.06 m,y =
0.3 m,z = 0.1 m), the plate was excited by a Microflown Mid-High frequency monopole-
HFM source at point xy fed with a white noise signal on the considered frequency range.
The monopole source consists of a high impedance loudspeaker connected to a socket by a

tube with an inner diameter of 15 mm. The frequency range over which the source is effective
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and acts like a monopole is [100, 7000 Hz]. The calibration of the source (volume velocity
@, per unit input voltage U) was obtained by measuring the radiated sound pressure p at a
given distance r in anechoic conditions for a given input voltage U and using the theoretical
model of a monopole in free field for the relation between p and @),. The effect of the tube

on the frequency response has thereby been accounted for.

To estimate the particle velocity sensitivity functions at point xy in the direction z,
the response of the plate to a dipole source has been reconstructed by exciting the plate
with the same monopole source, still fed with a white signal and moved from the previous
position by a distance d = 3 cm in the direction of the injected force (in this case z).
Two monopoles close to each other and out of phase have been thereby reconstructed by
subtracting the measured transfer functions H,,g,. A preliminary experimental study in free
field conditions and using the plate was performed to determine an appropriate separation d.
It showed that below a separation of 0.5 cm, the vibration fields induced for both positions
of the monopole source were not sufficiently different to be noticeably measured. On the
other hand, above a separation of 5 cm, the directivity of the reconstructed dipole did not
match that of a theoretical dipole. A value of 3 cm for d appeared to be an optimal value
for the present case. It should be noted that the condition kyd << 1 does not hold at the
highest frequencies. However, the induced vibrations were in accordance with the response
of a plate to a theoretical dipole. Since the numerical and experimental sensitivity functions
and pressure - particle velocity CSD functions are in good agreement (see next section),

these results validate the experimental method for reconstructing a dipole source.

According to the methodology described in Sec. V, the vibratory response of the panel
has been measured on the grid of 15 x 13 points with a single point Polytec laser vibrometer
for each case of the excitation (i.e., force, monopole, dipole). Also, in each case, the time
Fourier transform was directly performed in the post-processing software with ten linear

averages.
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FIG. 4. Velocity sensitivity functions at point xys, |H,|? (dB, ref. 1 m2.s72): direct calculation
(left), numerical reciprocity approach (middle), experimental reciprocity approach (right). (a)
f =178 Hz. (b) f =600 Hz. (c) f = 1710 Hz. - - -, circle of radius ky. —, circle of radius ko.

C. Comparison between numerical and experimental results
1. Sensitivity functions

Fig. 4 shows the velocity sensitivity functions H, obtained with the direct calculation
and the reciprocal approach using numerical and experimental data, respectively. They are
provided for three different frequencies, the lowest corresponding to the (2,1) vibration mode
frequency (Fig. 4(a)) and the two others being off-resonance cases (Figs. 4(b) and 4(c)).
The product of sensitivity functions H, and H; , which is involved in the expression of
G, (Eq. (17)), is shown in Fig. 5 at the same frequencies. The circles of radius ky and

27 fe

k= kg, corresponding to the acoustic and flexural natural wavenumbers respectively,
! o

are also indicated in Figs. 4 and 5.

In Fig. 4 and 5, results obtained by simulating numerically the direct and the reciprocity
methods match perfectly. This validates the grid of points considered on the panel and
the use of zero-padding to improve the wavenumber resolution without affecting the results.
It also validates the method described above to reconstruct a dipole from two monopole
sources.

In Fig. 4 and 5, the numerical and experimental results are generally in good agreement.
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FIG. 5. Product of sensitivity functions at point xy, [Re{H, x Hj }| (dB, ref. 1 Pa.m.s™!): di-
rect calculation (left), numerical reciprocity approach (middle), experimental reciprocity approach
(right). (a) f =178 Hz. (b) f =600 Hz. (c) f = 1710 Hz. - - -, circle of radius k. —, circle of
radius kg.

One can observe that the sensitivity functions are slightly overestimated experimentally at
the (2,1) vibration mode frequency compared to the numerical results. This can be explained
by the fact that the modal damping loss factor has been estimated from the response of the
plate to a shaker excitation. The added mass from the shaker possibly had an influence on
the evaluation of the damping of the (2,1) mode.

