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Abstract
A transfer admittance relation is commonly used in frequency domain linear acoustics to represent elements,
characterized by a geometrical length scale which is much smaller than the acoustic wavelength, in an ef-
ficient way. However, the equivalent time domain formulation involves costly convolution integrals. This
paper presents an efficient time domain formulation: using a rational approximation of the transfer admit-
tance coefficients, formulated in frequency domain, a recursive formulation is obtained with significantly
reduced memory and CPU requirements. This formulation has been implemented in a time domain solver for
the linearized Euler equations, using a discontinuous Galerkin spatial discretization and a Runge-Kutta time
integration scheme. The methodology is successfully validated on two benchmark cases: a lined duct with a
grazing flow and a simplified automotive muffler with a perforated duct.

1 Introduction

In many applications, elements are present with a length scale that is much smaller than the acoustic wave-
length. Typical examples are perforated plates, filters, heat exchangers, etc. where acoustic damping is
generated by the forcing of the acoustic waves through small openings. Simulating such elements with all
their details results in a prohibitive computational cost. In linear frequency domain acoustics, this type of
elements is therefore commonly represented in an averaged way by specifying an admittance boundary con-
dition or a transfer admittance relation. These formulations relate the surface-averaged acoustic pressure
and acoustic normal velocity by a linear relation in frequency domain. Using such a formulation relaxes
the grid requirements near the element and results in a computationally efficient formulation. Time domain
formulations, on the other hand, offer a clear advantage for broadband cases and allow for a more natural
description of aeroacoustic noise sources. In this context, the need for a time domain admittance and transfer
admittance formulations emerges.

The development of efficient time domain admittance or impedance formulations has been a key topic in
aeroacoustics research for many years, mainly driven by the importance of liners for the sound propagation
through aircraft engine nacelles. It is therefore no surprise that many different approaches are available in
literature, among others in references [1–7]. Transfer admittance relations on the other hand are commonly
used in frequency domain models for representing perforated pipes in automotive exhaust mufflers or heat
exchangers and filters in ventilation systems. Although many impedance models can be extended to a transfer
admittance relation, the use of such formulation in time domain has not been studied so far. This paper there-
fore presents a time domain transfer admittance formulation, based on the recursive time domain impedance
formulation of reference [5]. This formulation relies on a rational approximation of the transfer admittance
coefficients in frequency domain, which is ideally suited for representing typical transfer admittance ap-
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plications such as perforated panels. The recursive method is first extended to cope with multi-stage time
marching schemes, as commonly used for acoustic propagation solvers and the obtained transfer relation is
implemented in a time domain solver for the linearized Euler equations [8, 9], relying on a discontinuous
Galerkin spatial discretization [10] and an explicit Runge-Kutta time-integration scheme [11]. This solver is
used to illustrate the potential of the transfer admittance formulation for modeling the aeroacoustic behavior
of complex elements, such as perforated panels, in the presence of grazing or bias flow .

This paper is structured as follows. The following section first introduces the recursive transfer admittance
formulation and its implementation in the acoustic propagation solver. In section 3, the transfer admittance
is used to represent a perforated panel in two validation cases: a lined duct with a uniform grazing flow and a
through flow muffler, representative for automotive applications. Finally, section 4 concludes this paper with
a summary of the main results and conclusions.

2 Acoustic transfer admittance in time domain

At any angular frequency ω, a transfer admittance relation prescribes a matrix relation in frequency domain
between the normal component of the acoustic velocity vn(ω) at two points x1 and x2 on each side of a
surface and the acoustic pressure p(ω) at these positions:

{
vn(x1, ω)
vn(x2, ω)

}
=

[
A11(ω) A12(ω)
A21(ω) A22(ω)

]{
p(x1, ω)
p(x2, ω)

}
(1)

Applying the inverse Fourier transform to this matrix relation leads to a set of convolution integrals in time
domain:

vn(x1, t) =

∞∫

−∞

a11(τ) p(x1, t− τ) dτ +

∞∫

−∞

a12(τ) p(x2, t− τ) dτ

vn(x2, t) =

∞∫

−∞

a21(τ) p(x1, t− τ) dτ +

∞∫

−∞

a22(τ) p(x2, t− τ) dτ

(2)

These convolutions are typically costly operations, that additionally require the storage of the full time history
of the acoustic pressure p(t). The time domain equivalent of the transfer admittance coefficients aµν(t) in
equations (2) is defined as:

aµν(t) =

∞∫

−∞

Aµν(ω) ejωt dω. (3)

Hence, to obtain this time domain coefficient, the transfer admittance coefficient needs to be known for the
complete frequency axis. Since, transfer admittance coefficients are typically measured for a discrete set of
frequencies within the frequency range of interest, an interpolating model is required. This model has to be
causal and real to yield a physical time domain equivalent.

