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Introduction
The room acoustic design of the low frequency charac-
teristics of small rooms still poses a challenging task
to acoustic designers and consultants. In this field
numerical methods such as the finite-element-method
(FEM) are promising contenders for the realistic simula-
tion of low frequency sound fields. While contemporary
CAD and meshing tools facilitate the design of high
quality geometric models with regular and sufficiently
fine meshes, the Achilles’ heel of room acoustic FEM
simulations appears to be the realistic representation of
the room boundaries.

The present study investigates the influence of different
boundary representations on the simulated sound field in
small rooms. Therefore measurements and FE simula-
tions of the sound field in a scale model room with a well
defined geometry and variable boundary conditions have
been conducted. Two different approaches are followed
to model the porous absorbers on the room boundaries.
Firstly the absorber layers are modelled with their
exact 3D dimensions using an ‘equivalent homogeneous
fluid’ (EHF). Secondly the acoustic characteristics of
the absorber layers are modelled by an appropriate
impedance boundary condition, which is determined by
measurement or model calculation based on measured
flow resistivities.

FEM Fluid Model
The wave propagation in a fluid medium in an enclosed
cavity Ω can generally be described by the Helmholtz
equation with given admittance (Robin) or velocity
(Neumann) conditions on the corresponding boundaries
ΣA and Σv of the fluid domain. The governing equations
of the fluid FEM are derived by writing the Helmholtz
equation and the boundary conditions in an integral form
and multiplying by an arbitrary weighting function w̄:

∫

Ω

w̄
(
∆p + k2p

)
dΩ +

∫

Σv

w̄

(
− ∂p

∂n
− jωρF vn

)
+ . . .

. . .

∫

ΣA

w̄

(
− ∂p

∂n
− jωρF Anp

)
= 0, (1)

where p is the sound pressure, k the propagation constant
and ρF the fluid density. An gives the admittance for
normal incidence and vn the normal velocity at the
corresponding fluid boundaries. By discretization of
the spatial domain into finite elements, which is often
referred to as “meshing”, and limitation of the solution
space of the pressure function in each element to a
polynomial ansatz, the following system of FE equations

can be derived for the fluid domain:
(
KF + jωAF − ω2MF

)
p = jωBF vn, (2)

where the matrices KF and MF are called compressibility
and mass matrix respectively, and the matrices AF and
BF comprise the boundary terms with given admittance
and velocity conditions on the corresponding surfaces.
The pressure field in the fluid domain can then be
calculated by inversion of the given systems of equations.
A detailed introduction to the FEM in fluid acoustics is
given in [2].

It can be shown that for increasing fineness of the
discretization or alternatively an increasing order of the
polynomial ansatz, the FE solution converges to the
true (analytic) solution in a given fluid domain and
for given boundary conditions. However, in typical
situations where we want to simulate the sound field
in an already existing or planned room, we frequently
face the problem that we have to identify realistic
models for the boundaries of the fluid domain and
that appropriate input parameters of these models have
to be determined by measurement. The subsequent
section therefore introduces two different approaches for
the consideration of porous absorbers in room acoustic
FE simulations and discusses the influence that these
boundary representations exert on the sound field in the
fluid domain.

Absorbing Boundaries in FEM
Porous absorbers can generally be modelled by an appro-
priate boundary condition, where we specify the acoustic
admittance or impedance for normal incidence, or by a
full 3D-FE absorber model, which is coupled to the FE
fluid domain. In this section we introduce the applied 3D-
FE porous absorber model and we discuss the limitations
of the admittance boundary approach by introducing
the concept of locally reacting materials. Finally, we
compare different methods for the determination of
reliable acoustic impedances.