A good agreement is particularly noticed within the acoustic wavenumber circle (delin-
eated by a full line). Again, only values in the acoustic wavenumber domain contribute
to the plate’s vibroacoutic response to a DAF. However, the sensitivity functions are also

correctly estimated experimentally for wavenumbers higher than the acoustic wavenumber.

2. Plate velocity ASD function

The velocity ASD function G, (x, f) at point x,; of the panel excited by a DAF with a
unit wall-pressure ASD function (G,,,, (f) = 1 Pa>.Hz™!) has been estimated using Eq. (16)
and the three previously described sensitivity functions. Fig. 6(a) compares the results
obtained with the direct calculation and the numerical reciprocity approach. The two curves

are perfectly superimposed, showing that the sensitivity functions obtained with the two
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FIG. 6. Velocity ASD functions G, (dB, ref. 1 m%.s~2.Hz™!). (a) direct calculation (bold gray
line) vs. numerical reciprocity approach (light black line). (b) numerical reciprocity approach
(bold gray line) vs. experimental reciprocity approach (light black line).

approaches are essentially identical in the acoustic domain and on the whole considered
frequency range. The small noticeable peaks between resonance frequencies of the plate on
both curves are attributable to the wavenumber sampling in Eq. (16) which induces errors
especially as |k| approaches kg, in which case the DAF wall-pressure CSD goes to infinity
(see Eq. (14)).

Fig. 6(b) compares the results obtained numerically and experimentally while considering
the reciprocity method to estimate the sensitivity functions. A good agreement is observed
between the two results, which experimentally validates the proposed methodology for the
considered test case. Slight shifts of the resonance peaks in the high frequency range are
noticed. They can be explained by small differences between the experimental and the
theoretical boundary conditions of the panel or more likely by the added mass from the

shaker.

3. Pressure — particle velocity CSD function

Fig. 7(a) shows the real part of the pressure — particle velocity CSD function G, (x, f)
at point X when the plate is excited by a DAF (G,,,, (f) = 1 Pa®>. Hz'). These results have
been obtained using the direct calculation and the reciprocal approach for the sensitivity
functions. Again, the two curves are in good agreement, which shows that the sensitivity

functions H, and H,, are properly determined on the entire frequency range using the
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calculation (bold gray line) vs. numerical reciprocity approach (light black line). (b) numerical
reciprocity approach (bold gray line) vs. experimental reciprocity approach (light black line).

reciprocity principle.

The experimental and theoretical pressure — particle velocity CSD functions are com-
pared in Fig. 7(b). Their good agreement shows that the active sound intensity is correctly
estimated in this situation using the reciprocity approach. Furthermore, the experimental
monopole and dipole excitations correctly reproduce the theoretical conditions. The reso-
nance peaks are better estimated compared to those obtained to estimate the plate’s velocity
ASD function in Fig. 6(b), particularly at high frequencies. This can be possibly explained
by the accuracy in positioning the source which, for the experiment with the shaker was done
manually (subject to more errors) whereas for the acoustic applications, it was controlled
with a robot allowing a higher accuracy. A more likely explanation is the dynamic influence
of the mass added with the shaker, which explains the slight shifts of the resonance peaks
in Fig. 6(b).

VII. COMPARISON WITH REVERBERANT ROOM MEASUREMENTS

The proposed approach is finally compared with measurements performed at the Univer-
sity of Sherbrooke transmission loss facility (coupled reverberant-anechoic rooms) using a
plate similar to the one used in the previous section (similar dimensions, material and bound-
ary conditions) and following test standard ASTM E2249-02 (2016) [4]. The reverberant

room has a volume of approximately 140 m3 (7.5 x 6.2 x 3 m?®), and the Schroeder frequency
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of the room, above which the sound field can be considered diffuse, is approximately 410 Hz.
The plate was mounted in an existing niche between the coupled anechoic-reverberant rooms
(the panel being flush mounted on the reverberant room side). A double-wall structure with
mechanical decoupling was then built around the plate to prevent acoustic leaks and flank-
ing paths, as described in [19]. A loudspeaker fed with a white noise signal excited the

reverberant chamber.

A. Panel velocity response

A first experiment in the transmission loss facility was carried out to evaluate the vibra-
tory response of the panel under a DAF. A Polytec scanning laser vibrometer placed on the
anechoic side was used to measure the plate velocity ASD function. A 9 x 9 microphones
array (1/4 inch B&K 4957) separated by 10 cm in directions x and y was centered to the
plate and used to directly measure wall-pressure fluctuations 1 cm away from the plate. An
average sound pressure level over all 81 microphones was then calculated to evaluate a mean
wall-pressure ASD function G,,,, (f) on the reverberant side.

