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Abstract: The presented paper focuses on a combined 

approach, using a new type of measurement setup, which has 

been specifically developed for examining the vibro-acoustic 

behaviour of lightweight panels and the Wave Based Method 

(WBM) for the numerical simulation of vibro-acoustic problems.  

 The setup consists of a concrete cavity of 0.83 m³ which can host 

test specimens of variable size and thickness. It allows for both 

structural and acoustical excitation and measurement 

acquisition. Among others, the vibro-acoustic Insertion Loss (IL) 

of a test sample can be measured over a wide frequency range, 

accounting for the acoustic cavity modal behaviour, which is 

realistic in many real-life applications. The WBM, a novel 

technique for steady-state vibro-acoustic simulation, is adopted 

for efficient virtual characterisation of the considered setup. The 

WBM has a superior convergence behaviour as compared to 

state of the use techniques such as the Finite Element Method, 

given a low geometrical complexity of the problem, which is the 

case for the test box at hand. This increased convergence rate 

makes the technique applicable for a broader frequency range. 

The combination of the versatility of this test setup and the 

efficiency of the Wave Based Method (WBM) shows promising 

results for the characterisation of materials. 

 

Keywords:  lightweight structures, vibro-acoustic 

characterization, numerical-experimental approach, acoustic cavity 

loading 

I.INTRODUCTION 

Under the influence of high commodity prices, the direct 

material cost and fuel consumption have in recent years 

become key design features of a product. The ever increasing 

demand for cheaper and lighter products leads product 

manufacturers in all kinds of industries (automotive [1], 

aerospace [2], machine design [3], building acoustics [4] and 

many more) towards an increased use of lightweight 

materials. The lower weight of these materials, may, however, 

lead to strongly reduced noise and vibration insulation 

properties. This opposes the present day products trend, where 

noise and vibration levels are increasingly imposed by the 

legislator with strict regulations. Also the commercial 

importance of the NVH behaviour is no longer negligible; it 

has become a fundamental commercial differentiator. 

To meet the high legislative and commercial NVH 

requirements, often damping material is added ad hoc in the 

final design stage. However, such ad hoc and thus non-

optimised measures strongly decrease the expected final 

weight gain. The impact of lightweight materials on the NVH 

behaviour of vibro-acoustic systems therefore has to be 

estimated as early as possible in the product cycle in order to 

come to an optimised design. This means that the properties of 

these structures have to be accounted for in all design and 

development phases, both experimentally and numerically. 

The novelty of the materials and the complexity of the final 

product often require new experimental practises and 

numerical methods to study the properties, static and dynamic 

behaviour, of these lightweight structures.  

The currently most used experimental characterisation 

technique is the measurement of the Transmission Loss (TL). 

It allows the evaluation of the acoustic noise transmission 

ability of the tested sample. It is performed in dedicated 

testing suites [5]. As described by the international standards 

[6, 7], they consist of two adjacent rooms, both of at least 80 

m³ with a testing partition in between to host the test sample. 

The first (source) room is reverberant; the other (receiving) 

room is mostly anechoic, although some facilities have a 

second reverberant room. Although this technique provides a 

very good and generally valid characterisation of the test 

specimen, it results in a cumbersome and time consuming 

procedure. The cost of a transmission facility is also often 

prohibitively high. Therefore a new test setup [8, 9] has been 

proposed. It consists of a small (0.83 m³), movable (3 ton 

concrete, supported on a three wheel system) and inexpensive 

single acoustic cavity. Test specimens of different sizes, and 

thicknesses can be mounted and over a wide frequency range 

(50Hz-20kHz), both structurally and acoustically.  

The state of the use numerical schemes for vibro-acoustic 

simulations in the low- and mid-frequency region are mostly 

based on element based approaches, of which the Finite 

Element Method (FEM) [10] and the Boundary Element 

Method (BEM) [11] are most used. These methods discretise 

the problem domain (or its boundary) into many small 

elements in which polynomial shape functions interpolate the 

nodal values of the physical field. With increasing frequency, 

however, more elements are necessary to capture the dynamic 

behaviour [12, 13] and as a result the computational load 

strongly increases. Starting from a certain frequency, this 

computational burden becomes too large and the element-

based techniques are no longer practically useable. The FEM 

and BEM can thus only cover the so-called low-frequency 

region at a reasonable cost; the mid-frequency region, which 

is very relevant to the modelling of lightweight structures, 

stays out of reach. To overcome this practical frequency limit, 

researchers at the Noise and Vibration Research group of KU 

Leuven are developing the Wave Based Method (WBM) [14, 

15] which, by following an indirect Trefftz approach [16], 

exhibits a high computational efficiency. This opens the 

applicable frequency range towards the mid-frequency region 

at a reasonable computational cost. 