‘Equivalent Homogeneous Fluid’ Model

In its simplest form a porous absorber can be described as
a damped fluid medium, where the complex propagation
constant Γa and the characteristic impedance Za are
derived as a function of the absorber’s material param-
eters. Following Mechel [4, Bd.2 pp. 85ff], who gives a
detailed derivation of the underlying heuristic differential
equations, we denote this approach the “equivalent
homogeneous fluid” (EHF) model. Since the model
neglects the microscopic fine structure of the porous
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absorber and assumes a fixed structural frame, the only
degree of freedom is the mean pressure in the absorber
pores. Assuming further that the wave propagation is
caused by an interchange between spatially distributed
potential and kinetic energy storages in the absorber, a
Helmholtz type equation for the porous absorber can be
derived as follows:

∆p− Γ2
ap = 0 with Γa = jk0

√
χκeff (1− j

σvΞ

χωρ0
) (3)

v =
1

Za
· p with Za =

Z0

σv

√
χ

κeff
(1− j

σvΞ

χωρ0
), (4)

where Ξ is the static flow resistivity, σv the volume
porosity, χ the structure factor and κeff the adia-
batic exponent of air, which is corrected for effects
due to thermal relaxation in the absorber. For a
given absorber, the static flow resistivity and volume
porosity are generally determined by straightforward
measurement techniques. However, the structure factor,
which is given by the ratio of volume porosity and
surface porosity (typically between 1.0 and 1.3), and
the corrected adiabatic coefficient (frequency dependant
between 1.41 for low and 1.0 for high frequencies) are
often estimated. The corresponding FE formulation for
the porous absorber model can be derived following the
same steps as for the fluid model, where we use the same
system matrices KF , MF and BF :

jω

(jω χ
σv

+ Ξ
ρ0

)

(
KF + (jω

σvΞ

ρ0
− ω2χ)MF

)
p = jωBF vn

(5)

Although there exist much more complicated absorber
models like the Biot model [1], which also account for
the motion of the absorber frame and thus derive a
coupled formulation for the wave propagation of fluid and
structural waves in the absorber, the EHF model is often
considered adequate to realistically model the energy
dissipation in typically used porous absorbers (fibrous or
foam absorbers with high porosity). This has different
reasons. According to Mechel [4, Bd.2 pp. 75ff] (a) the
structural waves in typical porous absorbers are generally
highly damped due to friction between the fibres and
thus only have small amplitudes, (b) the thickness of
room acoustic absorbers is often small compared to the
structural wave lengths at low frequencies and (c) at high
porosities (> 90%) the structural frame has generally a
negligible effect on the interaction of a porous absorber
with an external fluid sound field. Moreover, the high
complexity of these models often results in an increased
number of difficult-to-measure model parameters, which
necessitates time-consuming and complex measurement
setups for the determination of these parameters.

Limitations of Impedance Approach
The acoustic impedance Z(f, Θi) at a boundary surface
is defined as the ratio of sound pressure p and surface
normal velocity vn which are obtained when a plane
wave is incident at an angle Θi to the surface normal.
Following again Mechel [4, Bd.1 pp. 39ff], we denote
an absorber configuration ‘locally reacting’ if (a) the
interaction between the incident sound and the absorber
is fully described by the absorber characteristics at the

specific location where we observe p and vn and (b) sound
propagation inside the absorber is only possible in the
normal direction to the boundary surface. In this case
the acoustic impedance is independent of the angle of
incidence. Since in room acoustic FE simulations, we
are in most cases a-priori unaware of the exact angle of
incidence of the sound waves we generally assign normal
incidence impedances as boundary condition. Thus for
an arbitrary angle of incidence this boundary condition is
only appropriate if the absorber configuration is in good
approximation ‘locally reacting’. For a given absorber
this assumption can be tested by considering the law of
refraction for lossy media

sin(Θa)
sin(Θi)

=
jk0

Γa
, (6)

where Θa is the complex (!) refracted angle inside the
porous absorber. The refracted angle is only equal to
zero (independent of Θincident) if |Γa| >> k0, which
is generally considered true for porous absorbers with
high flow resistivity, due to the high damping term in
the propagation constant Γa, see eq. 3. We can use the
definitions of Γa and Za of the EHF model to calculate
the acoustic impedance of a porous absorber for different
angles of incidence. Assuming a rigid backing, the
impedance of the single layer porous PU foam can be
given as:

Z(Θi) =
Za

cosΘa
coth(Γa cosΘad), (7)

where Θa is calculated from equation 6.
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Figure 1: Contour Plot of the absorption coefficient of a
PU foam for different angles of incidence calculated from
transmission line equations using the EHF model.

