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This paper is concerned with the prediction of vibrations at high frequencies in built-up
structures. In the high-frequency range, the dynamical behaviour of structures is driven by
energy transfer rather than modal aspects. The description of systems in terms of energy is
thus well-suited and leads to closed-form equations of an integral type on energy variables.
The numerical solution of these equations is achieved with appropriate software called
CeReS, and the results are compared with experimental measurements on a multi-plate
structure.
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1. INTRODUCTION

The prediction of the dynamical behaviour of structures in the low-frequency range is
a problem that is largely overcome today. Although there remain some difficulties,
numerous finite element software packages apply at least for the linear behaviour and are
used for the design of equipment. However, it is well known that finite element analysis
becomes rapidly inefficient as the frequency increases because of the unreasonable time
computation required.

In the transport industry, an essential question that is of an increasing interest is to
improve the vibroacoustic comfort. However, for the reason previously pointed out, the use
of classical methods turns out to be limited to frequencies at the low end of the audible
range. Methods with lower numerical cost are then required. Of course, such a numerical
gain is only possible in return for loss of information. Some simplifying assumptions are
required. In this context, statistical energy analysis (SEA) was developed several decades
ago [1]. Any complex structure is divided into simple connected subsystems. Based on
a power balance for each subsystem, Statistical Energy Analysis is concerned with the
prediction of vibrational energy levels.

SEA is based on the restrictive assumption that vibrational fields are diffuse. Thus,
a single degree of freedom is attached to subsystems, i.e., the total vibrational energy or,
alternatively, the modal energy. Alternative methods have been proposed to improve SEA
and particularly to predict the repartition of vibrational energy inside subsystems. Wave
intensity analysis [2] is relevant to this issue. Fields are no longer assumed to be diffuse.
More precisely, homogeneity is still assumed but intensity may be non-isotropic. The
directional dependance of intensity leads to a greater number of degrees of freedom than
SEA but with a more accurate description of energy fields in subsystems. Another approach
is found in the work of Nefske and Sung [3] where an analogy with the thermal conduction
in material is developed. Vibrational fields may be neither homogeneous nor isotropic. This
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method is based on a local power balance and a local relationship relating energy flow with
energy density analogous to Fourier’s law in thermics. Nevertheless, the thermal
conduction analogy (also called energy finite element method [4-6] or vibrational
conductivity approach [7]) is subject to some limitations that have been emphasized in the
literature [7-11]. One of these limitations is that the direct field predicted by this approach
is in the form 1 /ﬁ where r is the source-receiver distance whereas the correct law is 1/r for
bidimensional systems like plates. In order to avoid this difficulty, this paper proposes
a method based rather on an analogy with the radiative thermal transfer. This method
significantly differs from the thermal conduction analogy. Some details are given in this text
but for a complete comparison of both methods for circular plates, see reference [9].

The first part of this text is intended to cover the theoretical aspects of the method.
Secondly, the underlying equations are solved numerically with the help of software,
(CeReS) that has been specifically designed for applications in vibroacoustics. Finally, two
experiments on a built-up structure made of assembled plates were carried out and the
results have been compared with the results of the numerical models provided by the
software CeReS.

2. GENERAL CONCEPTS

The analysis of vibrating fields in the high-frequency range requires several concepts to be
considered which are discussed in this section.

2.1. TRAVELLING WAVE

The most fundamental of these concepts is that any vibrating field may be viewed as
a linear superposition of some travelling waves. The reasons for this choice instead of
a modal decomposition will be highlighted throughout this text. But it can be stated here
that standing waves can only exist at some particular frequencies (the eigenfrequencies) and
are responsible for sudden variation of dynamical responses. This modal behaviour is
dominant in the low-frequency range and the decomposition of the vibrating field into
stationary waves is well-suited. In contrast, the higher the frequency, the larger is the modal
overlap and the less visible are the modes. The relevant phenomenon in the high-frequency
range is the energy transfer between any parts of the structure. In this matter, the underlying
entity which explains these energy exchanges in a convenient way is the travelling wave
rather than the stationary wave. This is why travelling waves are so important in the
high-frequency range.

The high-frequency domain has not yet been defined. Several definitions appear in the
related literature [12, 137]. The main difficulty is that in the structural case, wavenumbers
and also wavelengths depend on the material properties. In the work of Wohlever and
Bernhard [4], it has been noted that results of energy models should be meant as a spatial
average over a wavelength of “exact” results of the equations of motion. Additional
averaging processes should be introduced for an accurate interpretation of the macroscopic
behaviour predicted by energy models [1, 14]. However, in this study, the point of view of
Wohlever and Bernhard is adopted; this is also the one used by DeLanghe [ 14] and the high
frequencies are defined as the domain where at least several wavelengths lie in the system or,
in other words, the characteristic length of the structure is much greater than the
wavelength. When several subsystems are connected, the validity domain must be restricted.
All subsystems must be separate in the high-frequency band and thus high frequencies for
the whole structure begin when several wavelengths lie in each subsystem.
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The first step in developing the model is to make an exhaustive list of all types of waves
which can propagate inside the studied structure. The final experiment is carried out on
a multi-plate structure and thus the present discussion is confined to the case of vibrating
plates. As we are concerned with some wavelengths which are much greater than the
thickness of plates, the conventional theory of Love plates remains valid. It is well-known
that three kinds of travelling waves may exist in an infinite extended Love plate. The first
type is the bending wave responsible for out-of-plane motion. All quantities attached to this
wave will be denoted by the subscript b. The second and third types of waves are the
longitudinal and transverse waves for in-plane motion denoted by the subscripts / and t.
The corresponding group velocities are denoted by ¢, where o = b,[ or t.

The fact that in the absence of curvature, all waves propagate independently of each other
leads to a major simplification in describing a vibrating field with a wave approach. No
energy exchange takes place inside plates during propagation. The only way for a wave to
exchange some energy with other types of waves is by reflection at a boundary. Of course,
this phenomenon, usually called the conversion mode, must be taken into account in the
model.

Special attention should be paid to the status of evanescent waves. These waves may exist
in particular systems such as transverse vibrating beams and out-of-plane motion of plates.
The question arising now is to decide whether the evanescent waves must be taken into
account with the view of evaluating energy transfer in structures. Before giving an answer,
some remarks on the basis of the example of flexural waves in beams must be made. An
evanescent wave in beams gives rise to a transverse motion v(x, t) = ae'® ~“* where k,, is the
flexural wavenumber and o is the circular frequency. The resulting time-averaged energy
density is W (x) = p|ov/0t|*/4 + D|0*v/0x*|*/4 = pw*e™**/2 where p is the mass per unit
length and D is the real-valued flexural rigidity of the beam. Thus, the energy density
decreases rapidly far from the origin. More exactly, the energy of an evanescent wave is
negligible outside the vicinity of the irregularity from which it emerges. On the other hand,
the time-averaged energy flow which is I(x) = DR(0*v/dx* x 0*v*/dxdt — d>v/0x> x
0v*/0t)/2 = 0 vanishes. Indeed, an evanescent wave is rarely alone and some cross-product
terms appear in the evaluation of energy quantities when both the travelling and evanescent
waves exist. However, in the far field evanescent waves are negligible and thus the
evanescent wave does not contribute to any energy transfer over a large distance. However,
the presence of evanescent waves can drastically modify the behaviour of the structure in the
vicinity of irregularities such as boundaries, interfaces or driving points. It could even be
that it dominates all other types of travelling waves. Consequently, one cannot be unaware
of the presence of these waves. When a travelling wave of kind « impinges on an irregularity,
all other types of waves, including evanescent ones, are reflected. It is then clear that the
presence of evanescent waves acts significantly upon the mode conversion phenomenon.
Thus, in the following, the energy attached to evanescent waves will be systematically
neglected when evaluating the vibrating energy inside the structure and the energy flow of
these waves will not affect the energy balance at any point. But these waves must be
accounted for when evaluating the local energy efficiencies that drive the energy exchange
between travelling waves at connections of the plates.