2.1 Broadband model for the transfer admittance coefficients

Any causal and real transfer admittance model can be used to generate a time domain formulation. However,
the convolution integral typically results in a memory-intensive formulation. By wisely choosing the model
for the coefficients, it is possible to overcome this issue. By analogy to the time domain impedance model
proposed by Reymen et al. [5], each of the coefficients Aµν(ω) of the transfer admittance matrix A(ω) is
written as a partial fraction expansion:

Aµν(ω) =

S+2T∑

k=1

Bk
jω + λk

(4)
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As will be shown in section 3, this form is ideally suited for representing perforated panels, one of the most
important applications of transfer admittance relations.

The time domain equivalent of the model (4) is real when the poles λk are real or occur as a pair of complex
conjugates. For convenience, the summation in equation (4) can be split in a sum over S first-order systems
with real poles λk and T second-order systems with complex conjugate poles αl ± jβl:

Aµν(ω) =
S∑

k=1

Bk
jω + λk

+
T∑

l=1

jωCl +Dl

(jω + αl)
2 + β2

l

(5)

The time domain equivalent of this rational model can be written as:

aµν(t) =
S∑

k=1

Bk e−λktH(t) +
T∑

l=1

(K1l cos (βlt) +K2l sin (βlt)) e−αltH(t) (6)

where H(t) is the Heaviside function, K1l = Cl and K2l = (Dl − αlCl) /βl. This time domain model is
causal when the real part of the poles λk in equation (4) is positive. The residuals Bk, Cl and Dl can be
freely chosen to obtain an accurate interpolating model. When modeling a passive system, the choice of the
coefficients has to be such to ensure the passivity of the transfer admittance relation. This can be verified
using the scattering matrix equivalent of the transfer relation and the procedure of reference [12].

For a conventional impedance boundary condition, finding a rational approximation of the liner impedance
is often a challenging task. Several approaches to obtain a real and causal model of the form (5) have
therefore been presented in literature [6, 13–15]. Any of these methods can also be applied to transfer
admittance coefficients if a rational model is not readily available. In this work, the following approaches
are considered [8]:

Single frequency model: if only the value at a single frequency is of interest, a rational model can be
obtained using the three parameter model of references [6, 13]. The resulting model consists of only
one second-order system and represents the exact value of the transfer admittance coefficient at the
design frequency.

Multiple discrete frequencies: when a set of N discrete frequencies is of interest, an interpolating model
can be obtained with the “ad-hoc broadband model” described in reference [14]. The resulting model
consists ofN second-order systems and represents the exact value of the transfer admittance coefficient
at the design frequencies. In between these frequencies, the rational approximation oscillates and can
deviate substantially from the exact values.

Broadband model: an approximate broadband model can be computed using the “vector fitting” algorithm
[15]. This model iteratively fits a predefined number of first-order systems through the complex data
set. Since the algorithm only returns real or complex conjugated pairs of poles, the outcome is always
a real and causal model. The resulting model is an approximation over a broad frequency range, but
does not ensure an exact representation of the transfer admittance coefficient at any frequency.

A complete transfer admittance description requires a rational model for the four admittance matrix coeffi-
cients Aµν(ω). It is not required that the model for each of the coefficients is identical, although there are
often physical reasons, such as reciprocity or symmetry, to use the same model for more than one coeffi-
cient [16]. If the same model is used for all coefficients, it is straightforward to show that a passive model
ensures the passivity of the transfer admittance relation.
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2.2 Time domain formulation

Equation (2) indicates that a time domain transfer admittance formulation requires the computation of con-
volution integrals of the type:

aµν(t) ∗ p(xν , t) =

∞∫

−∞

aµν(τ) p(xν , t− τ) dτ (7)

for each of the matrix coefficients aµν(t). In what follows, the subscripts µ and ν are omitted for clarity.
For a causal system the acoustic velocity at time t can’t depend on the acoustic pressure at later instances of
time. The lower limit of the convolution integral is therefore set to zero without loss of generality.