The sensitivity functions of this second plate were estimated experimentally using the
reciprocity method. Some differences with the sensitivity functions of the plate considered
in Sec. VI (not shown here) indicate that the positioning of the force applied with the shaker
is not exactly at the considered point x,,;. Indeed, the position has a significant influence
on the vibratory response, particularly at high frequencies where the mode shapes get more
complex. The mounting base of the force sensors also has a finite diameter of approximately
5 mm, which makes the applied force not perfectly punctual. However, the modal frequencies
correspond to the theory for both plates. The velocity ASD function was calculated using
Eq. (16) and (14) whilst including the measured wall-pressure ASD function G, ,, (f).

The plate velocity ASD function measured in the reverberant room at point x,; is com-
pared to the result obtained with the proposed method in Fig. 8. The two obtained responses
are in good agreement up to 800 Hz. Above this frequency, differences are noticeable and

can be explained with:

- the inaccuracy in the positioning of point x,; where the velocity ASD function is
measured in the reverberant chamber (corresponding to the point force position in the

reciprocity method) whose influence increases with the frequency,
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FIG. 8. Velocity ASD functions G, (dB, ref. 1 m2.s72.Hz !): reverberant room measurements
(bold gray line) vs. experimental reciprocity approach (light black line).

- the deviation of the pressure field in reverberant room to an ideal DAF. An analysis
of the pressure field measured with the microphone array shows spatial variations in
contradiction with the assumptions of a perfect DAF. Moreover, it is well known that
a reverberant chamber has difficulty creating grazing incidence waves. The absence
of grazing incidence waves can hardly be quantified as it varies from one reverberant
room to another. Some authors suggest corrections on the theoretical model of the

excitation to better represent the actual excitation in a reverberant room [20] [21].

B. Sound transmission loss

A second experiment in the transmission loss facility was conducted for estimating the
plate TL. A 1/2 inch Bruel & Kjaer rotating microphone was used to measure the spatially-
averaged sound pressure level L, in far radiation field. The average sound intensity level L;
was measured on the anechoic side by using a Bruel & Kjaer sound intensity probe composed
of two 1/2 inch microphones with a 12 mm spacing. The sound intensity probe was manually
moved 5 cm away from the plate to scan over a parallel surface identical to the plate area,
as described in [4] for the case of a plate flush mounted on the source side. The transmission
loss of the structure is given by T'L = L, — L; — 6 [22]. An illustration of this experiment
and the considered virtual surface is given in Fig. 9(a).

In addition, the proposed methodology described in Sec. V for estimating the TL was
applied. A numerical study on the definition of the virtual surface ¥, (which is not detailed
in this paper) showed that considering a virtual surface equal to the plate area and positioned
5 cm away from it would result in a slight overestimation of the TL, particularly at high
frequencies. This overestimation is due to sound intensity levels outside the virtual surface

Y, that are thus not taken into account in the calculation of the radiated power. The
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FIG. 9. Hlustration of the virtual surface ¥, considered for estimating the radiated power. (a) in
the transmission loss facility. (b) with the reciprocal approach. (c) with the reciprocal approach
considering the symmetry properties of the system.

virtual surface ¥, over which the active sound intensity should be estimated to obtain the
radiated power should enclose the plate entirely. Therefore, the considered surface ¥, was
decomposed into 5 surfaces: (a), the surface S, which is directly in the front of the plate,
of dimensions 0.66 m x 0.6 m and positioned at z, = 0.05 m; (b), the four lateral surfaces
(denoted S,=£, S,=£ as shown in Fig. 9(b)) to enclose the whole panel. The active sound
intensity on S, was calculated on a grid of 12 x 10 points uniformly distributed along x
and y, respectively. The sound intensity was only calculated on 10 aligned points on S,=+
uniformly distributed along y and 12 aligned points on S,£ uniformly distributed along x.
In both case, the points were positioned at z,/2. Note that in the reciprocal approach, the
direction of the active sound intensity is defined by the direction of the force injected by
the dipole (see Fig. 2(f)). To determine the active sound intensity at point x using the
reciprocity principle, the plate was excited successively by a monopole and dipole source at

point x.

