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a b s t r a c t

A combined theoretical and experimental study is carried out to investigate the anisotropic acoustic
properties of sintered fibrous metals. In the theoretical model, based on the transversal and longitudinal
dynamic mass densities and effective bulk modulus of randomly placed parallel fibers, the dynamic mass
densities and effective dynamic bulk modulus of a sintered fibrous metal in the direction normal and par-
allel to its surface are obtained. Sound absorption coefficient, sound speed and attenuation coefficient in
each of the two directions are calculated once the dynamic mass densities and effective dynamic bulk
modulus are determined. For validation, experimental measurements are performed, with good agree-
ment between theoretical prediction and measurement data achieved. Subsequent numerical investiga-
tions focus on the influence of fiber diameter and porosity on the anisotropic acoustical properties of the
sintered fibrous metal. The sintered fibrous metal exhibits better sound absorption/attenuation perfor-
mance in the parallel direction than in the normal direction. The anisotropy in acoustical properties
increases with decreasing fiber diameter and porosity due mainly to increasing interactions between
adjacent fibers.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fibrous materials are widely applied in the noise control area,
either isolated or composited with other structures, for their good
sound insulation and absorption ability [1–5]. In particular, fibrous
materials made of metal fibers (e.g., stainless steel) through sinter-
ing process have promising potential for high-temperature noise
control. The present paper aims to investigate theoretically the
sound absorption performance of this kind of fibrous materials,
with particular focus placed upon its anisotropic acoustic
properties.

A multitude of theoretical models have been proposed to esti-
mate the acoustical properties of fibrous materials. Due to the
complex morphology of fibrous materials, one common approach
is developing theoretical models based on empirical modeling.
For typical instance, Delany and Bazley [6] presented a simple
power-law function between the measured characteristic imped-
ance and sound absorption coefficient as well as flow resistivity.
Subsequently, Miki [7] and Komatsu [8] modified the Delany–Baz-
ley model for more accurate predictions. Allard and Champoux [9]

proposed a new empirical model by taking into account the phys-
ical properties of fibrous materials, and found that this model was
valid at low frequencies in contrast with the Delany–Bazley model.
Other empirical models were also proposed, such as those by Garai
and Pompoli [10] and Narang [2] for polyester fibrous materials. In
addition to empirical modeling, attempts have also been made to
develop theoretical models based on idealized geometry of fibrous
materials. For example, Tarnow [11,12] calculated the compress-
ibility and dynamic resistivity by treating the fibrous material as
array of periodically arranged parallel fibers, while Dupere et al.
[13,14] modeled sound propagation both normal and parallel to
array of parallel fibers and rigid spheres. Sun et al. [15] established
that the model of Dupere et al. was suitable for sintered fibrous
metal materials for high temperature applications. A theoretical
model was proposed by Attenborough [16] for rigid fibrous soils
and sands, which however needs five physical parameters. Kirby
and Cumming [17] presented an improved model based on parallel
fiber microstructure, targeting in particular sound absorbing prop-
erties at low frequencies.

Although numerous studies have been carried out to explore
the acoustical properties of rigid fibrous materials, none concerned
the acoustic anisotropy of fibrous materials. In the present study, a
combined theoretical and experimental approach is employed to
reveal the anisotropic acoustical properties of sintered fibrous met-
als. First, the dynamic mass density (i.e. the ratio of the pressure
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gradient to the averaged fluid acceleration) and effective bulk
modulus (i.e. the ratio of the pressure increase to the decrease of
relative volume) for sound propagating normal and parallel to ran-
domly placed parallel fibers are calculated theoretically to estimate
the dynamic mass density and effective bulk modulus of a sintered
fibrous metal along both parallel and normal directions. Next, the
validity of the model predictions is checked against experimental
measurements, with good agreement achieved. The model is sub-
sequently used to analyze the acoustic anisotropy of the material
in terms of sound absorption coefficient, sound speed and attenu-
ation coefficient. The influence of fiber diameter and porosity on
the acoustic anisotropy is quantified.

2. Theoretical model

Consider a sintered fibrous metal as shown in Fig. 1. As the
metal fibers having equal diameter (�50 lm) randomly lie in par-
allel planes, the fibrous metal may be regarded as a transversely
isotropic material. In the present study, for convenience, the plane
parallel to all the fibers is referred to as the ‘‘fiber plane’’. With ref-
erence to Fig. 1(a) and (b), the acoustical properties of the sintered
fibrous metal in the direction normal to the fiber plane are
expected to be different from those in the direction parallel to it.
Since the stiffness and density of the metal fibers are much larger
than that of the fluid (air in the current study) saturated in the
fibrous metal, the fibers are regarded as rigid bodies.

The dynamic mass densities of the sintered fibrous metal in dif-
ferent directions are calculated based on the array of randomly
placed parallel fibers as shown in Fig. 2(a). The dash lines marked
around the fibers are called Voronoi polygons, which represent the
interaction of adjacent fibers in the parallel fiber array. For simplic-
ity, each Voronoi polygon is approximated by a circle having the
same area; see Fig. 2(b). The porosity of the parallel fiber array is
identical to that of the considered sintered fibrous metal.

Consider first sound propagating parallel to the parallel fiber
array, namely, parallel to the z-direction of Fig. 2. Since the void
space among these fibers is small, the viscosity of the saturated
fluid is significant and should be taken into account in acoustic
modeling. The fluid motion is governed by the viscous Navier–
Stokes equation, as:
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where uz is the fluid velocity in the z-direction, x is the angular fre-
quency, g denotes the dynamic viscosity, p is the fluid pressure and
q0 is the fluid density. By approximating the Voronoi polygons by
circles having the same area [12], the general solution for Eq. (1)
can be written in the form [18]:
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where Kem(x) = kerm(x) + ikeim(x), Bem(x) = berm(x) + ibeim(x), kerm,
keim, berm, beim are the Kelvin functions, (r, h) are the polar coordi-
nates (Fig. 2), and A0 and B0 are unknown coefficients to be deter-
mined by applying relevant boundary conditions.

Due to the viscosity of the fluid, the velocity at the interface
between the fluid and the fiber is zero:

uzðr; hÞjr¼a ¼ 0 ð3Þ

where a is the fiber radius. Besides, no shear stresses exist on the
outer boundaries of the fibers, therefore, for a circle with radius rout,
the boundary condition is [13]:
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Upon substitution of Eqs. (2) into (3) and (4), the coefficients A0

and B0 are obtained as:
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The velocity uz is determined by substituting Eqs. (5) and (6)
into (2), from which the mean velocity �uz is calculated as:
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1
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Fig. 1. Photographs of sintered fibrous metal: (a) surface parallel to fiber plane; (b) surface normal to fiber plane.

Fig. 2. (a) Schematic illustration of parallel fiber array with Voronoi outer
boundaries; (b) cross section of one cell with approximated circular outer
boundary.
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