It is assumed that the time-axis is discretized using a multi-stage explicit time-integration scheme, with a
constant timestep ∆t, subdivided in a number of stages which length is not necessarily equal (figure 1).
Hence, the convolution integral will be evaluated at discrete times tn,s = n∆t + δts, with δts the length of
the current stage s. With this assumption, the convolution integral equation (7) can be split in an integral
over the current timestep, up to the current stage, and a sum of integrals over the previous timesteps:

tn,s∫

0

a(τ) p(tn,s − τ) dτ =

δts∫

0

a(τ) p(n∆t+ δts − τ) dτ +

n−1∑

m=0

(m+1)∆t∫

m∆t

a(τ + δts) p(n∆t− τ) dτ (8)

δts

tn,s

δts

0 ∆t n∆t

∆t

Figure 1: Discretized time axis

To compute these integrals, an assumption is needed regarding the behavior of the pressure in between two
timesteps. By analogy to the time domain impedance model by Reymen et al. [5], a piecewise linear behavior
is assumed within each timestep:

p(t) = pm +
pm+1 − pm

∆t
(t−m∆t) t ∈ [m∆t, (m+ 1)∆t] (9)

Here, the subscripts refer to the value of the pressure at a certain timestep: pm = p (m∆t). Introducing
this assumption and the model for the transfer admittance coefficients (equation (6)) in the second part of
equation (8) yields, after some algebra, the result obtained by Reymen et al. [5]:

n−1∑

m=0

(m+1)∆t∫

m∆t

a(τ + δts) p(n∆t− τ) dτ =

S∑

k=0

Bk e−λkδt
s
ψnk

+

T∑

l=0

(
K1l <

{
e(−αl+jβl)δts ψ̂nl

}
+K2l =

{
e(−αl+jβl)δts ψ̂nl

})
(10)

In this equation, the variables ψnk and ψ̂nl are accumulator functions that can be computed recursively, using
only the pressure at the current timestep pn and the previous timestep pn−1 [5]:

ψnk = pnχ0
k +

(
pn−1 − pn

)
ξ0
k + e−λk∆t ψn−1

k

ψ̂nl = pnχ̂0
l +

(
pn−1 − pn

)
ξ̂0
l + e(−αl+jβl)∆t ψ̂n−1

l

(11)
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Also the variables χmk , ξmk can be computed recursively [5]:

χm+1
k = e−λk∆t χmk χ0

k = (λk)
−1
(

1− e−λk∆t
)

ξm+1
k = e−λk∆t ξmk ξ0

k = (λk)
−2 (1 + λk∆t) e−λk∆t

Identical equations hold for χ̂ml and ξ̂ml , where the real poles λk are replaced by the complex poles αl + jβl.

For the computation of the first part of the integral in equation (8), assumption (9) would result in an implicit
formulation. To keep the time integration scheme explicit, the slope of the linear behavior of the pressure
within the current timestep is estimated using the pressure at the current substage:

p(t) = pn +
pn,s − pn
δts

(t− n∆t) t ∈ [n∆t, n∆t+ δts] (12)

where pn,s = p (n∆t+ δts). Introducing this assumption, together with the model equation (6) for the
transfer admittance coefficients into the first integral of equation (8) yields:

δts∫

0

a(τ) p(n∆t+ δts − τ) dτ =

S∑

k=1

Bk (pn,sIsk + (pn − pn,s) Jsk)

+

T∑

l=1

(
K1l <

{
pn,sÎsl + (pn − pn,s) Ĵsl

}
+K2l =

{
pn,sÎsl + (pn − pn,s) Ĵsl

})
(13)

The constants Isk , Îsl , Jk and Ĵsl in this equation are recurring at stage s in every timestep. It is hence
sufficient to compute these constants once, at the beginning of the simulation, for all stage lengths and to use
their pre-computed values during the time marching:

Isk =
1− e−λkδt

s

λk
Jsk =

1− e−λkδt
s

(λkδt
s + 1)

λ2
kδt

s

Îsl =
1− e(−αl+jβl)δts

αl − jβl
Ĵsl =

1− e(−αl+jβl)δts ((αl − jβl) δts + 1)