2.2. WAVE-PACKET

Every time there is interest in transient aspects of the dynamical behaviour of systems, the
travelling wave description will turn out to be inappropriate. It appears that for the purpose
of accounting for time-dependance while remaining in the high-frequency domain, the most
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natural generalization of travelling waves is the wave-packet concept. Wave-packet may be
thought of as a travelling wave of finite duration, or, in other words, a travelling wave
amplitude-modulated by a pulse-shaped waveform, which initially restricts the wave-packet
to a finite spatial spread. The duration of the disturbance must be large compared with the
period of the main oscillation such that the wave-packet comprises of several cycles. The
high-frequency assumption then just states that the frequency w of oscillation within the
packet lies in the high-frequency domain, that is, the wavelength is smaller than
a characteristic length of the system. In order that wave-packets behave like travelling
waves during their passing, it must also be assumed that the shape function varies slowly
compared with the main oscillation. At the initial instant, the Fourier transform of
a wave-packet is a narrowband signal sharply peaked at » with a bandwidth Aw that is
small relative to w. Note that for a pure travelling wave, the spectrum is a delta Dirac
function at @ while a pulse has a constant spectrum over the frequency domain or at least
a wideband spectrum for actual pulses.

In Appendix A, the case of Gaussian wave-packets is studied. It has been shown that for
both dispersive and non-dispersive media, initial Gaussian wave-packets remain Gaussian
wave-packets during propagation. In addition to the fact that complete calculations can be
carried out, this result justifies the choice of the Gaussian shape for the study of
a wave-packet example. It has also been shown that the frequency of the main oscillation
remains unchanged during the propagation. This key result points out that if the
high-frequency assumption applies at initial time, it also applies at a later time. Concerning
the shape function, a non-dispersive medium leads to a constant spatial spread whereas
a dispersive medium tends to increase the spatial spread as time goes on. Thus, the
assumption that time-variation induced by the shape function is slower than those due to
the main oscillation is verified.

Finally, it is well known that wave-packets propagate with the group velocity c. Since the
energy attached to the motion and the deformation of the medium vanishes outside the
wave-packet, the group velocity is also the energy velocity.

2.3. SOME APPROXIMATIONS AND ASSUMPTIONS FOR HIGH FREQUENCIES

With these aspects in mind, the description of the dynamical behaviour of both travelling
waves and wave-packets is now considered. All the material necessary in the following may
be summarized in three assumptions which will be applied throughout this text and which
are now set out. These assumptions are rather common in the high-frequency literature and
no attempt to justify them is made from the study of exact solutions of the governing
equation, wave equation or Love plate equation, for instance. Note that these assumptions,
except the first one, only apply at high frequencies. They rather result from some
approximations that will be specified.

The first assumption stems from the well-known Helmholtz-Kirchhoff formula in
acoustics or other related formulae for more complicated waves, among them waves in
plates or for more general situations that include time-dependance. The underlying idea of
all these integral representation formulae is that at any point the vibrating field is the linear
superposition of, on the one hand, the direct field emerging from actual sources and, on the
other hand, the diffracted field or scattered field emerging from secondary sources located on
boundary. It is not necessary to give all the details about these formulae and in particular,
the exact magnitude of secondary sources is of no importance for the purposes which follow.
The only relevant fact is that any vibrating field may be synthesized by summing travelling
waves or wave-packets whose sources are clearly identified driving points, boundaries,
interfaces and, more generally, any point where interaction of waves occurs.
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The second postulate states that all travelling waves and wave-packets are uncorrelated,
that is the relative phase between an arbitrary pair of waves is a uniform random variable.
In view of the first assumption, there should be a differentiation between uncorrelation of
actual sources and secondary sources. The first type is a physical assumption in the sense
that it must be verified in the actual experiment that driving forces or moments are
effectively uncorrelated. On the other hand, uncorrelation of diffraction sources or rather
mixed sources results from an approximation deliberately introduced in the description of
deterministic systems. This approximation leads to neglect all interference effects in
structures. This is a very important point for a complete understanding of the method.
Modes cannot be predicted. The results of the method considered in this paper are
interpreted as averaged results in a local sense (spatial average over a wavelength,
third-octave band frequency average). Then spatial correlations within a wavelength are
cancelled but long-range correlation remains. This shortcoming may appear in the presence
of some particular effects such as waveguide cut-off, block-band and pass-band of periodic
systems. These kinds of systems that require a specific treatment, are not considered in this
paper.

Finally, the third and last assumption is the locality principle which may be expressed in
these words. Any interaction process involving several waves interacting at a given point
depends only on the local geometry of the system and wavefronts. In other words, local
behaviour depends on local properties. The most fundamental interest of the locality
principle lies in the fact that it allows the substitution of any problem of interacting waves
by a canonical problem with identical local geometry but extrapolated in such a manner
that a closed-form solution is accessible. The simplest example for the use of the locality
principle is the reflection problem. The reflection coefficient of a plane wave impinging on
an infinite plane may be used for any wave impinging on a regular boundary. Indeed, this is
simply an approximation valid at first order since the effects of curvature of both wavefront
and boundary are not taken into account. However, the locality principle states that the
presence of a remote obstacle is of no importance.

2.4. ENERGY VARIABLES

It has been pointed out that high-frequency dynamics are governed by energy transfer
rather than modal behaviour. To this end, the choice of energy variables in place of
kinematic variables such as pressure and velocity in acoustics and stress and displacement
for structures, seems to be natural. In fact, it has been discussed in the literature that the
choice of energy variables may offer some significant advantages for high-frequency
modelling [1].

Thus, in this text, vibratory fields are fully described with the help of two energy variables,
namely the energy density W ,(M, t), a scalar quantity and the energy flow I,(M, t), a vector
quantity. Both depend on position M and time t. By virtue of the uncorrelation assumption,
all energy quantities are additive; that is, a linear superposition principle is valid for energy
variables. This key result allows energy quantities to be handled in a very simple manner. In
particular, energy variables have to be the sums of related energies attached to individual
waves.

At any point M and any time t, energy balance equation is

o

G
div.1, + piiss 4

o =p,, a=blort, (1)
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diss

where p;"*® is the power density being dissipated, p, is the power density being injected by
driving forces and 0W,/0t is the time-varying term of energy density. Of course, power
density being injected is assumed to be known, or at least may be derived from imposed
force or displacement with the use of asymptotic relationships commonly reported in the
high-frequency literature [15, 16].

The plan is now to solve equation (1) for pure waves by evaluating all terms on the
left-hand side and to deduce total energies W, and I, by applying the linear superposition
principle.

3. RADIATIVE ENERGY TRANSFER

3.1. ENERGY FIELDS FOR PURE WAVES

In Appendix A of reference [17], it is shown that cylindrical bending waves in plates
verify two additional properties. First, the energy density is equally shared between kinetic
energy T, and potential energy or deformation energy V,.

T,(M, 1) = V,(M,1). 2
Second, the energy flow magnitude is the energy density times group velocity.
1,(M, 1) = ¢, W,(M,1). )

A similar verification for in-plane cylindrical waves would give the same result. It should be
noted that two assumptions have been necessary to achieve this calculation, the far field
hypothesis and neglect of the evanescent wave. The latter has previously been justified.
Since the near field extends over few wavelengths, the farfield hypothesis is well suited in
high frequencies where the wavelength is small. In Appendix A, the case of Gaussian
wave-packets is considered. It results in the same conclusions.