To reduce the number of excitation points and the measurement time, the symmetries
of the system (with respect to x = L,/2 and y = L,/2) were considered. Only the points
belonging to a fourth of X, as illustrated in Fig. 9(c), were considered, leading to a total of
40 positions of excitation as compared to 160 in Fig. 9(b). The experiment was performed
in an anechoic room, using two translating robots to automate the process (see Figs. 3(b)
and 3(c)). One robot was used to move the monopole source over each point o, defining
the discretized surfaces (considering the above symmetry) and the other robot was used to

move a Polytec single-point laser vibrometer measuring the panel velocity on a 15 x 13 point
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mesh.

As a reference to compare the following numerical and experimental results, a numerical
model has been established to accurately evaluate the radiated power from wall pressure
and wall velocity values. At the wall, the particle velocity sensitivity function H,, normal
to the plate is equal to the plate velocity sensitivity function H,. Expressing it in the
wavenumber domain allows using the wavenumber relation between the acoustic pressure
and the particle velocity [23] and thus determining H,, at the wall. Finally, by expressing
Egs. (4), (5) and (17) in the wavenumber domain and using H, and H,, determined at the

wall, one obtains the radiated power directly at the wall.

Fig. 10(a) shows experimental results obtained based on the reciprocity method, while
considering the virtual surface ¥, described at the beginning of this section and illustrated
in Figs. 9(b) and 9(c), versus simulation results for which the radiated power was evaluated
at the panel surface. The curves match very well on the whole frequency range. This
demonstrates that the proposed reciprocity approach accurately reproduces the theoretical
TL for the considered test case. Moreover, it validates the definition of the virtual surface
Y., considered in the experiment.

The experimental results obtained with the reciprocity principle are compared in Fig. 10(b)
to the experimental results obtained in the transmission loss facility. The transmission loss
facility results are noisier than those derived from the reciprocity principle. A good agree-

ment is however noticed in general. Relatively small differences are noticeable above the
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Schroeder frequency (410 Hz). These could be explained by the non-perfectly diffuse char-
acter of the sound field in the reverberant room. On the other hand, below 410 Hz the TL
measured in the transmission loss facility is on average 6.5 dB lower than the one obtained
with the reciprocal approach. This is explained by the modal behavior of the reverber-
ant room below the Schroeder frequency, which enhances the non diffuse character of the

incident sound field.

VIII. CONCLUSION

In this paper, a methodology for characterizing the response of flat panels to a diffuse
acoustic field excitation without using a reverberant room was proposed. This approach is
based on the mathematical formulation of the random excitation problem in the wavenum-
ber domain. This formulation indicates that the panel’s response at point x (on the panel
or in the acoustic medium) to a random field depends on two quantities in the wavenumber
domain: the wall-pressure cross spectral density function of the excitation and on so-called
‘sensitivity functions’ at point x which characterize the panel. Using the reciprocity princi-
ple, it has been shown that these functions can be determined from the panel velocity field
in the wavenumber domain when the system is excited by a source of unit amplitude at the
point of interest x. The sensitivity functions can be estimated easily by experiment based
on the reciprocal interpretation.

The proposed approach avoids the use of a reverberant room to determine the sound
transmission loss factor and vibration response of plane panels under a diffuse field excitation.
As the excitation is represented by an analytical model, this approach can be applied to
experimentally characterize the vibroacoustic response of a panel to an ideal diffuse acoustic
field. It should however be underlined that the main limitations of the proposed approach
rely on the assumptions of the mathematical formulation of the problem: the system should
be linear (i.e., elastic material, small deformations) and time invariant, and the condition
of a baffled panel in an anechoic environment should be verified (particularly for acoustic
applications). It offers however a large field of applications.

From a practical point of view, the vibration response of a panel to a diffuse field excitation
can be easily estimated using a mechanical source of effort and a vibration measuring device

to determine the vibratory response of the panel (in this study, a shaker and a scanning laser
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vibrometer were used). In this particular case, the use of a baffle is not crucial, because no

acoustic excitation are considered.

