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Abstract

Sound transmission through partitions can be modelled as an acoustic fluid-
elastic structure interaction problem. The block Gauss-Seidel iterative method
is used in order to solve the finite element linear system of equations. The
blocks are defined, respecting the fluid and structural domains. The convergence
criterion is analysed and interpreted in physical terms by means of simple one-
dimensional problems. This analysis highlights the negative influence on the
convergence of a strong degree of coupling between the acoustic domains and
the structure. A selective coupling strategy has been developed and applied to
problems with strong coupling (e.g. double walls).

1 Introduction

Fluid-structure interaction is the key aspect of many acoustic problems of practical
interest. This is the case, for instance, of sound propagation through partitions in
buildings. In this field, vibroacoustic equations are solved in the frequency domain and
multiple frequencies have to be considered in order to obtain the frequency response
spectrum of the system.

Several formulations of the vibroacoustic equations are available in the literature
[1-3]. The structure is usually described by means of the displacement formulation
while several options have been used for the fluid. When the fluid is described by
means of displacement or a mixed pressure-displacement formulations the coupled
problem is globally symmetric. However there exist spurious modes. Modifications

*correspondence: UPC, Campus Nord B1, Jordi Girona 1, E-08034 Barcelona, Spain, e-mail:
jordi.poblet@upc.edu
fe-mail: antonio.rodriguez-ferran@upc.edu


marta garcia-sanchez
Texto escrito a máquina

marta garcia-sanchez
Texto escrito a máquina


have to be introduced in order to avoid this drawback, see for example [1]. This is not
the case of the velocity potential [3] or pressure formulations [5—7]. In the first case
the systems of equations to be solved are symmetrical but an extra postprocessing is
required if the final output is the acoustic pressure (which is often the case in building
acoustics). In the pressure formulation the systems of equations are unsymmetrical
but smaller than in displacement or mixed formulations.

In all of these cases the finite element discretisation leads to systems of linear equa-
tions with a block structure. The diagonal blocks in the global matrix are typically
symmetric and indefinite, but the off-diagonal blocks (which represent the coupling
between the acoustic fluid and the elastic structure) break the symmetry of the global
matrix.

For this reason, a monolithic solution approach requires the use of general solvers
for unsymmetrical and indefinite matrices, such as Crout factorisation or GMRES it-
erations with an appropriate preconditioner [%,9]. Alternatively, block iterative solvers
can be used. By doing so, the symmetry of the diagonal blocks can be exploited, and
the storage requirements are decreased.

The block Gauss-Seidel iterative solver is considered here. The well-known conver-
gence condition (spectral radius of iteration matrix smaller than one) is interpreted
from a physical viewpoint, by considered simple, one-dimensional vibroacoustic mod-
els. This analysis shows the detrimental effect on the convergence of the iterative
solver of i) the excitation frequency being close to an acoustic or structural eigenfre-
quency and 1) a large level of coupling between the acoustic fluid and the structure.

The coupling in a fluid-structure problem can be weak or strong depending on
different factors such as the physical properties of the media, the geometry of the
structure or the imposed boundary conditions. This has important consequences
in the performance of the solving strategies and has been widely studied when the
problem is solved in the time domain (see for example [10—14]). Computational costs
can be drastically reduced if the coupling is weak and the fluid and structure problems
can be solved in a staggered way. In the frequency domain, it is not easy to predict
when the coupling is strong or weak. In the first case a monolithic solver is required
while in the second case a one-way coupling strategy is enough. The block Gauss-
Seidel method considered here is between these two strategies, taking advantage of
weak coupling when it is possible and reducing computational costs.

The block Gauss-Seidel method can be understood as a domain decomposition
method. These methods base their efficiency in the splitting of the physical domain
of the problem into smaller subdomains. The system of equations is then solved at two
different levels. On the one hand each subdomain is solved as an individual problem
and on the other hand the continuity between them is imposed. These techniques
have been mainly designed to be used in parallel computing machines. Each CPU
deals with a single smaller domain using the more adequate solver for each region.