In general systems, the energy of waves should decay during propagation due to the
action of damping phenomena. In the present text, all processes of conversion of the
vibrational energy into a form of energy which is not taken into account will be called
damping, including heat, sound and so on. The nature of the physical processes responsible
for dissipation, in the sense of the above definition, may be of various kinds. Viscous forces
applied to a structure by a surrounding fluid, internal friction forces usually taken into
account in Hooke’s law by substituting a complex elastic modulus, friction at interfaces of
metal sheets of built-up structures, and acoustic radiation are some examples of such
processes. However, among this wide variety of aspects, two classes may be defined;
damping phenomena occurring within the components of the system which are included in
the term p2** and other phenomena for which the dissipation is confined to the
neighbourhood of interfaces or boundaries and which will be taken into account later when
considering the problem of reflection at boundaries. Among the former, viscous forces result
in a power density being dissipated which is proportional to local kinetic energy. On the
other hand, a complex elastic modulus leads to an energy loss proportional to potential
energy. It has previously been noted that kinetic and potential components of energy are
equal for a pure wave, so that both damping laws match. In general, equality of both forms
of energy remains valid for a superposition of waves by virtue of the linear superposition
principle. With these considerations in mind, a universal damping law for internal losses is
adopted. A wave of energy flow of magnitude I,, after traversing a thickness ds in its
direction of propagation, will be weakened in such a way that dI, = nwW, ds where w is the
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circular frequency of the wave and 5 an appropriate damping loss factor. Sometimes it will
be more convenient to use an acoustical notation by introducing an absorption factor
m defined by dI, = mc,W,ds. The power density being dissipated is then related to the
energy density by

pIsS (M, t) = noW, (M, t) = me, W, (M, 1). (4)

Now return to the first aim which was to calculate energy fields for pure waves. The
present method requires the knowledge of the direct field: that is the energy density created
by a point source in an infinitely extended medium. This energy density is denoted by
G,(S,t; M, t) where S is the source point sending a signal at time v and M is the observation
point at time t. The related energy flow is denoted by H,, (S, t; M, t). Sometimes, the notation
H, will be used for the magnitude of the energy flow vector. The power balance to be
verified is

0G

div, - H,(S,7; M, t) + mc,G,(S,7; M, t) + o

= (8,1 M, 1) = 05(M) 5.(1) )

for an impulse excitation. Note that G, and H, must be related by relationship (3). In
Appendix B, the outgoing solution of equations (3) and (5) is found to be

G,(S,t; M, t) = G,(S,M)é(t —t — SM/c,), (6)
H,(S,t; M, t) = H,(S,M)do(t — t — SM/c,), (7)

where the steady state solutions G,(S; M) and H,(S; M) have been introduced (see also
Appendix B of reference [17])

e*mSM

G,SSM)=———
(1( b ) VoCaSMn_l’

HG’(S’M) = CotGot(S7M)uSM’ (8’ 9)
where 7, is the solid angle of space of dimensionn = 1, 2 or 3 and ug,, is the unit vector from
S toward M. Note that these expessions have been derived under the assumption that m and
¢, are constant or, in other words, that the space of propagation is homogeneous and isotropic.

3.2. COMPLETE ENERGY FIELDS

By virtue of linearity and the decomposition into direct and diffracted fields, the case of
complete wave fields is handled by adding the direct fields emerging from primary sources
0,(S,7) and from secondary sources denoted by o, (P, u, t) where P belongs to the boundary
0Q, u a direction and t the time. It results in

0

VVa(M,r):f j po(S,1)Go(S, 7 M, 1) dS de
Q

— o0

+J f 04(Pyupy ) Gy(Pos M, 1)d P, (10)
Q2

— o0

VVac(Ma t) = ‘[ px(Sat - SM/Coc) Gy(S>M)dS + j O-oc(Pa Upy, I — PM/Ca)Got(PaM)dP
Q

0Q

(11)
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A similar relationship is obtained for energy flow:

L(M,t) = J 0.(8,t — SM/c,) H, (S, M)dS + J (P Upy, t — PM/c,)H,(P,M)dP. (12)

o

Of course, the primary sources p, are assumed to be known but the secondary sources
0, remain unknown and an additional equation has to be sought to determine them.

3.3. RADIATIVE INTENSITY

In order to describe the directional dependance of the energy flow, it will be convenient to
introduce the radiative intensity defined as the energy flow per unit solid angle and unit area
normal to the rays. It will be denoted by I,(M,u, t) which depends on the direction u. At any
point M and any time ¢, the energy flow I,(M,t) is obtained by summing the radiative
intensity over all solid angles. Thus,

L(M,t) = JIJ(M,u,t)udu. (13)

Radiative intensity on the boundary 0Q may be related to the secondary source
magnitude o,. In this matter, consider an infinitesimal surface dP of the boundary. The
radiative intensity in the direction u is given by

d2,

I,(P,u,t) = 4P du’

(14)

where dP, = dPcos0p is the normal surface and d#, the power in the solid angle du
(see Figure 1). The energy flow emanates from a secondary source whose magnitude is ¢, dP;
then

H(I (P3 MC) 8’1 B ldu _ O-Of (P9 u) t)
dP,du "~ yocoslp’

L(P,u,t) = lim ¢,(P,u,t — ¢/c,)dP

e—0

(15)

where M, is a point at a small distance ¢ from P in the direction u. Thus, this relationship
implies that the use of the radiative intensity I,(P,u,t) (that is, the energy flow per unit solid
angle and area normal to the rays) or the use of the directional emitted flux ¢, (P, u, t)/y, (that

Figure 1. Radiative intensity emanating from an infinitesimal surface dP into solid angle du about u.



ENERGY TRANSFER IN BUILT-UP STRUCTURES 255

Figure 2. Radiative intensity at any point M inside the domain Q. Both actual sources S located inside the cone
(M, dv) and the boundary source dQ contribute.

is the energy flow per solid angle and area) as an unknown for the reflection problem, is
a purely formal question. The source dP is said to be diffuse when the radiative intensity is
constant or, in other words, when the directional emitted flux varies with the cosine of the
polar angle.

The radiative intensity is not only defined in the vicinity of the boundary but also inside
the domain itself. Consider a point M inside 2 and a direction v. The radiative intensity
15(M,v,t) attached to a wave f§ originates from the source o, located at Q on the boundary
in view of M and secondly from all actual sources p, belonging between Q and M.
Explicitly,

Iﬂ(M,V, t)VdU = J\ pB(S’[ — SM/Cﬁ)Hﬁ(S, M) dS + (Tﬁ(Q,V,t — QM/Cﬁ)Hﬁ(Q, M) dQ,
(M,dv)

(16)
where the first term on the right-hand side is an integral over the cone (M, dv) of vertex
M and angle dv about v. The second term is the contribution of the sources that belong to
dQ (see Figure 2). Of course, by virtue of equation (13), expression (12) is recovered by
integrating equation (16) over all solid angles.

On the other hand, the incident flux at any point P of the boundary stemming from v is
readily found by applying equation (16).

I,;(P,v,t)v-n,:dv=|ij pp(S,t — SP/cg) Hg(S, P)vdS
(

P,dv)
+Uﬂ(Q,V,t—QP/C/;)Hﬁ(QaP)VdQ]'“P' (17)
Notations are defined in Figure 3.

3.4. REFLECTION AT BOUNDARIES

The required equation for g, is found by applying the power balance at any point P on
the boundary 0€. To this end, the bidirectional reflectivity of the boundary is introduced.
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Figure 4. The bidirectional reflectivity depends on an incident direction u and a reflected direction v.