(−αl + jβl)
2 δts

(14)

Recombining equations (10) and (13) shows that the convolution integral (equation (8)) can be computed as
the sum of a recursively computed integral, accounting for the previous timesteps, and a term depending on
the current timestep only:

a(n∆t+ δts) ∗ p(n∆t+ δts) =

S∑

k=1

Bk

(
e−λkδt

s
ψnk + pn,sIsk + (pn − pn,s) Jsk

)

+

T∑

l=1

K1l <
{

e(−αl+jβl)δtsψ̂nl + pn,sÎsl + (pn − pn,s) Ĵsl
}

+
T∑

l=1

K2l =
{

e(−αl+jβl)δtsψ̂nl + pn,sÎsl + (pn − pn,s) Ĵsl
}

(15)

When evaluating this equation at the beginning of a timestep (δts = 0), all constants I and J are zero and
only the terms depending on the accumulator functions ψ remain. These accumulators are updated using
equation (11). When evaluating the transfer admittance relation at any other stage (δts 6= 0), the value of the
accumulator functions remains unchanged. In this case, the constants I and J are nonzero and the summation
is complemented with the terms depending on the current stage. As a result, an efficient scheme is obtained
where only a small set of summations and multiplications is carried out at every stage of the time-marching
scheme and where only the pressure at the current stage and at the beginning of the timestep needs to be
stored.
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2.3 Implementation

The time domain transfer admittance formulation is implemented in a high-order discontinuous Galerkin
method with low-storage Runge-Kutta time integration scheme [11] for the linearized Euler equations (LEE)
[9]. The transfer admittance relation is included in this solver via the inter-element fluxes at the transfer
admittance surface and is supported for linear and curved [10] surfaces. The LEE can take into account the
effect of a steady non-uniform mean flow, as encountered in many engineering applications.

3 Validation of the time domain transfer admittance formulation

The time domain transfer admittance formulation is validated using two benchmark cases: a duct with a
locally reacting liner (figure 2) and a through flow muffler (figure 7). In both cases, the transfer admittance
formulation is used to represent a thin perforated plate. This section therefore first elaborates on the modeling
of a perforated plate using a transfer admittance relation, before presenting the results of the benchmark
problems.

3.1 Modeling of perforated plates

A perforated panel is typically characterized by its acoustic impedance Z(ω), defined in frequency domain
as the ratio between the acoustic pressure drop over the panel ∆p(ω) = p(x1, ω)−p(x2, ω) and the acoustic
velocity through the surface uw:

Z(ω) =
∆p(ω)

uw(ω)
(16)

In a quiescent medium, continuity of acoustic velocity over the plate thickness is typically assumed, i.e.
vn(x1, ω) = vn(x2, ω) = uw(ω). This allows writing the transfer admittance relation (equation (1)) as a
function of the panel impedance:

[
A11(ω) A12(ω)
A21(ω) A22(ω)

]
=

1

Z(ω)

[
1 −1
1 −1

]
(17)

Hence, only a single rational approximation of the panel impedance Z (ω) is needed to represent the four
transfer admittance matrix coefficients. Additionally, such rational approximation is often straightforward to
derive for a perforated panel. This will be illustrated in the validation cases of the following sections, where
impedance models from literature [17, 18] are used to describe the exact panel impedance.

In the presence of a grazing flow over the panel, this assumption of continuity of acoustic velocity does not
account for the influence of the boundary layer and is therefore questionable. In this case, continuity of
particle displacement [19] or an intermediate assumption [20] is more appropriate. A detailed discussion
on the validity of the different assumptions lies outside the scope of the current paper and, for simplicity,
continuity of particle velocity is assumed in the following examples.

3.2 Modeling of a locally-reacting liner in a two-dimensional duct

3.2.1 Problem description

A first validation case considers a two-dimensional duct with a height of 50 mm, lined on the lower wall
with a honeycomb liner over a distance of 2 m, as shown in figure 2. The honeycomb structure on the lower
wall consists of 300 cells of 6.67 mm by 25 mm, connected to the duct by a perforated plate. A uniform
axial flow with a Mach number of M0 = 0.3 is present in the duct and the air in the honeycomb cavities
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is assumed at rest. This type of wall treatments is typically modeled more efficiently using an impedance
boundary condition, but for validation purposes, a different approach is followed in this paper: the facing
sheet is represented by the transfer admittance boundary condition and the liner cells are meshed explicitly.
For a plane wave propagating through such a lined duct, an analytical solution for the decay of the acoustic
pressure exists which assumes that edge effects are negligible and that the sound pressure field is dominated
by the least attenuated mode [21].

transfer admittance
surface

measurement
points

reference point

M0
25

50

6.67

2000
50

Figure 2: Schematic overview of the numerical configuration for the lined duct (all dimensions in mm).