In [15-17] domain decomposition techniques have been used in order to solve scat-
tering problems governed by the Helmholtz equations in big physical domains. The
continuity of the pressure field (and its normal derivative) in the interface between
regions is imposed by means of Lagrange multipliers. Moreover each subdomain has
to be regularised by means of fictitious boundary conditions in order to avoid prob-
lems caused by artificial eigenfrequencies. Domain decomposition techniques has also



been used for vibroacoustic problems. In [18] the partitions have been done in both
the acoustic domains and the structure. Finally, in [19-21], block Jacobi and block
Gauss-Seidel algorithms have been used for vibroacoustic problems where the decom-
position of the domain strictly respects the physical regions (fluid and structure).
The only interface between subdomains is the fluid-structure boundary. Since the
goal in [19-21] is to propose a general solver (also for strongly coupled problems)
their discussion is focused on the convergence of the methods. It seems clear that
using the physical interface conditions in order to transfer information between fluid
and structural subdomains leads to divergence in a large number of situations. They
propose relaxed coupling conditions that cause the block Gauss-Seidel algorithm to
have fast convergence for all the analysed situations. In the application examples the
performance of the modified algorithms around the eigenfrequencies of the problem
has not been analysed. Moreover, the use of the modified interface conditions require
some modifications at finite element level.

An outline of the paper follows. The convergence condition and its physical inter-
pretation are covered in Section 3. The application examples of Section 4 corroborate
this interpretation, and motivate the selective coupling strategy presented in Sec-
tion 5, which is applied to the problem of sound propagation through double walls.
The concluding remarks of Section 6 close the paper.

2 The block Gauss-Seidel algorithm

The block Gauss-Seidel algorithm will be presented in matrix form. The coupled
system of linear equations is

o ST m

The pressure-displacement formulation is taken as reference here. F is the flexibility
matrix governing the fluid domain with nodal unknowns xp (typically pressures) and
S is the stiffness matrix governing the structural domain with nodal unknowns xg
(typically displacements and rotations). If FEM is used, F and S are typically sparse,
symmetric and indefinite matrices. fr and fg are the forces acting in the fluid and
structural domains. The coupling is taken into account by means of matrices Cpg
and Cgp. The forces acting on the structure due to the acoustic pressures in the fluid
are

fsr = Csrxp (2)
and the acoustic forces in the fluid contour caused by the structural vibrations are
fFS =C FSXs (3)

The global matrix of Equation (1) is non-symmetric for the more widely used formu-
lations. The block Gauss-Seidel algorithm is summarised in Table 1.

The initial guess can be chosen as the solution of the uncoupled problems. The
convergence is checked by means of the relative errors in the solution
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Table 1: The block Gauss-Seidel method

Choose an initial guess xg)), X;Q)

fori=0,1,2,...
Fxi = fp — Cpoxl)
sxUt = fg — Capxith

check convergence; continue if necessary

end

and the relative residual

(4) (@ _
Pl — [P +CfFSXS fr|| (5)
[|£]]

The two systems of equations in Table 1 have to be solved several times with different
force vectors but constant matrices F and S. This has to be exploited for maximum
efficiency. A first option is to use a direct solver (for small matrix dimensions) and
save the factorisation of the matrices. Another possibility is to use the adequate it-
erative solver (GMRES, MINRES,... see [8,9] for more details and [22-24] for robust
implementations) and save the preconditioner, which is calculated only once for i = 0
and can be reused for the successive iterations. Wave problems often require to per-
form calculations for successive frequencies or different types of force terms. Matrices
are then very similar. The possibility of using the same preconditioner for several
successive frequencies has also to be considered.