The bidirectional reflectivity Ry, (v, u) at any point P is defined as the part of the radiative
intensity in the direction u attached to the wave o, induced by a unit incident flux of the
wave f§ stemming from the direction v (see Figure 4). The bidirectional reflectivity depends
on two directions. The total radiative intensity I,(P,u,t) is obtained by summing all the
contributions of directions v and types § of wave. So,

1,(P,u,1) =ZJR,;x(v,u)I,;(P,v,t)v~npdv, (18)
B

where I5(P,v,t)v-np is the incident flux per unit solid angle of a wave f§ from the incident
direction v. The integration runs over all incident solid angles. The purpose now is to
explain the different terms occurring in this relationship.

The radiative intensity of the surface dP in the direction u is given by equation (15). On
the other hand, the incident flux at P stemming from v is given by equation (17). The
reflection condition (18) then is

o,(P,u,t)

m = H Ry, (ugp, u) py(S,t — SP/cg) Hy(S, P)dS

+ J‘Q Ry, (ugp, ) 04(Qugp, t — QP/cy) Hy(Q, P)dQ] ‘Dp. (19)

This integral equation fully determines the unknowns o,.
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TABLE 1

Solid angle yo of space and value of the constant y versus the
space dimension n

n=1 n=2 n=23

Yo 2 2n 4
Y 1 2 T

The directional hemispherical reflectivity Ry, (v) of a surface dP is defined as the total
reflected energy flux leaving dP in all directions due to the directional incident flux
I(P,v)cos0p.

Ry, (v) = me(v, u) cos 0pdu, (20)

where the integral runs over all reflected directions. The directional reflectivity is sometimes
called reflection efficiency. This is the ratio of the reflected power of the wave « over the
incident power of the wave f and, thus, its value runs from 0 to 1.

Now consider the case of perfectly diffuse reflection. A perfect diffuse reflector (also called
Lambert’s reflector) has a bidirectional reflectivity which is u-independent. For such
reflectors, the directional reflectivity is

Rpu(¥) = Ryu(v, ) Jcos 0 dut = 7Ry (v, ). 1)

where u, is any fixed reflected direction. The values of the constant y for different dimensions
are summarized in Table 1.

In the perfectly diffuse case, the right-hand side of reflection law (18) does not depend on
the direction u and so the radiative intensity from a diffuse reflector is constant over all
directions u. Relationship (15) then leads to a directional emitted flux a,(P,u,t)/y, which
varies with the cosine of the polar angle 0p. Then,

0,(P,u,t) = a,(P,t)cosOp. (22)

This is Lambert’s law.
By substituting equations (21) and (22) into integral equation (19), a new integral equation
on a,(P,t) for the particular case of diffuse reflection is obtained.

yio-a(Pa H=7y [J Ry, (ugp) pys(S,t — SP/cg) Hy(S, P)dS
0 5 LJe

+ JQ Ry, (ugp) 05(Q,t — QP/cy)cos 0, Hy(Q, P)dQ:|~nP. (23)

In acoustics, only one type of wave may propagate in the fluid. Reflection from materials
is characterized rather in terms of the absorptivity o, or absorption factor which is related to
the reflectivity with « = 1 — R. Its value is usually evaluated by introducing a piece of
material into a reverberent room and by measuring the resulting reverberation time. Since
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a diffuse field remains in the room, the absorption factor then determined is an averaged
value over all incident directions of the directional absorptivity. It should be noted that the
directional absorptivity can be measured for any incident direction with a Kunt’s tube.
Unfortunately, these values are rarely available in the literature for usual materials. In any
case, it is a common assumption in room acoustics that the absorption factor does not
depend on the incident direction v. Integral equation (23) then reduces to

a(P,t)

== a)U p(S,t — SP/c)H(S, P)dS +J

0Q

o(Q,t — QP/c)cosOoH(Q, P)dQ ] ‘np

(24)

Note that y,/y = 4 for three-dimensional space. This integral equation has been studied in
reference [18].

3.5. TRANSMISSION AT INTERFACES

The analysis of reflection and transmission at the interface between two media or more, is
relatively straightforward, following a similar form to that in the previous section. All
quantities are labelled with a subscript i referring to the medium that is considered. For
instance, at any point P belonging on the interface, o, , denotes the directional emitted flux
towards the medium i.

Now reflection condition (18) is replaced by some transmission conditions. It is tacitly
assumed that reflection is the particular case of transmission from a system to itself. Thus,
the transmission conditions read

Ii,oz (Pa u, t) = Z JRji,/}x(va ll) Ij,ﬁ (P’ v, t) V- np dl). (25)
iB
There are as many equations as types of wave o and systems i connected at P. Further, the

different terms are expanded in the same way as for the reflection condition in the previous
section. This yields

7i.4(P, 0, 1)

S,t — SP S,P)dS
yOCOSHP Jﬂ|:J Jji,Bo uSPa )pj/}( /Cﬂ) ( )

+ J;. Rji gy (Ugp,u) 0; 5(Q,upp, t — QP/c)) H; (0, P) dQ:| ‘Np. (26)

This set of integral equations fully determines the unknowns o; .
The case of diffuse transmission is reached by substituting Lambert’s law (22) into the set
of integral equations. We readily obtain:

lai,a(Pat) = Z |:J Ji, lia(uSP)p][)’(S - SP/('ﬁ) j[)’(S P)dS

0 i-B

+ JA‘Q Rji,ﬂo:(uQP) Uj,ﬂ(Qa Ugp, T — QP/C,;)H,-,,;(Q,P)dQ:|°nP. (27)
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Boundary 0Q2

Shadow zone

Figure 5. Non-convex domain. The point P is illuminated by sources Q and S, respectively, located on the
boundary dQ and in the domain Q except the shadow zone.

This is the set of integral equations corresponding to diffuse transmission. This set has been
derived in reference [17] for two plates in a steady state condition for a single type of wave.

3.6. NON-CONVEX DOMAIN

Until now, it has been tacitly assumed that the domain of energy propagation is convex.
However, such an assumption is no longer necessary.

Consider now that the energy emanating from an actual source S or a boundary source
Q cannot reach a point M if an obstacle is encountered in its path. In such a case, the energy
is reflected and/or absorbed by the obstacle. This secondary emission of energy is accounted
for by putting a boundary source on the obstacle.

Thus, relationships (11) and (12) must be modified in such a way that only the sources
S and Q visible by the point M have to be accounted for (see Figure 5). In the same way,
when integrating equation (18) over all solid angles dv, only the sources visible by P can
contribute to the incident flux at P. Relationships (19,23, 26,27) are then modified.

A simple way to discard these hidden sources is to substitute expressions (8,9) of direct
fields for the following new values:

e*mSM

G,(SSM)=————
1( H ) yoCaSMn71

V(S’M)’ HI(S5M) :Ca(Ga(SaM)uSM’ (289 29)

where V (S, M) is the visibility function whose value is one when S is visible from M and zero
otherwise.