It is assumed that the exact impedance of the panel Z(ω) is described by the semi-analytical model of
Elnady et al. (equations (6) and (7) in reference [17]). The parameters of the impedance model are chosen to
represent a typical liner. The facing sheet is a panel with a thickness of t = 1 mm, with circular perforations
with a diameter of dh = 1.5 mm and a porosity of σ = 4%. The discharge coefficient is set to CD = 0.6
and the dynamic and adiabatic dynamic viscosity of air are, respectively, µ = 1.77625 · 10−5 Pa s and
µ′ = 2.179µ. The resulting panel impedance is shown in figure 3.

0 1000 2000 3000

0

2

4

frequency [Hz]

im
pe

da
nc

e
[-

]

Figure 3: Exact non-dimensional resistance ( ), i.e. the real part of the impedance, and reactance ( ),
i.e. the imaginary part of the impedance, of the perforate sheet according to the model of reference [17].

3.2.2 Numerical setup

An unstructured triangular grid, consisting of 21255 elements, is generated with gmsh [22]. For the spatial
discontinuous Galerkin discretization, a seventh order polynomial basis is used within each element and
the inter-element communication is realized by Lax-Friedrich fluxes. An optimized 8 stage fourth-order
Runge-Kutta time integration scheme [11] is used for the time marching. The inlet and outlet of the duct are
represented by characteristic non-reflecting boundary conditions and slip conditions are imposed at all rigid
walls. The perforated plate is represented by the transfer admittance relation, given by equation (17).

Three different types of excitation are considered: a single frequency harmonic excitation at 1360 Hz, a
multiple frequency harmonic excitation from 340 Hz to 2720 Hz with a step of 340 Hz and a pulse excitation.
All excitations are applied as plane waves in the rigid inlet section of the duct, at an upstream distance of
200 mm from the liner leading edge. For each excitation, the most suited approach is followed to obtain a
rational approximation of the transfer admittance coefficients. For the single frequency harmonic excitation,
the three-parameter model of references [6, 13] is used to generate a rational model representing the exact
panel admittance at the excitation frequency. For the multiple sine excitation, an ad-hoc broadband model
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with 8 second-order systems is designed to obtain an exact impedance value at the excitation frequencies,
using the procedure of reference [14]. Finally, for the pulse excitation, a broadband rational approximation
is generated using the vector fitting algorithm [15]. This rational approximation consists of 8 first-order
systems. Figure 4 visualizes the error of the different rational impedance models, with respect to the exact
impedance of figure 3. Because of the similarity between the exact impedance model and a first-order system,
the broadband rational model is an excellent approximation of the exact panel impedance, with nearly zero
error within the frequency range of interest. On the other hand, the ad-hoc broadband model and single
frequency model are only exact at their respective design frequencies.

0 1000 2000 3000

−0.2

0

0.2

frequency

er
ro

r[
-]

(a)

0 1000 2000 3000

−0.2

0

0.2

frequency

er
ro

r[
-]

(b)

Figure 4: Absolute error on the (a) non-dimensional resistance and (b) non-dimensional reactance of the
perforated plate, using the approximate broadband model obtained with the vector fitting algorithm ( ),
the ad-hoc broadband model ( ) and the single-frequency model ( ).

For all simulations, the acoustic pressure is stored at 41 points, with an equal spacing of 50 mm, along the
center-line of the duct. For the harmonic excitations, the simulation is run for 30 ms and only the last 15 ms
are used for further processing. For the pulse excitation, all energy has left the system and the simulation
is considered converged after a simulated time of 30 ms. In all cases, the results are transformed to the
frequency domain using an FFT algorithm and normalized with the pressure at a reference point pref , located
in the center of the lined section.