3 Analysis of the block Gauss-Seidel method

3.1 The convergence condition

As other stationary iterative methods, the block Gauss-Seidel algorithm converges if
the spectral radius p (i.e. the maximum modulus of the eigenvalues) of the iteration
matrix G is less than one, see [9]. The algorithm in Table 1 can be rewritten as

X;EH) |0 —F'Cpg X%) n Ff5 (6)
xut 0 S'CsrF 'Cpg x S~!(fs — CsrF~'fr)
The iteration matrix G is the matrix in Equation (6), so the convergence condition is

p (S_1C5FF_1CF5) <1 (7)

3.2 Physical interpretation of the convergence condition

The simplified model of Figure 1 will be used in order to understand and illustrate
the phenomena of vibroacoustic coupling and the performance of the block Gauss-
Seidel algorithm. A vibrating mass is coupled with an acoustic domain. Both can be
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Figure 1: Simple one-dimensional coupled system with two degrees of freedom.

excited: the mass by means of an exterior force F'(t) = Re {(pew} and the acoustic
fluid cavity by an exterior imposed velocity v,. Note that the model is formulated for
a unit surface. Thereby ¢ is the phasor of force per unit surface, and M and K the
mass and stiffness per unit surface.

The interaction between the acoustic fluid and the single mass can be characterised
by the pressure applied by the fluid on the mass and the displacement imposed by
the mass at the acoustic contour.

The governing equation and boundary conditions for the fluid domain are

dng )4 Kp(a) =0 zin Qp (8)
WO~ pratu )
ds(j) = —priwy, (10)
and if the frequency of the problem is a real value, the pressure field is
p(z) = Cy cos(kx) + Cysin(kx) (11)

where C and (5 are unknown complex constants. Taking into account the dynamic
equilibrium of the single mass, a linear system with three equations results:

sin(kl) — cos(kl) 0 4 PFiCU,
0 1 —pPrwc 02 = 0 (12)
1 0 | K — w?M u ©

This system is the particularisation for this simple one-dimensional example of Equa-
tion (1). The convergence condition (7) leads to

~ cos(kl) ppwc
P(G) = G0 k0) (K — w20)

<1 (13)

A similar analysis can be done for the one-dimensional model with two fluid do-
mains shown in Figure 2 and [25], which represents two rooms separated by a partition.
The expression of the spectral radius is

prwc cos (kty) = cos (kls)
(sin (kty) " sin (MQ)) (14)

p(G) = 20
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Figure 2: Simple one-dimensional coupled system with two acoustic domains.

Several conclusions can be obtained from Equations (13) and (14). The method is
less efficient for denser fluids (i.e. larger density pr) or fluids with higher wave speed
¢, because the coupling between the structure and the fluid increases.

The geometry of the problem is also important. For this one-dimensional case, the
geometry is represented by terms cos (k¢) and sin (k¢) (¢ = ¢; or {5 in Equation (14)).
If sin(kf) ~ 0 the method will not converge. This happens for the eigenfrequencies of
the acoustic cavity, k, = nm /¢, but also when ¢ is very small (small fluid domains).
If cos(kl) = 0 the method converges in one iteration. This is a very specific situation
of the one-dimensional model and cannot be generalised to higher dimensions.

Note that the method also diverges for frequencies close to the structural eigen-
frequency /K /M. Finally, Equations (13) and (14) also show that the performance
of the iterative solver improves with the frequency.

A similar parameter (A = prc/pstw) has been defined by [26]. t is the typical
thickness of the structure and pg its density. However, A does not take into account
the influence of the geometry nor the stiffness.

By condensing out the unknown Cj and noting from Equation (11) that Cy is
p(z = 0), system (12) can be recast as

sin(lk:é) —pI?w_cZgS]\(ff) ] { p(xu: 0) } _ { /?F;Cvn } (15)

and p (G) can then be viewed as the ratio of stiffness of the fluid and the structure,
including the effect of coupling:

(dp(z =0)/du)p
(dp(x = 0)/du)g

The subscript F' (S) means here derivative from the point of view of the fluid (struc-
ture).

The conceptual behaviour of the fluid-structure system has been plotted in Fig-
ure 3. The harmonic equilibrium is reached at the pair x5 —xJ.. The acoustic pressure
caused by the structural displacement is

p(G) = (16)

Xpg = —F 'Cpgx} (17)
and the displacement caused by the pressure is

Xsp = —SilcSFX;ﬂ (18)
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Figure 3: Conceptual behaviour of a coupled fluid-structure system.