4. ONE-DIMENSIONAL SYSTEMS

The particular case of one-dimensional systems is discussed in this section. For the sake
of simplicity, it is further assumed that only a single wave can propagate in the system. For
such a simple system, the boundary is composed of two extremities. Let the space variable
along the system be denoted by s, and the origin be chosen in such a manner that the
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extremities are located at s = 0 and I. Now, if the power supplied to the system is coming
from these extremities (that is, no driving point is located inside the system), relationship
(11) for the energy density W reduces to

W(s,t) = % ot (t—s/c)e™™ + % o (t—(—s)fc)e ™79, (30)

where ¢%/2 and ¢~ /2 are the power emitted, respectively, by the left and the right
extremities. Deriving expression (30) with respect to time and space variables gives

_ __t . —ms —a—m(l—s) _ _+tr—ms =7 —m(l—s)
> t > >
2W =g"e ™+4+ag e 20W =c"e "™+ e (31, 32)
ZaIZW :O_-%—//e—ms_i_o_—//e—m(l—s)’ (33)
aJr// Zm ] G+// Zm ‘
200W =(—5+"—c" +m?c)e ™™ +| 5+ """ +m’ct Je ™7V (34
c? c c? c

By combining these equalities, it is straightforward to check that the energy density
W verifies the partial differential equation:

3w 1w 2m oW ,
W(Sbt)_??(‘s’t)_?W(&t)_m W(s,t)—O (35)

which is exactly the equation derived in reference [11] from another point of view. In this
reference, this equation is discussed and compared with another equation which has been
proposed for the energy density [3]. The latter equation is based on the assumption that the
energy flows like the thermal flows in material. This leads to an analogy with a heat
conduction problem. However, the telegraph-type equation (35) rather suggests that a more
correct analogy should be with a radiative heat transfer problem. This is the purpose of the
next section.

5. ANALOGY WITH RADIATIVE HEAT TRANSFER

A glance at any radiative heat transfer treatise reveals that the vibrational energy as
considered in this paper travels in the same way as radiative heat. The similarities and
dissimilarities of both problems will be discussed here.

At first, it was considered that vibrating energy decreases during its travel. Such
a phenomenon does not exist for the propagation of heat in vacuum or in air but appears
when considering a semitransparent medium. This is Beer’s law. Generally, this heat
absorption immediately decays with an emission of the same amount of energy. In this
study, the vibrational energy being dissipated is considered as lost or, more exactly, is
transformed into internal energy that cannot reappear in a vibratory form.

It was seen that in plates, three types of waves can travel. On the other hand, heat
propagates with a unique speed that is the velocity of electromagnetic waves in the
particular medium. In the structural case, this difference leads to models more elaborated.
Obviously, in the acoustical case, this difference vanishes.

Reflection of energy at boundaries highlights a more fundamental difference. When
considering absorbing walls (that is for a reflection efficiency less than one) the dissipated
energy is lost for the vibrating system. However, in thermics, this energy raises the wall
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temperature. Following Stefan’s law, this wall radiates some energy. The emissivity of a wall
is equal to the absorptivity; this is the Kirchhoff’s law. No energy is lost. In fact, in thermics,
one is interested in the temperature of bodies submitted to the radiation. These bodies may
be considered as being located on the boundary of the domain of thermal propagation. On
the other hand, in mechanics, one usually seeks to estimate the vibrational energy inside the
structures. It is for this reason that this paper started by deriving relationships (11, 12) for
the energy quantities inside the domain. This is a real difference of scientific strategy.
Despite this difference, it is possibe to apply thermal software dealing with radiative
transfer to mechanical or acoustical problems. It seems that this possibility has never been
emphasized in the literature. Numerous relationships for factors available in thermal books
are certainly re-usable in mechanics. For practical reasons, the design of specific software
for acoustics and mechanics was preferred, which will be described in the next section.

6. DESCRIPTION OF THE SOFTWARE CERES

The software CeReS has been designed to solve equations (23,27) for a limited number of
cases. In reference [ 18], results for acoustical enclosures have been compared with results of
ray-tracing software for steady state conditions. It results in a good agreement. In this text,
structures made of assembled plates is of interest.

Each plate is defined as a part of plane surrounded by a polygonal line. The plates are
either convex or not. These plates are joined by their edges. The joints may be composed of
an arbitrary number of plates. The geometry of the plates as well as the constitution of the
joints must be specified to the software in a special data file. The structure then obtained
may be subjected to point loadings. These sources are described in terms of their positions
S, s = 1,2 ... and the powers pj being injected into any kind « of waves. The response may
be computed at any point M of any plate.

The damping occurs in two ways. On the one hand, a damping loss factor # is attached to
each plate. It is responsible for the decrease of energy during propagation. On the other
hand, an absorption factor o is attached to each edge of each plate. It is responsible for the
absorption of the energy when waves impinge on the boundary. In CeReS, the reflection
efficiencies Ry, are evaluated on the basis of the equilibrium of forces and moments at the
interface as well as the continuity of displacements. For a free edge, clamped edge and
a simply supported edge, the calculation of these efficiencies is carried out in Appendix
C and for a general joint composed of an arbitrary number of plates, see reference [19].
These considerations lead to non-dissipative reflection efficiencies; that is, the sum equals
unity. To take into account extra damping which may occur at edges or interfaces, the user
can specify the absorption factor « for each edge. Reflection efficiencies predicted
theoretically are then multiplied by this factor a.

CeReS solves equations (23, 27) for steady state conditions. In this case, a boundary
element method is applied. Each edge of the plates is divided into a limited number of
elements L, k =1,2... of equal size. The magnitudes g, of the boundary sources are
assumed to be constant over each boundary element. Thus, three unknowns o%, o = b, or
t are attached to the boundary element numbered k. For each element k, equation (23) or
(27), depending on the position of the element at edge or interface, is applied at the middle
P, of the element. This point Py is called the collocation point. First, for an element k located
at edge

ok = n|:z Py Ry Hy(Ss, Py)cosOp, + Y o J Ry, Hy(Q, Py)cos O cos QPde} (36)
B.s B

L,
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where 0p, is the incidence angle at the collocation point Py, 0, the emanating direction, and
R; , is evaluated for the incidence angle. Second, for an element located at interface,

O_li(’a = TC|: Z pj',[}Rji,/}aHj,[}(SS: Pk)COS ka + Z O';;J Rji.[}och,[}(Qs Pk)COS QQ COS ka dQ:|,
L,

JoBs il
(37)

where the sum runs over all connected plates, wave types and sources.

Thus, the set of equations (36, 37) leads to a system of linear equations for the unknowns
o*. The coefficients involve some integrals evaluated by Gauss quadrature. It should be
pointed out that these integrals are regular, unlike the singular integrals involved in the
classical boundary element method, allowing a fast and accurate computation. This linear
system is solved with a Lapack [20] routine. Once the source magnitudes % are computed,
the energy density or energy flow inside each plate is evaluated from the equations (38, 39).

W00 = 3 p26(8. M) + Y08 | GulP.M)cos 0P (38)
s k Ly
for energy density at M and

L(M)=) psH, (S, M) + ) a’;f H,(P,M)cos0pdP (39)
s Ly

k

for energy flow. In these expressions, the sums on the right-hand side run over all sources
acting on the plate where M lies.

7. SEA FOR ASSEMBLED PLATES

Statistical energy analysis is well suited for built-up structures in the high-frequency
range. Many variants may be found in the literature. The structure is first subdivided into
several subsystems. Assembled plates are of concern here and the most natural choice for
these subsystems is that each plate and each wave type is one subsystem. For the sake of
simplicity, the double subscript k = i, « for the plate i and wave o are introduced. Denote the
total vibrational energy contained within the subsystem k = i, o by WA, with A4, being the
area of plate i and W, the mean vibrational energy per unit surface. The power being
injected into the plate i is Py = Y. P(Sy) where the sum runs over all source points S; of the
plate i. The usual asymptotic value is adopted for an estimation of the modal density
n, = Ayw/2mc,, ¢, where c,, is the phase velocity for subsystem k. The modal overlap is then
my, = nwny. In the framework of SEA, it is also necessary to introduce the coupling loss
factors n,;. The power being exchanged between subsystems k =i, o and [ =, f is

Py = o Ty — nyn T)), (40)

where T) = W A,/n, is the modal energy sometimes called vibrational temperature. Many
relationships may be found in the literature for 7;,;. The one adopted here is based on a wave
approach. It yields [1]

_ Lee (g (0)cos 0do (41)
N = T, o ijop >
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where L is the length of the coupling of plates i and j. This relationship shows that the
coupling loss factors verify the reciprocity relationship:

Nkl = Ny - (42)
The SEA system is
ny Z Nim — MM T, Pi1nj
0] - =) 43)
— Nl nNZ NNm Ty P%lj

where 1, denotes the damping loss factor of the subsystem k. This system is symmetric by
virtue of the reciprocity relationship.