For acoustic applications, the condition of baffled panel in an anechoic environment is
fundamental to agree with the assumption of blocked pressure. Monopole and dipole sources
are required to determine the radiated pressure and the particle velocity, respectively. It can
be quite challenging to experimentally reproduce those sources. In this study, a monopole-
like source was used and moved from a certain distance to represent two monopoles close
to each other and out of phase. A dipole source could thereby be reproduced. For the
determination of the sound transmission loss factor, the monopole and dipole excitations
have to be applied on several points discretizing a virtual surface, which encloses the whole
panel. For each position of the excitation, the vibration response of the entire panel has to
be measured. In this study, two translating robots were used to automate the process. As
opposed to measurements in a transmission loss facility, this experiment was highly time-
consuming. However, with the recently developed vibration measuring techniques (such as

optical measurement), the time of experiment could be largely reduced.

To conclude, the method has been validated numerically and experimentally for the
considered test case. Comparisons of numerical and experimental results have shown that
the sensitivity functions have been well estimated both inside and outside the acoustic circle
in the wavenumber domain. A good agreement between numerical and experimental results
has also been obtained whether for the velocity spectrum at a point on the panel or for the
sound intensity spectrum at a point in the acoustic domain. An application of the proposed
methodology for estimating the sound transmission loss of the plate has been presented and
the results have been compared with standard measurements in a coupled room facility. In
the near future, the method will be extended to the characterization of panels excited by a

turbulent boundary layer.
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FIG. 11. Illustration of the three considered vibroacoustic problems of an elastic structure excited
by: (a) a normal force at point X¢, (b) a monopole source at point x,, (internal or external to the
structure), (c) a dipole source at point x4 (internal or external to the structure).

Appendix A: Acoustic reciprocity principles: mathematical formulation of the dif-

ferent vibroacoustic problems

Let’s consider a thin elastic structure in an acoustic medium of fluid density p, where
sound waves propagate at a certain speed ¢y. The vibroacoustic response of a structure at
any given point x = (z,y, z) (belonging to the acoustic medium or the structure) is studied

for three separate loadings (as illustrated in Fig. 11):
1. a normal point force at point Xy,
2. a monopole source at point X,,,
3. a dipole source at point x4,

where points belonging to the structure are denoted Xx.

Any kind of thin elastic structure can be considered; and the excitation and observation
point (pY(x), i = 1,2 or 3) can either be internal or external to the structure. It is also
assumed that there is no other acoustic loading on the other side of the structure. The
monopole source can be introduced in the Helmholtz equation by a Dirac function at point
X.;,. As a dipole source is defined by two monopoles separated by a distance d (supposedly
small compared to the acoustic wavelength) and out of phase, a dipole source is introduced
by the gradient of a Dirac at point x; in direction ny. Sticking to the above numbering for

each load case, the Helmholtz equations are given by

ApM (x) + kg pV (x) =0, (A1)
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Ap@ (x) + kg p? (x) = —jwpoQPd (x — X, , (A2)

0
Ap® (x) + k2 p® (x) = —FLY

o a—ndé (x — xq) [24], (A3)

where w is the angular frequency, (), the volume velocity flow of the monopole source,
FY = jwpedQ? the dipole source strength (or dipole force) and kg = w/co the acoustic

wavenumber. The equilibrium equation for the structure in each case is

Lo (%) = FO5 (% — %) — p (%), (A4)
Lo (%) = —p? (%), (A5)
Lo® (%) = —p® (%), (A6)

where L is the self-adjoint operator of the structure and v is the structure velocity in direction
n normal to the structure. Euler’s formula provides a relation between the pressure gradient
in the fluid and the velocity along the normal external to the fluid. On the surface of the
structure, the normal external to the fluid corresponds to —n. In this particular case, Euler’s

formula becomes
dp

2L (%) = juopov (%) (A7)

1. Reciprocity principle for the radiated pressure (monopole source)

Multiplying Eq. (A1) by p® (x) and Eq. (A2) by —p") (x), adding them and integrating

them over the entire acoustic domain, one obtains

/ [Ap™ (x) p® (x) = Ap™) (x) pV) (x)] dx = jwpo@y? / P (%) 8 (x = xp) dx. (AS)
\%4 |4

The volume integral on the left-hand side of Eq. (A8) can be transformed to a surface in-

tegral using Green’s theorem. Then, using Euler’s formula together with Eqgs. (A4) and (A5),
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es« one finally obtains [18]

)
y [ o (%) 6 (X — %) d% = jwpoQ? / P (x) 6 (x — x,,) dx. (A9)
14

pal

S@n

655 From the property of the Dirac delta function (i.e., [;, f (x)0 (x —xo)dx = f(xq) for
ess any function f defined on V' and any point xg € V') one has:
2
ot op?

o (%f) = jwpo@PpY (x,) . (A10)

657 Using Eq. (A7), Eq. (A10) becomes

1) V@
0] (Xm) = o (Xy) - (A11)

658 Eq. (A11) shows that the pressure radiated by a structure at point x,, when it is excited
9 by a normal unit point force at point X equals the structure normal velocity at point X;

s0  when it is excited by a monopole source of unit volume velocity at point x,,.