Figure 4 shows a sketch of the convergence and divergence of the algorithm depending
on the spectral radius.
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Figure 4: Convergence of the block Gauss-Seidel algorithm: (a) Convergence for
p(G) < 1; (b) Divergence for p(G) > 1.



4 Application examples

The performance of the block Gauss-Seidel method is illustrated here with various
2D and 3D vibroacoustic problems (sound transmission through a single wall). The
method has already been used to study the sound transmission through single and
double walls in [25,27]. The goals are 1) to show the influence on the convergence
of the iterative solver of i) the damping, i) the coupling between fluid and structure
and 4ii) acoustic and structural eigenfrequencies, and 2) to demonstrate the use of
the solver in practical simulations. A FEM-FEM approach (i.e. finite elements for
the fluid and acoustic domains) is used here.

4.1 Influence of damping

Two acoustic domains are separated by a single wall (represented in this two-dimensional
setting by a concrete beam), see Figure 5. The acoustic excitation is a punctual sound
source placed in the left bottom corner of the first domain, at a distance of 0.5 m to
the contours. The room dimensions are 3 x 3 m? and 4 x 3 m?. The material and
geometrical parameters are summarised in Table 2. Note that we are dealing with air,
which is a very light fluid. This is the typical situation where the method will have
a very good behaviour. A relative tolerance of 1079 is used in the stopping criteria
defined in Equations (4) and (5).

& Sound source
- - - Robin or pure reflecting
boundary

— Structural element
(Euler beam)

Figure 5: Sound transmission through a single wall

Two different situations have been analysed. On the one hand, an undamped
problem (no acoustic absorption and no structural damping). On the other hand,
the same problem with an acoustic absorption of 30 % at the boundaries (introduced
by means of a Robin boundary condition) and hysteretic structural damping (5 %).
These are reasonable values.

The results (number of iterations required) have been plotted in Figure 6. Note
that damping considerably decreases the number of iterations required, especially near
eigenfrequencies.



Table 2: Material and geometrical data for the acoustic domains (air), the heavy
single wall and the lightweight leaves of the double wall.

STRUCTURE
Meaning Symbol Heavy Lightweight
Young’s modulus  E 2.943 - 1019 N/m? 4.5-10° N/m?
Poisson’s ratio v 0.25 0.25
Wall density ps 2500 kg/m? 913 kg/m3
Wall thickness t 0.10 m 0.013 m
Loss factor n 0-5% 0-5%
FLUID
Meaning Symbol Value
Speed of sound c 340 m/s
Density of fluid PP 1.18 kg/m?
Source strength Q 0.005i m? /s
Acoustic absorption « 0-30%
50 ————— : 50
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Eig. QF(D | Eig. Structure X Eig. QF(l) | Eig. Structure X

(a) (b)

Figure 6: Iterations of the block Gauss-Seidel solver: (a) undamped problem; (b)
damped problem (30 % acoustic absorption and 5 % structural damping). Eigenfre-
quencies of the sending and receiving domains, Qg) and Qg), and the structure are
also shown.

4.2 Influence of particular eigenfrequencies

The performance of the block Gauss-Seidel solver for three particular frequencies has
been analysed. The example of Section 4.1 has been considered (damped situation).
The aim of the analysis is to show differences in the efficiency of the method depending
on the type of eigenfrequencies that are close to the excitation frequency. The studied
frequencies are: 1) 70 Hz, which is close to uncoupled eigenfrequencies of the structure
(70.83 Hz) and the receiving room (69.27 Hz); i1) 90 Hz, which is not close to any
of the eigenfrequencies of the problem; 4ii) 156 Hz, which is close to an uncoupled
eigenfrequency of the structure (156.22 Hz).
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Results are presented in Figure 7. As expected, the better convergence is found for
case 1), which is not affected by any eigenfrequency of the problem. More iterations
are required in situations i) and #i). The eigenfrequencies of the problem increase the
value of the spectral radius of the iteration matrix. This phenomenon has already been
predicted in the one-dimensional model presented in Section 3.2, see Equations (13)
and (14).