The next section is devoted to the comparison of some results of CeReS and SEA with
some measurements taken on two structures.

8. EXPERIMENTAL RESULTS

Two experiments have been performed on structures. Both are in the steady state
condition. The principle of these measurements is as follows. One or two shakers type
B&K4809 apply a force to the structure. The excitation signal is white noise confined into
the frequency band of interest. In the case of several shakers, their respective signals are
uncorrelated. An impedance head type B&K8001 is located between the shaker and the
structure. It allows the r.m.s.-cross-spectrum force-acceleration Sg,(w) for each driving
point to be measured. All transducer signals are acquired with an FFT-analyzer type
HP3665. The power being injected in flexural waves into a wideband was determined with
a frequency integration of the cross-spectrum pj = R|5’S,,(w)/(iw)dw. No power is
supplied to the other kinds of waves and thus, p;, = 0 for o = [,¢. For a third-octave band,
w; = /2" and w, = w,2'® where w, is the centred frequency. The power spectral
density S,,(w) of velocity is measured at several points with an accelerometer type
B&K4393V connected to an integrator amplifier type B&K2635. The energy contained in
the frequency band is determined from the power spectral density assuming that it is twice
the kinetic energy. Thus, W,,..s(wg) = p fﬁ,’f S, (w)dw where p is the mass per unit area of the
plate. This measurement will be compared with the energy We.g.s provided by CeReS and
the mean energy W, of statistical energy analysis.

The first experiment deals with a U-shaped aluminium plate with two slits. Figure 6(a)
shows the experimental set-up and Figure 6(b) shows the geometry of the U-plate. The
thickness is 1-5 mm and the plate is covered with a damping material in order to avoid
a diffuse field. It is assumed that the presence of the damping material affects the damping
loss factor and the surface mass density but not the bending rigidity of the aluminium plate.
The surface mass density of the plate is p = 52 kg/m?. The damping loss factor is § = 15%
over all octave bands of interest and was measured on a piece of square plate (with the same
damping material) excited by a shaker with a known injected power. The U-plate is excited
by two shakers whose locations are shown in Figure 6(b). The structure is tested over four
octave bands from 400 to 6400 Hz. The values of injected powers, modal overlap and
wavelength are summarized in Table 2. The power spectral density S,,(w) of velocity is
measured at 22 points on a single line from top to bottom (see the measurement line in
Figure 6(b)). The CeReS model accounts for flexural waves only. Other kinds of waves
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Figure 6. Experiment on a U-shaped plate. (a) View of the experimental set-up. (b) Geometry of the U-plate and
position of the two shakers, the two slits and the measurement line (points 1-22).

cannot be created since the structure is flat. The boundary of the plate is divided into 70
elements. The CeReS model thus contains 70 degrees of freedom. The values of injected
powers of Table 2 and the damping loss factor are put in data files of CeReS. The CPU-time
is 24 s for 12 frequencies on a HP computer with a HPPA8500 processor. SEA calculation is
trivial in this case since there is a unique subsystem. The mean energy is simply
Wspa = (pt + p?)/Anw where A = 0-801 m? is the area of the U-plate. Figures 7(a) and 7(b)
show some comparisons of the measured energy pS,,(w) in pure tones with the predicted
values Wiores versus frequency at points 14 and 21. The modal overlap is high. The
variations of the pure tone response are due to the modal behaviour of the structure and the
CeReS prediction should be considered as the r.m.s.-value of energy in a wideband.
However, the macroscopic evolution is well predicted. In particular, the difference of
vibrational energy between points 14 and 21 is 156 dB at 898 Hz and increases to 23-7 dB at
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TABLE 2

Modal overlap, wavelength and powers being injected into the U-plate structure for
each third-octave band

Frequency Modal overlap Wavelength Power 1 Power 2
(Hz) (cm) (uW) (uW)
449 13 16 34 19
566 17 15 19 10
713 21 13 12 93
898 26 12 9-6 62
1131 33 11 61 2-7
1425 42 9-5 4-5 2-4
1796 53 84 62 3
2263 67 7-5 13 69
2851 84 67 23 86
3592 106 6:0 0-8 0-4
4525 133 53 0-1 0-07
5702 168 4-7 0-05 0-02
Point 14 Point 21
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Figure 7. U-shaped plate. Comparison of measured energy in pure tone (——) and predicted r.m.s.-values

(

line) by the software CeRes versus frequency at (a) point 14, (b) point 21. Comparison of measured mean
values of the energy density (——); SEA values (- - - -) and predicted values by the software CeReS (

) for the
third-octave bands centred at (c) 1796 and (d) 4525 Hz.

3592 Hz. These points are mainly affected by the second shaker. Point 14 is at a distance
ry = 18 cm of this shaker whereas point 21 is at r, = 72 cm. On the other hand, the
attenuation factor m = nw/cism; = 39 m™~ ' at 898 Hzand m, = 779 m ™~ ' at 3592 Hz. If we
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Figure 8. Experiment on a seven-plate structure. (a) View of the experimental set-up. (b) Geometry of the
structure and position of the shaker and measurement points A-C and the measurement line (points 1-23).

consider that both points are in the direct field e ™™ /2nr of the second source, the difference
of level may be evaluated with 10m(r, — r{)log o(e) + 10logyo(r,/r{) that is 15dB at
898 Hz and 24.5 dB at 3592 Hz. The increase of the difference can be explained with the
increase of the attenuation. Figures 7(c) and 7(d) show some comparisons of the measured
energy W,.., in third-octave band and the predictions Wi.g.s and Wgg, along the
measurement line (points 1-22). The two main peaks result from the proximity of the point
source while the secondary peak predicted by CeReS (points 9, 10) stems from the fact that
the measurement line re-enters into the direct field of shaker 1. Unfortunately, this effect is
lower than the effect of some dominant modes and cannot be observed. The mean energy
Wsra seems to be overestimated. In fact, the mean level along the measurement line is not
the mean level over the plate and there is a difference of 3-5 dB at 1796 Hz and 0-2 dB at
4525 Hz. The mean level Wyg, is correct compared with the mean level of the plate. This
simply means that the damping loss factor has been correctly estimated.