This paper aims at showing the potential of a combined 

approach of both the aforementioned test setup and the WBM. 
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It presents a comparison of numerical simulations using the 

WBM with measurements on the new sound box. It will be 

shown that the WBM allows for very good simulations of the 

vibro-acoustic behaviour of the setup. Furthermore, it will be 

illustrated that this combined approach can provide better 

insight in the occurring phenomena inside the experimental 

setup. 

The paper consists of four sections. Firstly, it gives a 

general description of the test setup which has been designed 

and built at KU Leuven. In a second part, the fundamentals of 

the WBM are discussed, both for bounded (interior) and for 

unbounded (radiation) vibro-acoustic problems. The third 

section shows the results for the sound transmission analysis 

of a simple test sample, i.e. a 3 mm thick aluminium A4 sized 

panel. Experimentally measured values are herein compared 

with simulated results. This test case is chosen to show the 

method’s potential towards panel characterisation. The paper 

is concluded by summarising the results and indicating 

upcoming research. 

II. THE TEST SETUP 

A. Specifications 

Recently, researchers at KU Leuven developed a new test 

setup, depicted in Fig. 1. It consists of an acoustic cavity to 

which a flexible component, radiating to the external 

environment, can be mounted. 

The compact cavity (0.83 m³ volume, 3 ton weight) has a 

strong and dominant modal behaviour in the frequency range 

up to 3 kHz. Five of the six cavity walls are made out of 

reinforced concrete (from 0.150 m to 0.200 m thick), while 

the front wall consists of a 0.035 m thick aluminium plate. 

Such a design ensures a satisfactory structural and acoustical 

rigidity of the cavity. None of the inner walls are parallel to 

each other in order to have a decent modal distribution in the 

lower frequency zone, avoiding coincident acoustic 

resonances [17], while still preserving a convex shape. 

Different versions of the front wall exist with testing windows 

of various sizes. Currently five front frames are available: a 

fully closed wall, and walls with an A4-, A3-, A2- and an A1-

opening. 

Several types of excitation are provided and response 

acquisition possible in several ways. A full-range speaker is 

placed at one of the inner cavity corners and provides for 

airborne excitation of the cavity. Also structural inputs can be 

used, either with an electro-dynamic shaker or an impact 

hammer on the test panel (structure-borne excitation). Both 

the acoustic and structural system response can be measured. 

The inner volume is equipped with a network of microphones 

and the radiating surface can be scanned using an intensity 

probe. Lightweight accelerometers measure the panel’s 

dynamic response. 

B. Comparison to transmission suite 

The current standard procedure for the assessment of noise 

reduction properties is the Transmission Loss (TL) 

measurement. This is carried out on dedicated but very 

expensive facilities. Also the procedures are often very 

cumbersome. The international standards  [6, 7] give a 

detailed description of a TL suite. It consists of two adjacent 

rooms, a reverberant source room and an anechoic receiver 

room, although sometimes a second reverberant room is used.

 

Fig. 1. Inner cavity dimensions (left) – Outer cavity 

geometry with A2 test panel mounted (right) 

In between these two rooms, a testing partition is foreseen to 

host a test sample. A diffuse field in the source room provides 

a random field excitation of the panel and avoids favourite 

incidence directions of the impinging waves. The acoustic 

power level can be easily be found by measuring the Sound 

Pressure Level (SPL), following the diffuse field hypothesis 

which states that every point in time and space has an equal 

energy-content and frequency spectrum. The diffuse field 

causes the test specimen to vibrate and to radiate acoustic 

energy into the receiving room. The transmitted power is 

usually evaluated from the acoustic power intensities obtained 

scanning the radiating surface from the receiving room side. 

The physical quantity measured this way equals the acoustic 

power transmitted into a free-field environment since no 

reflection effects are taken into account. In case of a TL suite 

with a reverberant receiver room, a correction factor 

accounting for the reverberation time of the receiving room 

has to be considered, according to Sabine’s formula [18]. 

With this information the TL can be calculated using equation 

(1). 

        
          
             

 (1) 

 

The characterisation of the test specimen is generally valid, 

and in essence independent from the Transmission room 

facility, as long as the facility conforms to the standards. 