The evolution of the relative error of the spatial averaged mean pressure < p?, . >
(the most frequently used output in sound transmission problems) is shown in Fig-
ure 7(b). prms = |p|/v/2 is the root mean square pressure that can be obtained from
the pressure phasor p. For most of the excitation frequencies, the error is small from
an engineering point of view (< 10 %) after just two iterations. However, for excita-
tion frequencies that are close to the eigenfrequencies or for undamped problems, the
error is larger and more iterations are needed.

1F : : : t=70Hz  -- @ -- 1 e t=70Hz  -- @ -- ]
. =90 Hz —o— Nal =90 Hz ——
\ % f=156Hz  --¥-- 0.1 v 'm f=156Hz  --w-- ]
0.01 . \ Cm
v R 0.01 >
n \ v R
... 0.001 X n

le-04

(0}

E

1le-06

1le-08

le-10 “

1(<Prms”>)? - (<Prms ) W(<Pyns )"

le-04

le-05

le-06

le-07

le-08 “

Figure 7: Behaviour of block Gauss-Seidel solver for various particular eigenfrequen-
cies: (a) relative error in the sending domain; (b) relative error of < p? = > in the
receiving domain.

4.3 Three-dimensional simulation of the sound level differ-
ence

The block Gauss-Seidel algorithm has been used for a three-dimensional analysis
of sound transmission through a single lightweight wall. The room dimensions are
5.7 % 4.7x 3.7 m? (sending room) and 6.35 x 5 X 4 m® (receiving room). The acoustic
absorption of the rooms is 10 %. The dimensions of the wall are 4 x 3 m?. It is simply
supported and its geometrical and mechanical properties can be found in Table 3.
The Gmsh pre- and postprocessor [28] is used for mesh generation and visualisation
purposes.

In order to increase the frequency range of the analysis, a modal description of
the acoustic domains is done. They are cuboids and the analytical expression of the
eigenfunctions is known. With this modification, the fluid unknowns in xp are modal
contributions instead of nodal values of the pressure phasor.
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Table 3: Geometric and material properties of the lightweight wall.

Meaning Symbol Value
Young’s modulus E 4.8 -10° N/m?
Poisson’s ratio v 0.2

Solid density Psolid 913 kg/m3
Wall thickness t 0.013 m
Hysteretic damping coefficient 7 0.5%

5
110
100
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80 il : - 25 /4//
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15
1e-07
1e-08

50
10 %
I1809
1e-10 S S U

40
Il 2 2% e BERBSRN 2B RE BER
I 25 B28% 338
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L {dB)

(a) (b)

Figure 8: Sound transmission through a single wall: (a) sound pressure level in
the rooms of the laboratory in dB and velocity field over the tested plasterboard
v2,.(m?/s?) for a frequency of 150 Hz; (b) evolution of the sound level difference D
with frequency.

The pressure field in both rooms and the velocity distribution in the wall for a
frequency of 150 Hz have been plotted in Figure 8(a). Note that the pressure field is
measured in dB and the sound pressure level L = 101log;, (p?,../p3) has been used as
output (pg = 2 - 1075 Pa, is a reference pressure value). V., is the root mean square
velocity and can be obtained from the normal velocity phasor as vy,s = |vn|/v/2. The
sound level difference D = Lgenaing — Lreceiving, Which is a measure of the insulation
capacity of the wall, has been plotted in Figure 8(b). The insulation is poor at low-
frequencies. In this frequency range the calculated outputs are highly influenced by the
eigenfrequencies of the problem. In the mid-frequency range the modal dependence
disappears and the insulation capacity of the wall increases approximately 6 dB per
octave which is the expected result.

The block Gauss-Seidel method behaves as described in previous sections for this
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three-dimensional problem. For those frequencies where the coupling is weak or not
close to an eigenfrequency, the system of linear equations is solved with few iterations.
For some particular frequencies with strong coupling more iterations are required in
order to take into account the strong coupling.