Figure 1 shows a contour plot of the absorption coefficient
calculated for a typical porous PU foam, with thickness
d = 3.5 cm, and measured parameters Ξ = 5.4 kPa
s/m2 and σv ≈ 0.97. In addition to the measured
absorber parameters we use reasonable estimated values
χ = 1 and κeff = 1.4. The calculated absorption
increases significantly with increasing angle of incidence.
However, it is important to distinguish two effects which
contribute to the angular dependency of α. Firstly, the
absorption coefficient is always affected by a change in
the characteristic impedance of air Z ′0 = Z0/cos(Θi).
Consequently, an angular dependence of the absorption
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coefficient does by itself not necessarily indicate an
angular dependence of Z and thus a ‘non-locally reacting’
material. However in this case, we have found that the
angular dependence of α is mostly caused by the angular
dependence of Z, which indicates that due to the rather
low flow resistivity the considered porous foam is not
perfectly locally reacting. In a later section we will
discuss how the simplifying assumption of local reaction
which is inherent in the impedance boundary approach
affects the simulation results and if improved results can
be obtained from the 3D absorber model, which captures
the angular dependency of the acoustic impedance of the
absorber.

Measured vs Calculated Impedances

Following the standard DIN EN ISO 10534 the normal
acoustic impedance of an absorber configuration can be
determined indirectly in the Kundt’s tube by measuring
sound pressure at different distances from the sample
to separate the incident and reflected fraction of the
sound wave and then calculating the impedance at the
boundary surface. Alternatively, the impedance can
be obtained from direct measurement of sound pressure
and normal velocity in close distance to the sample
using the Microflown impedance setup, which combines
a pressure microphone with a microflown velocity probe.
Figure 2 shows the absorption coefficients which are
measured for the already mentioned porous foam both
in the Kundt’s tube and with the Microflown setup
in an anechoic chamber. Although we use complex
impedances as boundary conditions in our FE models we
plot absorption coefficients to facilitate interpretation of
the results. Both measurement techniques yield similar
results for frequencies higher than 500 Hz. However,
for lower frequencies the results of the Microflown setup
appear erroneous which might be due to the overall low
absorption of the foam at these frequencies or to edge
diffraction at boundaries of the absorber sample, which
was approximately 1 m2 in size. In addition to the mea-
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Figure 2: Absorption of PU foam for normal incidence
calculated from measured and modelled impedances

sured impedances we have also calculated impedances
from simple 1D transmission line equations, where we
either use the EHF model or empirical relations derived
by Komatsu [3] to determine the complex propagation
constant Γa and the characteristic impedance Za of the
transmission line. In contrast to the EHF model, the
Komatsu model is an empirically based one parameter
model, which specifies Γa and Za as a function of the

flow resistivity Ξ:

Γa =
2πf

c0

[
0.0069(2− lg

f

Ξ
)
4.1

+ j(1 + 0, 0004(2− lg
f

Ξ
)
6.2

)

]

Za = ρ0c0

[
1 + 0.00027(2− lg

f

Ξ
)
6.2 − j0.0047(2− lg

f

Ξ
)
4.1

]
(8)

The corresponding absorption coefficients are also plot-
ted in Figure 2. The Komatsu model gives a good match
with the measured absorption coefficients, whereas the
EHF model yields on average about 0.1 less absorption.