Nevertheless, the investing cost for the infrastructure is very 

high. The measurements are also very cumbersome and time 

consuming, which makes transmission facilities not the ideal 

method for a ‘quick’ assessment of material characteristics. 

The sound box at KU Leuven has the potential to become 

such a fast and practical tool. As mentioned earlier, it is very 

small and inexpensive. It also happens to be more versatile. 

The procedures for measurements are similar as compared 

to measurements on transmission facilities. There are, 

however, some differences. Firstly the nature of the cavity 

loading on the test specimen differs. For a transmission room 

it consists of a diffuse field excitation, where in the acoustic 

energy is equally distributed over the source room. In the 

sound box source room, due to its reduced dimensions, a 

strongly modally dominated acoustic field is present. 

However, this is also the case in many typical applications, 

e.g. a car cavity. Only starting from 3 kHz the field inside the 

sound box becomes diffuse. Below this frequency, TL 

measurements are unfeasible because of the strong coupling 
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between cavity and sample behaviour. Moreover, a TL 

calculation per definition requires a diffuse field in a 

reverberating room. Therefore not TL, but Insertion loss (IL) 

is measured in this frequency range. 

Measuring the Insertion Loss (IL), only two measurements 

of the radiated sound power (evaluated with the intensity 

probe method as described above), with and without the test 

sample, are necessary. The IL can be calculated, as in 

equation (2).  

        
     

       
 (2) 

 

The conceptual comparison between the presented setup 

and a transmission room facility is summarised in TABLE I 

Key differences between a transmission room facility and 

the sound box . 

TABLE I 

KEY DIFFERENCES BETWEEN A TRANSMISSION ROOM FACILITY 

AND THE SOUND BOX SETUP 

 
Transmission room 

facility 
Sound box setup 

Volume 
2 x 80 m³ 

(at least) 
1 x 0.83 m³ 

Cost High Low 

Moveable No Yes 

Acoustic 

loading 

Diffuse field 

loading 

Modal loading (up 

to 3 kHz) 

Diffuse field 

loading  

(above 3 kHz) 

Measured 

quantity 

Transmission Loss 

(TL) 
Insertion Loss (IL) 

Measured 

quantity 

dependency 

Test specimen 
Test specimen and 

setup 

III. THE WAVE BASED METHOD 

The WBM [14, 15, 19] is a deterministic prediction 

technique for solving steady state dynamical problems, 

belonging to the family of indirect Trefftz approaches [16]. It 

is an alternative to the classical element based methods such 

as the FEM and the BEM. Its modelling procedure consists of 

four steps: 

1. Problem domain partitioning into convex subdomains. 

2. Variable expansion into wave functions. 

3. WB system construction via a weighted residual 

formulation of the boundary conditions and continuity 

conditions. 

4. Solution of the resulting system of equations for the 

unknown wave function contribution factors. 

A. Domain partitioning 

Often the problem geometry does not allow a one-domain 

WB model. There can be several reasons, both theoretical and 

practical for a domain partitioning: 

1. Desmet [14] proved that domain convexity is a sufficient 

condition for convergence of the method. Therefore non-

convex domains are divided into convex subdomains. 

2. It is good practice to do a further domain partitioning in 

the presence of discontinuous boundary conditions. 

3. In the case of an unbounded acoustic domain, the 

problem domain first has to be divided into two non-

overlapping regions using a spherical truncation surface 

   as indicated in Fig. 2. WB partitioning of an arbitrary 

problem geometry (see also . The problem domain 

contained within    is modelled using the bounded 

WBM, the domain exterior to    is regarded as one 

domain, modelled using the unbounded WBM, both with 

their typical wave functions. 

At the interfaces between the different subdomains, 

continuity conditions [20] are imposed. 

 

Fig. 2. WB partitioning of an arbitrary problem geometry 

(see also Fig. 8 in Appendix) 

B. Wave function selection 

The WBM expands the field variables as a weighted sum of 

wave functions which exactly satisfy the governing 

differential equations. The steady-state dynamic field  ( ), in 

this case the acoustic pressure, is approximated by a solution 

expansion  ̂( ) in terms of wave functions   ( ) and their 

weights   .  ̂ ( ) represents a particular solution, 

representing acoustic sources. 

 

 ( )   ̂( )  ∑     ( )

  

   

   ̂ ( ) (3) 

 

For more information on the wave functions   ( ) and 

particular solutions  ̂ ( ), the reader is referred to [21] for 

bounded and [22] for unbounded acoustic problems. 

