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Over the years, the sound attenuation provided by ducts with bulk reacting lining has been
widely investigated in the literature. Numerous models exist. Each of them presents assets and
limitations according to the geometry of the studied problem. For a complete review of the
methods, we refer to the recent articles of Kirby [7] and Panigrahi et al. [12] and the references
therein.

The methods employed to study sound propagation in lined ducts can be categorized into two
major types. On the one hand, the numerical methods such as the finite element method (FEM)
[1] and the boundary element method (BEM). These methods are inevitably required to provide
an accurate modelling of the sound propagation within a fully arbitrary geometry problem.
On the other hand, the semi-analytical methods are broadly used for sound propagation in
a slightly complex geometry configuration as efficient prediction tools. Among these semi-
analytical methods, we can observe four different approaches. Firstly, the method of multiple
scales used in the early 1980s by Rienstra [I3] for sound propagation in cylindrical ducts
with slowly varying liner properties. Secondly, the mode-matching method [8, [10] and point
collocation one [9] based on the expansion of the sound field in terms of an orthogonal set of
eigenfunctions of each specific problem. The difficulty that comes across this approach is the
calculation of the complex eigenvalues for the lined segments. Root-finding routines are then
required thus generating a time-consuming issue and a missing roots problem [6]. The third
approach is the spectral or pseudo-spectra methods [5] which seek to interpolate the sound field
in terms of general functions such as Chebyshev series. These methods converge exponentially,
however their main drawback is the calculation of spurious modes. The fourth and the last
semi-analytical approach is the multimodal method [11] B]. The method presented in this paper
is based on an improved multimodal method developed by Bi et al. [4, 2] for sound propagation
in ducts with locally reacting lining. In the frame of this work, a lining consisting of porous
material is considered. The effect of the complex properties of the liner cannot be described
anymore by an effective impedance, since acoustic waves can propagate over it. For bulk reacting
lining problems, the extension of the improved multimodal method is not trivial and the choice
of the additionnal functions to improve the convergence of the method is a challenging task.

In this study, an efficient and reliable method is proposed for the propagation of sound
in bidimensional bulk reacting lining ducts without flow. The lining consists of homogenous,
isotropic or anisotropic, porous material with a perforate plate at the interface between the
duct and the liner. The perforate plate is described mathematically by an impedance, assuming
a continuous discontinuity along the interface. The extension of the proposed method to 3D
rectangular cross section ducts is straightforward.

The improved multimodal method presented here is based on the sound field expansion in
terms of the orthogonal and complete rigid duct modes a priori known. Additional functions
that carry the informations relative to the boundary and continuity conditions of the problem are
added to improve the convergence of the method. Those functions are chosen in order to ensure
that the expansion may be derived term by term and converge rapidly to the exact solution. The
convergence rate is improved from O(m~=2) to O(n~*). This reduces significantly the computer
memory requirement and the execution time. The rigid duct modes and the additional functions
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are a priori known, thus calculations of the true liner modes are avoided. The eigenvalues are
well-calculated including evanescent modes, and can be easily sorted as there are no spurious and
no missing modes. All required eigenvalues are calculated by the method at a time and no initial
guesses are needed. Furthermore, the wave propagation problem is considered as a scattering
problem. Indeed, by matching the pressure and the axial velocity at the interface between the
different lined segments, scattering matrices are obtained for each individual segment and then
combined to construct a global scattering matrix for multiple segments. Different kind of sources
can then be easily integrated without recalculating the scattering matrix.

References

1]

2]

R. J. Astley and A. Cummings. A finite element scheme for attenuation in ducts lined with
porous material: comparison with experiment. J. Sound Vib., 116(2):239-263, 1987.

W. Bi. Calculations of modes in circumferentially nonuniform lined ducts. J. Acoust. Soc.
Am., 123(5):2603-2612, 2008.

W. Bi, V. Pagneux, D. Lafarge, and Y. Aurégan. Modelling of sound propagation in a non-
uniform lined duct using a multi-modal propagation method. J. Sound Vib., 289:1091-1111,
2006.

W. Bi, V. Pagneux, D. Lafarge, and Y. Aurégan. An improved multimodal method for
sound propagation in nonuniform lined ducts. J. Acoust. Soc. Am., 122(1):280-290, 2007.

L. Huang. Membrane covered duct lining for high-frequency noise attenuation: Prediction
using a chebyshev collocation method. J. Acoust. Soc. Am., 124(5):2918-2929, 2008.

R. Kirby. Modeling sound propagation in acoustic waveguides using a ybrid numerical
method. J. Acoust. Soc. Am., 124(4):1930-1940, 2008.

R. Kirby. A comparison between analytic and numerical methods for modelling automotive
dissipative silencers with mean flow. J. Sound Vib., 325(2):565-582, 2009.

R. Kirby and F. Denia. Analytic mode matching for a circular dissipative silencer containing
mean flow and a perforated pipe. J. Acoust. Soc. Am., 122(6):3471-3482, 2007.

R. Kirby and J. B. Lawrie. A point collocation approach to modeling large dissipative
silencers. J. Sound Vib., 286(1-2):313-339, 2005.

B. Nennig, E. Perrey-Debain, and M. Ben Tahar. A mode matching method for modeling
dissipative silencers lined with poroelastic materials and containing mean flow. J. Acoust.
Soc. Am., 128(6):3308-3320, 2010.

V. Pagneux, N. Amir, and J. Kergomard. A study of wave propagation in varying cross-
section waveguides by modal decomposition, part i: theory and validation. J. Acoust. Soc.
Am., 100:2034-2048, 1996.

S.N. Panigrahi and M.L. Munjal. Comparison of various methods for analyzing lined circular
ducts. J. Sound Vib., 285:905-923, 2005.

S. W. Rienstra. Contributions to the theory of sound propagation in ducts with bulk-
reacting lining. J. Acoust. Soc. Am., 77(5):1681-1685, 1985.