Measurement and Simulation in a
Damped Scale Model Room
In order to compare the influence of different boundary
specifications on the sound field in a room, measurements
and FE simulations have been conducted in a scale model
room with a well defined geometry and variable boundary
conditions. The rectangular room is made of 38mm
thick MDF plates and measures 1.25 x 1.00 x 0.75 m3.
Three walls of the room are planked with MDF wedges
that are chamfered at different angles from 5◦ to 9◦ in
order to avoid flutter echoes in the room. Measurements
and simulations have been conducted for three different
source receiver configurations. Simulation results are
reported for the frequency range from 400Hz to 1kHz
in 1Hz steps. Figure 3 shows the scale model room
with the small dodecahedron source, the measurement
microphone and with the pu foam applied to three walls
in the room. In the FE simulations we approximate the

Figure 3: Scale model room with absorption applied to three
walls

dodecahedron source by a point source and assign a real
impedance to the MDF walls, which we estimate from
reverberation time measurements in the empty room.
In order to get conforming levels for simulation and
measurement we normalize the measured and simulated
pressure results to the sound pressure in 1 m distance in
the free-field, where we use the formula for an ideal point
source to normalize the simulations and we use anechoic
measurements of the small dodecahedron to normalize
the measurements. Throughout the simulations we
keep all parameters constant except for the boundary
specification of the porous absorber. We first discuss
the results of the impedance boundary approach where
we compare the simulated sound field, which is obtained
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Figure 4: Measured and simulated room transfer functions
(RTF) using different boundary models for porous absorber

from either measured (Kundt’s tube) or calculated (Ko-
matsu) impedances, to the sound field that is measured
in the real room (see Figure 4). Both simulations yield
almost perfectly matching results, as is expected from
the absorption curves shown in the previous section.
However, it can be seen from the higher quality factor
of the room modes, that the overall damping in the
room is obviously underestimated in the simulations with
the impedance approach. Taking into account that the
absorption for normal incidence calculated from the EHF
model is even lower (see Figure 2), we expect even
higher quality factors and thus worse results, when using
the corresponding impedance as boundary condition for
the porous foam. However, we can use the results
that are obtained from using impedances calculated with
the EHF model, to directly compare the impedance
boundary approach to the 3D absorber model, which uses
exactly the same absorber parameters. Thus the only
difference between these models is that the 3D absorber
model accounts for the angle dependency of the acoustic
impedance whereas the impedance boundary approach
by construction does not. Figure 5 compares the results
obtained from the impedance boundary approach and the
full 3D model both using the EHF model with exactly
the same absorber parameters. An excellent agreement
is found between the measured data and the FE results
using the 3D absorber model. The results using the
3D model show a considerably higher damping than
those obtained from the normal impedance boundary
condition. This is due to the fact that the refracted angle
slowly increases with increasing angle of incidence and
thus the effective width of the porous absorber is enlarged
for angular incidence, which consequently enlarges the
absorption.

Conclusions
The presented study investigates the influence of different
boundary representations of a porous absorber on the
simulated sound field in small rooms. It is confirmed
that using acoustic impedances for normal incidence as
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Figure 5: Measured and simulated room transfer functions
(RTF) using different boundary models for porous absorber

boundary conditions in room acoustic FE simulations, is
only valid if the considered absorber is in good approx-
imation ‘locally reacting’, which means that its acoustic
impedance is independent of the angle of incidence. We
further show that the law of refraction for lossy media can
be used to test the assumption of local reaction, where we
estimate the propagation constant of the porous absorber
using the EHF model. As an example, we compare
measurements and simulations in an empty scale model
room, where we cover three walls with a light porous
pu foam, which we expect to be not perfectly ‘locally
reacting’. The results show that in this case using a 3D
FE absorber model instead of an impedance boundary
condition considerably improves the accuracy of the
simulation, since the 3D absorber model captures the
increased damping that is obtained for angular incidence.
Taking into account the higher computational cost of a
3D absorber model, prospective work shall investigate if
the performance of the boundary impedance approach
can be improved by defining ‘diffuse field impedances’,
which better capture the average absorption for angular
incidence. This is obviously at the cost of a precise phase
information at the impedance boundary.
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