661 2. Reciprocity principle for the particle velocity (dipole source)

662 Multiplying Eq. (A1) by p® (x) and Eq. (A3) by —p") (x), adding them and integrating

63 them over the entire acoustic domain, one obtains

0

/V [ApY (x) p?) (x) — Ap'®) (x) pV) (x)] dx = ) /V p (%) om0 (X~ xa)dx. (A12)

664 As previously, the volume integral on the left-hand side of Eq. (A12) can be transformed
ss to a surface integral using Green’s theorem. Then, using Euler’s formula together with

Egs. (A4) and (A6), one finally obtains [18§]

6

3
>

o [0 sk —zdz— FO [ 500 s d Al13
58—n<x) (X—Xf) X=1In, VP (X)a—nd (x —xq) dx, ( )

667 Using the previously described property of the Dirac delta function and the property
ws of the distributional derivative of the Dirac delta function (i.e., [;, f (x) 256 (x — Xo) dx =

o — [ (%f(x)&(x —Xp)dx = —a% (xg) for any function f defined on V and any point
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xo € V') Eq. (A13) becomes

op® opH
FO o (xf):—F,Ei’a—m(xd). (A14)

Using Euler’s formula, the normal velocity of the structure at point X; and the particle

velocity vy, in direction ny at point x4 are introduced in Eq. (A14). One finally obtains

s w3
T (Xd) = 176 (%) (A15)
ng

Eq. (A15) shows that the particle velocity in direction m, at point x4 in the acoustic
medium when the structure is excited by a normal unit point force at point X; equals the
structure normal velocity at point Xy when it is excited by a dipole source at point x4

oriented in direction n, and of unit injected force.

Appendix B: Numerical simulations

The panel vibratory response should be estimated numerically for the four different
cases of excitation: (a) a wall plane wave for H, (x,k,w); (b) a normal point force
for H,p, (X,x,w); (c) a monopole source for H, o, (X,x,w); (d) a dipole source for
Hy/p, (X,%,w). They can be estimated by neglecting the fluid-structure interaction and
considering the modal expansion technique. For a panel that has simply supported bound-
ary conditions on all of its edges, the modal angular frequency w;,,, the spatial mode shape

®mn, and the modal mass M,,, for the (m,n) mode are given, respectively, by

() ()
() ()

My = , (B3)

where m and n are non-zero strictly positive integers. The normal velocity v of the plate
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excited by the pressure distribution P(X), X € ¥, is then obtained with:

— B4
v (%, w) Jw; Mo (2 o+ o)’ (B4)
where the modal force F,,, is defined by
Fon = [ PRI () i (B5)
b

P

1. Calculation of the sensitivity functions with the direct interpretation

The direct interpretation described in Sec. IIT and in Fig. 2 indicates that the sensi-
tivity functions are equal to the system response at point x when the panel is excited by
wall-pressure plane waves of wavenumber —k = (—k,, —k,). The modal force is therefore
calculated by considering the pressure distribution P(X) = e™/**. In this case, the analytical

solution to Eq. (Bb) is

F,,=1I11Y (B6)
where for £ =z or £ =y,
po—ikeLe _ . -
(1) SE, i el £ &
s = () (B7)

$jLe, otherwise.

The sensitivity functions H, for a point x on the panel can be directly estimated using
Egs. (B4) to (B7). Based on the velocity response of the plate to a wall-pressure plane
wave, the radiated pressure at a point x in the acoustic domain may be calculated using the
Rayleigh integral [23] whereas the particle velocity may be deduced from the Euler equation.
Doing so for a set of wall-pressure plane waves allows calculating the sensitivity functions

H, and H,q at point x in the acoustic domain.

2. Calculation of the sensitivity functions with the reciprocity interpretation

The calculation of the velocity sensitivity function H, at point x using the reciprocity

principle involves exciting the plate with a normal unit force at point x. The modal force is
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thus simply given by
F,... = ¢mn (X). (BS)

According to the process described in Sec. V, the normal velocity of the panel should be
calculated with Eq. (B4) for points X € I's. A discrete Fourier transform is then applied to
deduce the sensitivity functions H,(x, k, w).