3.2.3 Discussion of the results

Figure 5 shows the evolution of the normalized pressure at 1360 Hz as a function of the axial distance from
the reference point, in comparison to the analytical solution, for the simulation with a pulse excitation and
the broadband impedance approximation. Excellent agreement is obtained for both the amplitude and the
phase of the pressure along the duct, besides some small oscillations at the extremities. These originate from
the scattering at the hard wall – soft wall transition, which is not included in the analytical solution. Similar
results are obtained for the simulations with the other excitation signals and impedance approximations.

Figure 6 presents the amplitude and phase error on the normalized pressure along the axis of the duct,
computed using the different excitation signals and rational impedance models. By definition, the error
equals zero at the center of the duct due to the normalization of the computed pressure and the analytical
solution. Besides the expected errors caused by the reflections at the liner leading and trailing edge, the
results of all simulations are in excellent agreement with the analytical solution. As expected, the largest
errors are obtained for the simulation with a pulse excitation. The broadband impedance model used for this
case is a good approximation of the panel impedance, but it is not exact. The other simulations use a model
that is exact at the excitation frequency and therefore yield lower errors. As expected for a linear system, no
difference can be observed between the result of the single frequency harmonic excitation and the multiple
frequency harmonic excitation.
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Figure 5: Analytical reference solution ( ) and numerical results ( ) for the normalized pressure along the
duct axis at 1360Hz: (a) amplitude and (b) phase obtained using a broadband model with a pulse excitation.
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Figure 6: Absolute error on the (a) amplitude and (b) phase of the pressure along the axis of the duct for
the simulation with the broadband impedance model and a pulse excitation ( ), the simulation with the ad-
hoc broadband impedance model and a multiple frequency excitation ( ) and the simulation with the single
frequency model and a harmonic excitation ( ).

3.3 Transmission loss of a through-flow muffler

3.3.1 Problem description

The second validation case considers the trough-flow muffler of figure 7 in a medium at rest. It consists of a
central perforated pipe with a diameter of 42 mm, surrounded by an expansion chamber with a diameter of
158 mm and a length of 225 mm. The exact impedance of the perforated tube is modeled using the model of
Sullivan and Crocker [18]:

Z(ω)

ρ0c0
=

6 · 10−3 + jk0 (t+ 0.75dh)

σ
(18)

where k0 = ω/c0 is the acoustic wavenumber, c0 = 340 m/s is the speed of sound and ρ0 = 1.225 kg/m3 is
the density of the medium. The perforated pipe has a thickness of t = 1 mm and a porosity of σ = 19.7%.
The perforations have a diameter of dh = 3.5 mm.

The transmission loss of the trough-flow muffler is computed from the simulated pressure spectra p′(ω) at
two points in the inlet and the outlet duct, located at z1 = 100 mm and z2 = 130 mm from the inlet or
outlet of the perforated pipe. Below the cut-off frequency (approximately 4750 Hz), only plane waves are
propagating in the inlet and outlet duct and the complex amplitude of the right-running (p+) and left-running
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Figure 7: Geometry of the through-flow muffler.

(p−) wave can be computed from these pressure spectra [23]:
{
p+(ω)
p−(ω)

}
=

[
exp (−jk0z1) exp (jk0z1)
exp (−jk0z2) exp (jk0z2)

]−1{
p′(ω, z1)
p′(ω, z2)

}
(19)

The transmission loss (TL) of the muffler is computed from the result of this plane wave decomposition
as [23]:

TL = 20 log10

∣∣∣∣
p+
i

p+
o

∣∣∣∣ (20)

where p+
i and p+

o refer to the right-running plane waves in, respectively, the inlet and the outlet duct.

3.3.2 Numerical setup

Two unstructured tetrahedral meshes are generated with gmsh [22]: a fine mesh with 7760 linear elements
and a coarser mesh with 1717 second-order elements using the curved boundary treatment from reference
[10]. A seventh-order polynomial basis is used within each element and the inter-element communication is
realized by Lax-Friedrich fluxes. Characteristic non-reflective boundary conditions are applied at the inlet
and outlet of the duct, while a slip wall condition is imposed at the other outer boundaries of the domain.
The perforated duct is represented by the time domain transfer admittance formulation of equation (17). For
the impedance model of equation (18), the transfer admittance matrix coefficients can be written exactly as
a first-order system with:

λ1 =
6 · 10−3c0

t+ 0.75dh
B1 =

σc0

t+ 0.75dh
(21)

As a result, an exact rational model for the transfer admittance coefficients is readily available and no ap-
proximate models need to be derived. Since equation (21) is an exact broadband model, a computationally
efficient approach with a broadband excitation can be adopted. Therefore, a plane pulse excitation is applied
in the inlet duct and a time history of approximately 88 ms is simulated. At the end of the simulation, most
of the energy has left the system through the inlet and outlet or via dissipation in the transfer admittance. The
pressure signal is stored at two points in the inlet and outlet duct, as shown in figure 7, and transformed to
the frequency domain using an FFT algorithm. The transmission loss is computed from these spectra using
equations (19) and (20).

A reference solution is obtained using a commercial high-order FEM solver (LMS Virtual.Lab Rev.13.2)
for the Helmholtz equation in frequency domain. A fine mesh, consisting of 95420 prismatic elements,
is used for this simulation. A velocity boundary condition is imposed at the inlet and the characteristic
impedance of air is imposed at the outlet. The perforated duct is represented using the exact impedance
model equation (18) and the transfer admittance formulation of equation (17). Similar to the time domain
simulations, the transmission loss is computed from the simulated pressure spectra at two points in the inlet
and outlet duct, as indicated in figure 7, using equations (19) and (20).
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3.3.3 Discussion of the results

Figure 8 shows the results of the time domain simulation, together with the reference FEM solution. For
frequencies up to approximately 2400 Hz, the plane waves in the muffler dominate the acoustic behavior
of the muffler and the perforated duct has only a small influence on the transmission loss. Therefore, the
agreement between time domain simulations and the reference solution mainly depends on the geometrical
accuracy of the model. This results in a slightly lower error for the simulation using curved elements at the
boundaries.
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Figure 8: (a) Transmission loss of the muffler, obtained with the RKDG solver using a linear mesh ( ) and
a locally second-order mesh ( ) and the reference FEM solution ( ) and (b) error between the RKDG

solutions and the reference solution.

For higher frequencies, the radial modes in the cavity gain importance and the transmission loss of the
muffler is highly dependent on the transfer admittance. Also in this frequency region, excellent agreement
is obtained between the different numerical solutions. As expected, slightly larger errors between the time
domain simulations and the reference solution are observed at the resonance frequencies of the expansion
chamber around 2300 Hz, 3000 Hz and 3800 Hz. Therefore, it can be concluded that the transfer admittance
relation performs properly for both linear and curved surfaces in a three-dimensional context.

4 Conclusion

This paper presents a recursive transfer admittance formulation in time domain. The formulation is an
extension of a time domain impedance boundary condition, allowing to model the acoustic transfer through
a component characterized by small-scale geometrical features. Because of the recursive formulation, the
storage needs and the computational cost are kept to a minimum, requiring only the storage of the pressure
at the previous timestep and no more than a few algebraic operations at every stage of the time marching
scheme.

The method is implemented in a high-order acoustic propagation solver and validated using two benchmark
cases, where the transfer admittance is used to model a perforated plate. It is shown that the rational model for
the transfer admittance matrix coefficients is ideally suited for this type of applications and that an accurate
approximation of the panel impedance is straightforward to obtain. In the first validation case, the transfer
admittance is used to model the facing sheet of a two-dimensional honeycomb liner in the presence of
a grazing flow. Excellent agreement with the analytical solution is obtained for different harmonic and
broadband excitations. In the second example, the transfer admittance relation is applied to represent a
perforated tube in a through flow muffler. The excellent agreement with a reference solution, obtained with a
commercial finite element solver for the Helmholtz equation, validated the formulation for three-dimensional
cases with linear and curved boundary formulations.
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The developed time domain transfer admittance formulation provides a powerful approach for the broadband
characterization of complex structures. It allows modeling the acoustic propagation through small-scale ge-
ometrical features, much smaller than the acoustic wavelength, in a computationally efficient way. Imple-
mented in a solver for the linearized Euler or Navier-Stokes equations, it can account for the influence of a
mean flow over or through the transfer admittance surface by using a proper model for the coefficients. The
recursive time domain transfer admittance formulation is therefore ideally suited for modeling the aeroacous-
tic behavior of applications involving heat exchangers, filters and in particular (micro-)perforated plates.
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