The second experiment is concerned with a more complex structure. Figure 8(a) shows
the experimental set-up and Figure 8(b) the geometry of this structure. It is made of seven
plates of steel. The thickness is 0-8 mm and the structure is entirely covered with a damping
material named CATANE AL with thickness 124mm and density 1-26g/cm>. An
equivalent surface mass density is used, assuming again that the presence of the damping
material does not affect the rigidity of steel plates. The surface mass density is
p = 7-8kg/m?and the loss factor is n = 2%. The same technique of measurement was
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TABLE 3

Modal overlap, wavelength and power being injected into the seven-plate
structure for each third-octave band

Frequency Modal overlap Wavelength Power
(Hz) (cm) (1W)
449 1-3 125 85
566 1-6 11-2 35
713 20 10 4-0
898 2:5 9 1-5
1131 32 79 1-3
1425 4-0 7 07
1796 5-0 63 09
2263 64 56 0-4
2851 8-0 5 0-8
3592 10-1 44 14
4525 127 4 2:3
5702 16:0 35 10
7184 20-2 31 11
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Figure 9. Seven-plate structure. Comparison of measured energy in pure tone (——) and predicted r.m.s.-values
( ) by the software CeReS versus frequency at (a) point A, (b) point B, (c¢) point C. (d) Comparison of
measured mean values over the third-octave band centred at 7155 Hz of energy (——); SEA values (----) and
CeReS values ( ) versus position (points 1-23).
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involved. The frequency bands of interest cover from 400 to 12800Hz. However,
measurement was poor in the last two third-octave bands and thus results are presented
from 400 to 8000 Hz. The CeReS model of this structure takes into account three kinds of
waves, and the structure was discretized with 200 boundary elements. Thus, the CeReS
model contains 600 degrees of freedom. Values of injected power, wavelength and modal
overlap are summarized in Table 3. The required CPU-time for this model is 3347 s for 15
frequencies on the same computer. If in-plane waves are neglected, the model reduces to 200
degrees of freedom and CPU-time becomes 318s. No significant difference has been
observed in results. Figures 9(a-c) show some comparisons of measured energy pS,, (o) in
pure tones with the predicted value W, z.s versus frequency at points A, B and C (see Figure
8(b)). The modal overlap is lower than for U-plate. Figure 9(d) shows a comparison of the
measured energy W,,.., in the frequency band 6400-8000 Hz, the prediction We,z.s of the
software CeReS and the mean energy Wgg, along the measurement line drawn in Figure
8(b). Within the central plate (points 7-18), the total energy is well predicted by both CeReS
and SEA models. In the neighbourhood of the driving point (points 7-12), CeReS prediction
shows a sharp peak because the direct field is singular, like 1/r where r is the source-receiver
distance. Indeed, this singularity has no physical meaning and the measurement clearly
shows that this model is not correct in the near field; say, within one wavelength. However,
the prediction is correct for points 13-18 where the decrease is well predicted. The decrease
of energy inside other plates is more difficult to observe. These lateral plates are smaller
than the central one and the decrease is lower. However, the step of energy from the central
plate to lateral ones is well predicted. It seems that SEA slightly underestimates the energy
in the first plate (points 1-6) but measurements in other frequencies do not confirm it. The
last plate (points 19-23) is clearly too narrow and it is difficult to draw any conclusions. The
width is 4 cm and the wavelength 3 cm at 7100 Hz. The high-frequency assumption does not
apply and it should be better to consider it as a beam.

9. CONCLUSION

In this paper, equations for the vibrational energy transfer in structures have been
derived. These equations have been obtained under the high-frequency assumption that at
least several wavelengths lie in the propagation domain and, when time-variation is
accounted for, the period of the underlying wave-packets is small compared with the
characteristic time of the overall phenomenon.

It has been found that this model is analogous to the problem of radiative heat transfer.
Although some differences exist between heat and mechanical transfer, it may be possible to
use thermal software in vibroacoustics. In the past, an attempt to re-use thermal softwares
in dynamics has been made [ 3], which was based on an analogy with a conduction problem.
Radiative transfer differs from the conduction and so, although the vibrational conductivity
approach and the present approach are both based on a thermal analogy, they are not
equivalent.

The software program CeReS is especially designed for solving the integral equations
presented in this paper. The numerical scheme chosen is quite classical, although any other
scheme would be suitable. An important fact is that the kernel of this integral equation is
regular. This greatly simplifies the choice of quadrature scheme.

Numerical results provided by CeReS, SEA and measurements achieved on two
multi-plate structures, are in good agreement. They suggest that the present method is
a natural extension of SEA since it provides the repartition of energy inside subsystems.
CeReS requires more CPU-time than SEA, but fortunately, significantly less than an FEM
model for these frequencies.
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APPENDIX A: GAUSSIAN WAVE-PACKET

Let vy(x,t) o = b, [ or t the disturbance in space-time for vibration in plates, be assumed to
depend on a single space variable x for the sake of simplicity. Therefore, we consider
a one-dimensional system, a beam, or alternatively a plane wave travelling in
a two-dimensional system (a plate). The spreading occurring in multi-dimensional systems
is not taken into account. A convenient choice is the transverse deflection for v, and the
longitudinal and transverse potentials v; and v, for in-plane motion. Using a spatial Fourier
transform:

1 [ )
V. (k,t) = 7 J v, (x, 1) e dx (A.1)

— 00

it is easy to see that V,(k,t) = V,(k,0)¢'® is the solution of a second order differential
equation with respect to time, where w is constrained to verify the dispersion relationship.

g k*—w*=0 fora=Ilort,
Dk* — pw* =0 for a=b. (A.2)

Note that D is the bending stiffness and p the mass per unit area. By using the inverse
Fourier transform v, (x, t) may be synthesized by the superposition plane waves travelling in
the positive x direction for instance.

v, (x,t) = J v, (k,0)e@ ) d. (A.3)

A Gaussian wave-packet at initial time has the shape
U,(x,0) = Ae ~*/Ass g~ ikox (A.4)

where A is the amplitude of the disturbance, g, the spatial spread of the packet and k, the
wavenumber of the main oscillation. The high-frequency assumption then states that the
spatial spread o is much greater than the wavelength 2n/k,. Applied to function (A.4), the
Fourier transform V,(k, 0) becomes

A 2 2
V,(k,0) = 220 et =k (A.5)

NG
For the next step, it is convenient to re-write the dispersion relationship (A.2) as
@ = o + ¢ (k — ko) + dy(k — ko)?, (A.6)

where w, = kocgq is the circular frequency corresponding to the wavenumber ko, cgq, e,
respectively, the phase and group velocities in the same condition and d, = 0 for « = [ or
t and d, = /D/p. Now the disturbance at any time ¢ is obtained from the Fourier integral
(A.3) where equations (A.4) and (A.6) have been substituted, with the result [21]

g P : .
vx,0) = A 20 o= (= 0400 gileot — ko) (A.7)

a(t)
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where the spatial spread at time ¢ is given by
o(t)> = — g +id,t. (A.8)

It is then clear that the initial Gaussian wave-packet remains a Gaussian wave-packet at
a later time with an increasing spatial spread and so that the high-frequency assumption
tends to be verified. Furthermore, the high-frequency assumption implies that space-time
derivatives of the Gaussian shape function ao/a(t)e ~*~“07/4®" are small compared with
similar derivatives of the oscillatory term €'~ %%  This results in considerable
simplifications when evaluating energy quantities. For instance, consider T (x, t) the kinetic
energy density and V' (x,t) the potential energy density for out-of-plane motion of plates.

1 |ow]*  pwd,
T(x,0) = = plob| = P20 A9
(X, ) 2 P a[ ) |Ub| 5 ( )
1 _|0*v|* Dk§,
V(X, t) = 5 D W = T |Ub| . (AlO)

where the y-derivative terms in potential energy of plates has been removed. The equality
T(x,t)=V(x,1) (A.11)

is established and the total energy density is
W(x,t) = T(x,t) + V(x,t) = pwd|vs|*. (A.12)

Note that equation (A.11) is only valid for one wave-packet or one travelling wave. This
does not apply in the general case with more waves due to interference phenomena.
However, it is surprising that it is still valid in the far field for two travelling waves in a beam
although this is of no importance for the purpose of this paper. Further, consider the energy
flow

%k
I(x,t) = D<— ST —> = 2DK3 g v, (A.13)

The proportionality constant between I(x,t) and W (x,t) is

Wo

= (A.14)

D 1
2Dk3wo/pwy = 2— woks = 25 woky =2
g ks

and the equality
I(x,t) =c, W(x,t) (A.15)

is thus demonstrated. Equalities (A.11) and (A.15) remain valid for in-plane motions.