C. WB model construction 

Since the pressure expansion exactly satisfies the Helmholtz 

equation a priori, only the boundary conditions and inter-

domain continuity conditions still have to be met. Using a 

Galerkin weighted residual formulation a WB model is 

constructed which can be solved for the unknown contribution 

factors    . 

           (4) 

 

The matrix     is fully populated with frequency dependent, 

complex entries. The system size is however a lot smaller than 

typical FEM systems. 
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D. Solution and post-processing 

The matrix equation (4)(4) is subsequently solved for the 

unknown wave function contribution factors    . Substituting 

these factors into the pressure expansion (3)(3) yields an 

approximation of the acoustic pressure field. Without any loss 

of accuracy, as is the case with FEM and BEM, higher-order 

variables, such as acoustic velocity or intensity, can be 

acquired by (analytically) applying the appropriate differential 

operator to the wave function expansion. 

E. Hybrid approaches 

For more complex problems, the WBM suffers from the 

convexity requirements to ensure convergence. If there are a 

large number of subdomains, also a large number of interface 

surfaces have to be evaluated to ensure continuity between the 

subdomains. Because of this, the model building time and 

model size increase. This limits the application range of the 

WBM to problems of moderate geometric complexity. For 

more complex cases, hybrid methodologies [23, 24, 25] are 

being developed. These combine the efficiency of the WBM 

with the geometrical flexibility of the FEM. This means that 

the WBM is used large (sub)volumes of low complexity and 

the geometrical details are filled up with the FEM. The 

concept behind the hybrid method is represented in Fig. 3. 

 

 

Fig. 3. Hybrid FE-WBM approach 

 

At    continuity conditions ((132) and (14) in the 

Appendix) are applied. In this paper, the hybrid vibro-acoustic 

FE-WBM will be used. The structure, modelled using the 

FEM, describing the panel deformation, is coupled to the 

acoustic domain, modelled using the WBM, describing the 

pressure distribution inside the cavity. The hybrid coupling 

leads to the following matrix equation. 

 

[
          

     
]  {
   
   

}={
       
       

} (5) 

 

  ,    ,     and     are the system matrices and loading 

vectors of the uncoupled FEM and WBM models.     and 

    ensure continuity between the FEM model and the WBM 

model, and     provides the back-coupling.     and     
describe the coupling of a WB particular solution with the 

FEM. 

IV. A NUMERICAL-EXPERIMENTAL STUDY OF THE INSERTION 

LOSS OF A HOMOGENEOUS PANEL 

A numerical-experimental case study on a homogeneous 

panel mounted to the test setup, investigates whether the 

numerical models can account for both the two-way vibro-

acoustic coupling between the cavity and the panel and for the 

acoustic radiation to the exterior. The Insertion Loss (IL) of a 

3 mm aluminium panel of A4-size is studied. First a 

description of the experimental measurements is given. 

Secondly, the WB model used in the numerical simulations is 

discussed. The simulated IL is thereafter compared with the 

measured IL. 

A. Experimental setup 

 Airborne excitation is provided by means of a full-range 

speaker placed in the lower right back corner. This gives an 

acoustic loading in the cavity and on the test panel. The front 

wall with an A4 sized window is mounted and a test panel is 

mounted in this test window through a frame (10 mm thick) 

with a double bolt row to approximate clamped boundary 

conditions. 

The panel Insertion Loss is determined using two 

measurements. The first one is performed without the test 

panel mounted. In this case, there is direct radiation from the 

loudspeaker inside of the cavity to the exterior. For the second 

measurement, the test panel is mounted in the test window. In 

this case, it is the panel that radiates to the exterior, since it is 

excited by the acoustic pressure field inside the setup cavity. 

The radiating surface, be it the open window or the panel 

surface (e.g. Fig. 4), is scanned using an intensity probe in 45 

(5 x 9) points. The IL is then calculated from the averaged 

intensities using equation (2). 

 

 

Fig. 4. Intensity measurement for the case with the open test 

window 

B. Hybrid FE-WB model 

To study the transmission through a test panel mounted in 

the front wall window, a hybrid WB model is constructed 

(Fig. 5). 

Since the interface between the test window and the cavity 

does not cover the whole frontal surface of the acoustic cavity, 

a division into subdomains is made. This results in 9 internal 

subdomains as illustrated in Fig. 5 by the dotted lines (......). 

As the sound will propagate through the test window, also 

the acoustic domain exterior to the cavity is modelled. This is 

represented by the hemispherical truncation surface ( ) 

between the bounded WBM and the semi-unbounded WBM. 
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This ensures radiation into a hemispherical space. Within the 

truncation hemisphere, 6 additional bounded domains are 

added. 