5 The case of double walls: selective coupling of
fluid domains

All the examples shown in Section 4 deal with single walls. For typical geometrical
and material parameters, the acoustic domains (sending and receiving rooms) and the
structure are weakly coupled, and thereby one-way coupling approaches have a good
performance.

This is not the case, however, for double walls (consisting on two leaves separated
by a cavity, either filled with an acoustic absorbing material or not), see Figure 9. For
these applications, a one-way coupling approach or even the iterative block Gauss-
Seidel method are not efficient or diverge. The reason is that the air cavity between
walls is usually small (cavity thickness between 2 cm and 8 cm), and thereby, k¢ is
also small. As shown in Section 3, this increases the stiffness of the acoustic domain
and causes the divergence of the block Gauss-Seidel algorithm. To overcome these

(@)
Q F

®) 4) (5) (6)
Q¢ Q¢ Q Q

1
1 Ql(:) 1

Figure 9: Sketch of a double wall. The sending and receiving rooms (1 and 2) are
weakly coupled with the structure while the cavities (3, 4, 5 and 6) are strongly
coupled. This information is used in the solver.

difficulties, we present here a modification of the block Gauss-Seidel algorithm. The
goal is to deal with situations where some of the fluid domains are strongly coupled
to the structure. The matrices in Equation (1) can be written in detail as

T FO o0 ... ... 0 ]
0 F®
F = (19)
: .. .. 0
0 - -0 F(n)_
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and

Crs=| Csr=|Clh € - - cf)] (20)

| Y%
where n acoustic domains are assumed.

A selective coupling strategy will be used. The m problematic fluid domains will
now be solved together with the structure. They are in general the smaller fluid
domains (i.e. the air cavities inside the double wall, see Figure 9), which are strongly
coupled with the structure. A new matrix for the structural part of the problem

including these coupled acoustic domains can be written as

T FOD o ... 0 C% i
0 . S :
St=1| 0 (21)
0O .- 0 Fm C;i’g)
_CS}m C(SVIQ S |

The double wall in Figure 9 is a typical situation where this selective coupling is very
efficient. The sending room Qg) and the receiving room Qg) are weakly coupled with
the structure, so the matrices describing this part of the problem are considered as
independent blocks. On the contrary, the cavities between leaves (acoustic domains
Qg), ng), Qg’) and QE,?)) are strongly coupled with the structure, so their related
matrices are solved in the same block as the structural part of the problem, in matrix
S*.

Due to this coupling, matrix S* loses the symmetry of matrix S, so an unsymmetric
solver is required. However, the coupled acoustic domains are small and the increase
in the size of the matrix is moderate. Apart from the definition of matrix S*, the rest
of the iterative process remains unchanged.

5.1 Validation: one-dimensional example

Figure 10: One-dimensional coupled system with three acoustic domains. It is used to
study the performance of the selective coupling in the modelling of sound insulation
of layered partitions.
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The selective coupling strategy has been used in order to solve the one-dimensional
problem for layered partitions presented in [25]. An sketch of the analysed situation
can be seen in Figure 10. The data in Table 4 has been considered. Note that there
is no damping. The goal of this simple example is to illustrate the performance of
selective coupling and compare its efficiency with the standard block Gauss-Seidel
algorithm.

Table 4: Geometrical and material data for a lightweight double wall.

Meaning Symbol Value
Density of leave 1 Pwall 913 kg/m3
Thickness of leave 1 twall 0.013 m
Density of leave 2 Pwall 809 kg/m3
Thickness of leave 2 twall 0.009 m
Length of domain 1 2 3m
Length of domain 2 ly 4 m
Cavity length ls 0.07 m
Stiffness of the single mass K 0 N/m
Structural damping n 0%
Normal velocity Un 75—25-10"% m/s
Acoustic absorption « 0%

In Figure 11(a) the spectral radius of the iteration matrix for several values of the
cavity thickness is shown. The frequency of the problem is 100 Hz, not close to any
eigenfrequency. The standard algorithm only converges for wide air cavities, whereas
selective coupling converges for all the thickness range.