APPENDIX B: POWER BALANCE FOR DIRECT FIELDS

This appendix is intended to verify equality (5) where functions G, and H, are defined in
equations (6-9). Since the subscript o does not matter in this proof, it is temporarily
removed. For the sake of clarity, the source point S and the initial time 7 are removed from
the parentheses and G(S,t; M, t) and G(S, M) are rather denoted as Gg.(M,t) and Gg(M).
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Indeed, G . and Hg . must be considered as generalized functions and the first step is to seek
a mathematical sense for these symbols.

The function Gg of variable M is locally integrable (e L;,.(R") where n = 1, 2 or 3) so that
Gs. is the product of a Dirac function and that function. Consider a test function
peCF(R""') whose support is compact, the formal calculation

<GS,U §D> = J\

RrH?

0. t)Gs(M)p(M,t)dM dt = f Gs(M)p(M,r")dM, (B.1)

where ©' =1t 4+ SM/c suggests that a correct definition for the generalized function
Gs. should be the right-hand side of equation (B.1). The inequality
G50 < 0]l jK Gg(M)dM where ¢(M,t) = 0 whenever M ¢ K is compact, shows that
the last integral of equation (B.1) makes sense and that the linear map ¢+ (Ggs., @) is
continuous for the usual topology of CX(R"*') and has order 0. It is therefore
a distribution. Hg ; is defined in the same manner.

The purpose here is to evaluate the distribution Rg, = V-Hg, + mcGs . + (6/0t) Gs .. To
this end, consider a test function ¢ whose compact support does not contain (S, 7).

do

{Rs) = J .~ Hs(M) (Vo) (M, 7)) + meGs(M) (M, 7) — Gs(M) - (M,7)dM.  (B.2)

R

Since ¢ (M, t) = 0for SM < ¢ and |t — 7| < ce where ¢ is sufficiently small, the latter integral
may be evaluated over SM > ¢. The relationship

10
(V) (M. ) = V[o(M. )] — 5 (M. ) usy (B3)
yields
(R0 = f — Hy(M)- V[p(M, )] + meGs(M)p (M, ) dM

= f [V-Hs(M) + mcGs(M)] (M, 7)dM
SM > ¢

=0, (B.4)

where the second integral has been obtained by integration by parts and the last equality
results from the function equality V-Hg + mcGg = 0 on R" — {S} which may be verified by
a direct calculation. The support of the distribution Ry . is {(S, t)} and Rg, is therefore a sum
of derivatives of g . up to the order of Rg ., that is one.

Consider a test function ¢(r,t) depending on the distance r = SM. Adopting polar
co-ordinates for such a function

o0

<RS,‘D (P> = Vo f

{ —H(r) % (r,7)+ meGr) o (r,7) — G(r) ¢ (r, 7)1 } dr
0 or ot

0

= Jw { — f:""’g Lo(,T)] + me ™ @(r, r/)}dr
or

=[—¢ ™or)]=c

= ¢(0,7) (B.5)
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and it is concluded that

0
RS.‘: = V HS,': + mCGS,, + E GS,‘r = 55'1. (B6)

APPENDIX C: REFLECTION EFFICIENCIES

This appendix is intended to derive the relationships for the reflection efficiencies R, (04)
defined in equation (20). These efficiencies just depend on the incident angle 0;. The
knowledge of these reflection efficiencies is necessary for a practical solution of the integral
equation (23). So we are interested in the conversion mode phenomenon that occurs when
a wave of type f = b, [ or ¢t impinges on a free, clamped or simply supported edge of a Love
plate.

When a wave-packet impinges on a boundary, the interaction process duration is much
greater than the period of the main oscillation. It has also been assumed that the
time-variation of the shape function is much slower than the one of the main oscillation.
This means that the behaviour of wave-packets and travelling waves are quite similar
during the interaction process. In addition, when the boundary is locally flat, the locality
principle allows us to substitute an infinitely extended straight boundary for the actual
boundary. Note that only polygonal boundaries are included in the software CeReS. That
leads us to study the canonical problem of an incident travelling plane wave propagating
towards a straight edge of a semi-infinite plate. This problem has been noted in literature
(see for instance, reference [22]) and we shall confine the present discussion to the energetic
aspect. It should be added that more complicated canonical problems with curved edges or
curved wavefronts are solved in reference [23] in electromagnetics. Other related references
are also included.

First, when an incident flexural wave responsible for out-of-plane motion v is considered
two waves are reflected. The first is a flexural travelling wave whereas the second is an
evanescent wave. It has been noted that no energy flow is associated to any evanescent
wave. The reflected flux is thus totally carried by the reflected travelling wave. In addition,
free, clamped and simply supported edges are all non-absorbing boundaries. It results in

Ry, (0p) =0, =11t Ry(0p) =1 (C.1)
Applying the reciprocity condition
R(05) =0, a=1t. (C2)

Second, when the incident wave type is § = [ or t the in-plane motion is reflected into two
waves of type o = [ and ¢ (see Figure C.1). No out-of-plane motion is created. Then if ¢ and
Y are the potentials associated to the longitudinal and the transverse waves, the sums of
incident and reflected waves are written as

(p(x, y) — 5131 el(@t Tkix+ki,y) + ag ei(wt—k,.xx+kuy)7
U(x,y) = 5ﬁ,€i(wt+k”x+k“"y) + aﬁt[ei(wt—kux+kmy). (C.3)
The first terms on the right-hand side are for incident waves, dy = 1 and d; = 0 for an

incident longitudinal wave and 5 = 0 and 64 = 1 for an incident transverse wave. The
reflected plane waves (second terms on the right-hand side) are obtained by reversing the
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X

Figure C1. Two waves of types f = [ and ¢ are reflected when a longitudinal wave impinges on a free edge.

sign of k; .. Note that

kyx = —cos 0y, k., =— sin0) (C4)
Coy Coy

are the wavenumber components and c,, the phase velocities. The angles 0, and 0, are
related by the Snell law sin0,/c,, = sin0,/c, Transverse waves always propagate more
slowly than longitudinal waves and so the Snell law shows that in the case of an incident
transverse wave the angle 0, is defined when 0, < arcsinc, /c,,. For greater values of 0, the
reflected longitudinal wave is evanescent. The case of an incident longitudinal wave does
not reveal any such problem. The x-displacement denoted u and the y-displacement
denoted v are related to the potentials with the relationships

do oy do oy
v, = _-7 C.5,C6
"= ox + oy’ v oy 0x (€35,CH
Finally, considering a section normal to the x direction, the normal stress N and the
transverse stress T are given by

%o 0% o4y

Xy azq)} s

T=D)————+2
t|:8y2 ox?> + O0x0y

where D; and D, are the longitudinal and transverse rigidity. Now, applying the relevant
boundary conditions at the edge x = 0, the coefficients a;, of the reflected waves may be
calculated. For instance, a free edge imposes that N =0 and T = 0 and so

(kﬁx + vk, (v — l)k,!xk,,y> <am> < — ki — vkZ, (v — l)k,,xk,,y> <5m> (C9)
— 2y kyy k2 — K2, ag)  \ = 2k, — k2, + k2, op) '
A similar system is obtained for clamped edge (v = v = 0). Magnitudes of reflected waves

are determined by solving this linear system. The incident flux for in-plane motion is
calculated from

giuc = Dﬂ [(ké,x + kﬁ,y)lm(kﬁ,x)] (CIO)
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and a similar relationship applies for the reflected flux of kind .
e@ref = Da [(kazz,x + kozz,y)Im(ka,x)]laﬁa|2' (Cll)

The reflection efficiencies are finally obtained by taking the ratio of reflected flux over
incident flux.

_ Da [(kazzx + kozc,y) Im(koc,x)] |al}ot|2
Rea00) == Tl + 12 ) Im Uep] (©12)
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