The test panel behaviour (modelled using the FEM) is fully 

coupled to the acoustic domain (modelled using the WBM) 

using the hybrid FE-WBM approach. 

All non-hybrid cavity boundaries are considered 

acoustically rigid. The cavity is filled with air with a density 

of                and speed of sound              . 
The loudspeaker is modelled as an acoustic volume velocity 

source ( ), located at (1.03, 0.12, 0.3), which is the 

approximate location of the centre of the loudspeaker 

membrane.  

The A4 aluminium plate (        ,      ,    
          ), has a thickness of 3mm and is considered to 

have clamped boundary conditions. 

 

 

Fig. 5. Hybrid vibro-acoustic FE-WB model 

C. Comparison with measurements 

As was mentioned earlier, an Insertion Loss calculation 

consists of taking the ratio of two power (or in this case 

acoustic intensity) values. One could hope to eliminate the 

cavity behaviour in this way. 

Looking at Fig. 7, however, the experimentally measured 

Insertion Loss ( ) still shows very resonant behaviour. This 

is caused by the fact that the two cavity configurations for the 

IL calculation have a considerably different modal behaviour. 

Therefore, the resonant behaviour cannot be (fully) eliminated 

by taking the ratio of the two configurations. The resonant 

behaviour in the IL is a price which is paid for the increased 

flexibility and cheaper setup, as compared to conventional 

transmission facilities. However, in many real-life 

applications, the panel is placed in an environment with a 

pronounced acoustic modal behaviour (e.g. lightweight body 

panels of vehicles are coupled to the interior acoustic cavity). 

This modal cavity behaviour directly influences the modal 

behaviour of the panel. One could thus say that the developed 

test suite is closer to the application than the classical 

transmission facility. 

By comparing the experimentally measured intensity values 

with the simulated intensity values in the corresponding 

points, both for the open and the closed A4-window, the 

insertion loss can be estimated. The averaged results are 

shown in Fig. 7. 

 

 shows, however, that there is a pronounced discrepancy 

between the numerical model of the setup and reality. The IL 

is largely overestimated in the simulations. Moreover, the first 

dip in the IL is also overestimated. Since this dip is caused by 

the first resonance of the test sample, this suggests that the 

panel is too stiff. Since the panel itself has well-known 

parameters, it is very likely that the boundary conditions in the 

numerical model are too stiff. These boundary conditions, 

because of the small dimensions (A4) of the plate, largely 

influence the global plate behaviour. Because of this strong 

influence, the estimated value of the IL is extremely sensitive.  

 

A relaxation of the perfectly clamped boundary is thus 

necessary. The constraint of zero bending rotations along the 

edges of the clamping is replaced by a torsional line spring 

which relates the rotations with the clamping moment at the 

edge. This gives a boundary condition which is situated 

between simply supported and clamped. With a spring 

constant of 5300 Nm/rad/m, the results in Fig. 7 are obtained. 

The value of this spring constant was obtained using a 

manually performed optimisation as this study is a first 

feasibility study. However, generally a very good agreement 

between numerical and experimental Insertion Loss values is 

obtained. 

This comparison and subsequent model updating step shows 

the ability of the numerical model to detect non-ideality in the 

test setup (such as an imperfect clamping). Moreover, it can 

take corrections into account to represent more closely the real 

situation. This opens perspectives for the true characterisation 

of panel parameters, such as structural damping factors, or 

allows the characterisation in terms of equivalent parameters, 

for example for multilayer test samples. 

V.CONCLUSIONS 

This paper presented a combined experimental-numerical 

approach to study the vibro-acoustic behaviour of lightweight 

panels. This approach is embedded in two important research 

lines at the Noise and Vibration Research group at KU 

Leuven. Firstly, a novel test setup, the sound box, allows for 

fast and easy measurements of lightweight test panels of A4-, 

A3-, A2- and A1-sizes. Different excitation types (airborne by 

means of a full-range speaker or structural by means of an 

electro-dynamic shaker or an impact hammer) and response 

acquisition methods (acoustic by means of microphones or 

intensity probes or structural by means of lightweight 

accelerometers) are possible. The research for efficient 

numerical schemes for vibro-acoustics, in which the Wave 

Based Method is an important tool, is the second research 

line. This method enables efficient simulations in a broad 

frequency range. By including a priori knowledge in the 

shape functions and exploiting the low geometrical 

complexity of the cavity, very efficient simulations are 

feasible. 
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The approach is illustrated using a numerical-experimental 

case study of the Insertion Loss of a homogeneous aluminium 

panel (3mm) of size A4. This case studies the prediction 

accuracy of the numerical models for the experimentally 

observed phenomena. Moreover, the numerical model can 

detect non-ideality in the setup. This was observed in the 

clamping of the panel. By relaxing the (theoretically) clamped 

boundary conditions to an intermediate form between clamped 

and simply supported, very nice agreement between the 

numerical simulations and the experiments is obtained. 