Similarly, the pressure sensitivity function H), at point x in the acoustic domain is ob-
tained by exciting the plate by a monopole at point x. The particle velocity sensitivity
function H,, at point x is obtained analogously using a dipole excitation in the direction
n at point x. The modal force is then obtained by approximating the integral of Eq. (B5)

with the rectangular integration rule for a wall-pressure defined by

P e B
S\ ) 9
(%) = jomQ. 5 (59)
for the monopole case, with r = |x — x| and Q, = 1 m3.s7!. For the dipole case,
B F, e~ Jkor1 e~ Jkor2
P(x)=— — ) B10
() d < 27ry 271y ) ( )

where r; and 7y are two positions of monopoles separated by a distance d representing a
dipole at a distance r [24] and the dipole force will be then considered of unit amplitude

(i.e., FO =1 N)
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Fig. 1. Panel (gray line) and coordinate system. (a) receiving side: semi-infinite

domain. (b) source side: theoretical DAF.

Fig. 2. Direct interpretation of the sensitivity functions: (a) H,, (c) H,, (e) H,,
and corresponding reciprocal interpretation (b) H,, (d) Hp, (f) H,,. (d) and (f) see

appendix for demonstration.

Fig. 3. Experimental setup. (a) plate excited by a shaker to determine H,. (b) and
(c) baffled plate excited by a monopole source to determine H, and H,,. 1 - shaker
with impedance head. 2 - plate. 3 - frame. 4 - baffle. 5 - sound absorbing foam. 6 -
monopole source mounted on 3-axis robot. 7 - single-point laser vibrometer mounted

on 2-axis robot.

Fig. 4. Velocity sensitivity functions at point x, |H,|? (dB, ref. 1 m?.s72): direct
calculation (left), numerical reciprocity approach (middle), experimental reciprocity
approach (right). (a) f = 178 Hz. (b) f = 600 Hz. (c) f = 1710 Hz. - - -, circle of

radius ky. ——, circle of radius k.

Fig. 5. Product of sensitivity functions at point xy,|Re{H, x H; }| (dB, ref.
1 Pam.s™!): direct calculation (left), numerical reciprocity approach (middle), ex-
perimental reciprocity approach (right). (a) f = 178 Hz. (b) f = 600 Hz. (c)
f =1710 Hz. - - -, circle of radius ky. —, circle of radius k.

Fig. 6. Velocity ASD functions G, (dB, ref. 1 m%s 2.Hz'). (a) direct calculation
(bold gray line) vs. numerical reciprocity approach (light black line). (b) numerical
reciprocity approach (bold gray line) vs. experimental reciprocity approach (light

black line).

Fig. 7. Pressure — particle velocity CSD functions Re{G),, } (dB, ref. 1 W>.m~2.Hz ).
(a) direct calculation (bold gray line) vs. numerical reciprocity approach (light black
line). (b) numerical reciprocity approach (bold gray line) vs. experimental reciprocity

approach (light black line).

Fig. 8. Velocity ASD functions G,, (dB, ref. 1 m2.8_2.HZ_1)2 reverberant room
measurements (bold gray line) vs. experimental reciprocity approach (light black

line).
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Fig. 9. Illustration of the virtual surface ¥, considered for estimating the radiated
power. (a) in the transmission loss facility. (b) with the reciprocal approach. (c¢) with

the reciprocal approach considering the symmetry properties of the system.

Fig. 10. Transmission loss (dB). (a) numerical approach (bold gray line) vs. experi-
mental reciprocity approach (light black line). (b) transmission loss facility (bold gray

line) vs. experimental reciprocity approach (light black line).

Fig. 11. Illustration of the three considered vibroacoustic problems of an elastic struc-
ture excited by: (a) a normal force at point Xs, (b) a monopole source at point x,,
(internal or external to the structure), (c) a dipole source at point x4 (internal or

external to the structure).

36



TABLE 1. Properties of the simply supported aluminum plate.

Parameter (Symbol), Unit Value
Young’s modulus (£), GPa 68.9
Poisson’s ratio (v) 0.3

Mass density (p), kg/m? 2740
Length (L,), mm 480
Width (L), mm 420
Thickness (h), mm 3.17
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