Figure 11(b) shows the evolution of the spectral radius with frequency for the
case of a 7 cm thick cavity. In general terms we can see that selective coupling is
convergent for all the frequency range of interest (value of the spectral radius smaller
than 1) while standard block Gauss-Seidel diverges. However, both strategies have
convergence problems for particular frequencies that are close to the eigenfrequencies
of the undamped problem as discussed in Section 4.1.

5.2 Application: two-dimensional example

Selective coupling has also been used for two-dimensional problems. The example
of Figure 5 is solved again, but replacing the single wall by a lightweight double
wall. The material and geometrical data of the leaves can be found in Table 2. The
cavity between leaves is 0.07 m thick. Two cases have been considered: air cavity and
absorbing material (resistivity o0 = 10* N/ (s-m?*)). The acoustic absorption is 30 %
and the structural damping 5 %.

The two larger acoustic domains have been considered as independent blocks while
the acoustic cavity between leaves and the structural matrix, as well as the coupling
matrices between them, have been assembled together in S*. The number of iterations
required vs. the frequency has been plotted in Figure 12, for both the standard block
Gauss-Seidel and the selective coupling strategies.
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Figure 11: Selective coupling strategy applied to a one-dimensional model for a double
wall. Evolution of the spectral radius of the Gauss-Seidel iteration matrix: (a) vs.
cavity thickness, for a constant frequency of 100 Hz; (b) vs. frequency, for a constant
thickness of 0.07 m.

It has to be noted that an iteration of the selective coupling strategy is computa-
tionally more expensive because of the cost of solving the linear system with matrix
S* (as compared to solving a system with matrix S and other small systems with
matrices F)).

However, this fact is more than compensated by the better convergence behaviour
of selective coupling. The convergence is quickly reached in all the frequency range;
eigenfrequencies do not drastically increase the number of iterations. In fact, the only
situation of non-convergence takes place for the mass-air-mass resonance of the wall.
This is an eigenfrequency that couples all the subdomains of the problem (for more
details, see [29]). For the studied double wall it is 91.2 Hz. This only happens for
double walls without absorbing material placed in the cavity.

As shown in Figure 12, when the problem is solved by means of a totally un-
coupled procedure (i.e. standard block Gauss-Seidel), convergence is rarely reached.
Sound transmission through double walls is a clear example where selective coupling
is necessary.

6 Concluding remarks

The performance of the block Gauss-Seidel solver for interior vibroacoustic problems
has been assessed both analytically and numerically. A physical interpretation of the
well-known convergence condition (spectral radius of iteration matrix smaller than
one) is provided. For simple one-dimensional problems, analytical expressions of the
spectral radius have been obtained.

These expressions clearly reveal the negative impact of a strong coupling between
the acoustic domains and the structure. Even for moderate degrees of coupling,
the usual one-way coupling approach (which may be regarded as one block Gauss-
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Figure 12: Application of the selective coupling to a problem of sound transmission
through a lightweight double wall. Iterations required for each algorithm: (a) air
cavity; (b) absorbing material. Tolerance: = 107?; maximum number of iterations:
100.

Seidel iteration with the appropriate ordering of blocks, along sound trajectory) is
not accurate enough, and an iterative procedure to reach convergence is required.
For larger degrees of coupling, these iterations may fail to converge. This is the
case, for instance, in the numerical simulation of sound transmission through double
walls: the two leaves and the small acoustic cavity between them are strongly coupled.
This observation has suggested a selective coupling strategy, where the structure
and the problematic acoustic domains (e.g. the cavities in a double wall) are treated
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together, in the same block.

The convergence analysis also shows the negative effect of an excitation frequency
close to an (acoustic or structural) eigenfrequency for undamped problems. However,
the convergence improves significantly if one uses realistic values of structural damping
and acoustic absorption.

One-, two- and three-dimensional numerical examples have been used to illustrate
the capabilities of the block Gauss-Seidel solver. The systematic use of this solver for
the numerical simulation of sound transmission through single and double has been
reported in [25,27].
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