This combined numerical-experimental approach has 

excellent potential to lead to a very efficient method for in situ 

material characterisation. A parametric template model of the 

setup which benefits from the computational efficiency of the 

WBM can be used to estimate material parameters from a 

limited number of measurements on the test setup. This is a 

topic for further research. 
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APPENDIX 

A. Mathematical description of the vibro-acoustic problem 

Consider a general steady-state acoustic problem, as shown 

in Fig. 8. The acoustic pressure field inside the problem 

domain is governed by the inhomogeneous Helmholtz 

equation [26]: 

   ( )     ( )      
 
  (    )  (6) 

with    the Laplacian operator,   the angular frequency, 

      the acoustic wave number and j the imaginary unit 

(  √  ). The acoustic fluid is characterised by its density 

 
 
 and speed of sound c. The fluid is excited by an acoustic 

point source with a volume velocity q at location   . 

 

Fig. 8. A general bounded-unbounded vibro-acoustic 

problem 

The problem boundary   constitutes of two parts: the finite 

(bounded) part    and for unbounded problems also a 

boundary at infinity   . According to the three types of 

common used acoustic boundary conditions    can be further 

divided into four non-overlapping parts              

  , indicating respectively velocity, pressure, impedance and 

flexible structural boundaries: 

           ( ( ))   ̅ ( )    (7) 

          ( )   ̅( )    (8) 

           ( ( ))  
  ( )

 ̅ ( )
   (9) 

 

with   ( )  
 

   

  

  
 the velocity operator normal to the 

boundary. Furthermore   ̅ ( ),  ̅( ) and  ̅ ( ) represent, 

respectively, the imposed normal velocity, pressure and 

normal impedance.  

For     , the acoustic boundary consists of a flexible 

plate assembly. Only the out of plane behaviour is relevant 

since the Helmholtz equation (6)(6) assumes an inviscid 

acoustic medium. To describe the out of plane behaviour of a 

plate, several theories are available, such as Kirchhoff thin 

plate bending theory [27] or the more general Reissner-

Mindlin theory [28, 29]. Both theories can generally be 

described as follows:  

(    
   ) {

  ( )
   ( )

   ( )
}  {

  ( )
 
 

} (101) 

 

where    and    govern respectively the elastic behaviour 

and the inertial behaviour.   ( ) and    ( ) are the 

deformations normal to the surface.   ( ) describes a force 

loading normal to the plane. 

As with the acoustic differential equation, this equation too 

has to be completed with appropriate boundary conditions, 

either kinematic or mechanical boundary conditions on 

respectively    and     

          ( )   (̅ )    (11) 

          ( )   ̅( )    (12) 



9th National Congress on Theoretical and Applied Mechanics, Brussels, 9-10-11 May 2012   

 

 

8 

 

where  ( ) and  ( ) stand for the vector of out of plane 

deformations and the boundary forces.  ̅ again stands for 

prescribed values. 

The coupling between the acoustic pressure field and the 

structural displacements can be described as a two-way 

coupling: 

 

1. Influence of the structure on the acoustic pressure: 

The out of plane vibrations of the plate act as a normal 

velocity excitation for the fluid in the cavity: 

           ( ( ))     ̅ ( )    (132) 

 

2. Influence of the cavity on the structural 

displacement: The acoustic pressure field acts as a 

loading perpendicular to the plate: 

(    
   ) {

  ( )
   ( )

   ( )
}  {

  ( )   ( )
 
 

} (3) 

 

At the boundary   , the Sommerfeld radiation condition [30] 

for outgoing waves is applied so to ensure that no acoustic 

energy is reflected at infinity. It is expressed as: 

   
| |  

(√| | (
  ( )

 | |
    ( )))    (14) 

 

Solution of the Helmholtz equation (6)(6), along with the 

associated boundary conditions (7)-(9) and (14) and, if 

present, the dynamic plate equation (101)(101) with its 

associated boundary conditions (11)-(12), yields a unique 

acoustic pressure field p(r). 


