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Sound absorbing materials exposed to grazing flow experience a change in the surface properties due
to the boundary layer developed above the surface. The effect of this boundary layer is significant
even for fairly low Mach numbers, and several attempts to find analytical models to describe this
effect have previously been made. This paper proposes a new numerical discretization method, based
on the classic transfer matrix approach to model the boundary layer effect. The method includes
the time averaged flow velocity gradients of the boundary layer, which is shown to be essential in
order to obtain convergence to the correct solution. The method is found to predict the effect of
the boundary layer on the surface properties correctly compared to previous numerical solutions.
The proposed method is simple to implement, and benefits from a fast convergence relative to other
numerical methods.

PACS numbers:

Contents

I Introduction 1

II The Transfer Matrix Method 2
A The classic method . . . . . . . . . . . 2
B Extension to include gradients . . . . . 3

III Modelling the effect of flow 4
A Modified surface impedance . . . . . . 4
B Modelling the boundary layer . . . . . 4

1 Piece-wise constant variables . . . . 5
2 Gradients of variables . . . . . . . . 5

C Reference solution . . . . . . . . . . . . 5

IV Results 5
A Verification of proposed method . . . . 5

1 Parameters affecting convergence . 6
2 Number of parametric sub-layers . . 6

B Calculation time . . . . . . . . . . . . . 6
C Extension to bulk reacting materials . . 7

V Conclusions and future work 7

VI References 8

I. INTRODUCTION

Sound absorbing acoustic linings are the most common
mean of reducing sound emission levels in many automo-
tive applications. In order to optimize the performance of
these linings, correct predictions of their properties in the
environment of the application are needed. The acoustic
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properties of the lining can be determined experimen-
tally, analytically or numerically. Experimental determi-
nation is usually done according to either of the two stan-
dardized methods with specific sound field excitations1,2.
Determination of the absorbing lining properties with nu-
merical or analytical methods, e.g., finite element meth-
ods is based on knowledge of the material parameters. In
calculations of the lining characteristics, suitable mate-
rial models have to be applied and justified assumptions
of the material behaviour need to be made. The lining
properties of interest for most applications are the surface
impedance and the acoustic absorption; these properties
are later used as input data to simulations.

The absorption coefficient and surface impedance are
not, however, intrinsic properties of the material; they
strongly depend on the acoustic state in which the mate-
rial is applied and should instead be regarded as system
properties. Two important variables of the acoustic state
that affect the acoustic system properties are the sound
field and the flow field above the material. This implies
that experimental and computational determination of
the system properties has to be made at the same acous-
tic state as in the application where the lining will be
used3. Neglecting this will lead to incorrect input data,
and may result in erroneous predictions of the sound re-
ducing effect on the linings.

The influence of the first variable of the acoustic state,
the sound field, on the acoustic properties has been in-
vestigated both theoretically and experimentally3,4. As
expected, the sound field is shown to influence the ab-
sorption coefficient significantly. Comparing the absorp-
tion coefficient for normally incident sound waves to the
one for diffuse sound field excitation, a relative differ-
ence of about 100 per cent is seen, indicating the impor-
tance of this variable of the acoustic state4. One way to
avoid errors due to incorrect sound field conditions in the
prediction is to experimentally or numerically determine
the acoustic properties at controlled sound incidence, en-
abling prediction of acoustic performance for any given
sound field in accordance with the application.
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The focus in this paper is on the effect of the other
variable of the acoustic state - the flow field. Flow fields
in general, and grazing flow fields in particular, gener-
ate a boundary layer above the liner surface which al-
ters the acoustic properties. Extensive research has been
made concerning this influence for locally reacting liners
at fairly high Mach numbers, and several models for the
phenomenon have been proposed5–9. The influence of
the boundary layer is in these papers included as a mod-
ified surface impedance. However, the results obtained
for the surface properties differ depending on the model
used. Due to the lack of reliable verifying measurements
there is no consensus on which of these models that most
accurately predicts the change in properties due to the
presence of the boundary layer.

In this paper, an alternative method to capture the
effect of the boundary layer on the surface properties
is proposed. The method is based on discretization
of the boundary layer into several thin layers, here-on
called parametric sub-layers, in order to calculate the be-
haviour of the sound field in the boundary layer. This
method includes an extension of the classic Transfer Ma-
trix Method10–12, TMM, where the influence of the gra-
dients of the flow field quantities inside each parametric
sub-layer are considered. The use of the classic TMM
to resolve the boundary layer has to the authors’ knowl-
edge not yet been proposed. The extension of the TMM
to handle layers with gradients of parameters across the
layer is a crucial factor in making the proposed method
to converge the correct solution.

This paper studies a general case of an absorbing lining
at arbitrary plane sound wave incidence (figure 1). In
particular, the effect of the boundary layer developed due
to the grazing flow is studied.

FIG. 1. The general case where the surface impedance is to
be studied with incident plane waves at angles of incidence θ
between 0 and 180 degrees and grazing flow at Mach number
M.

The general concept of the classic Transfer Matrix
Method is described in section II together with the pro-
posed extension of the method. The new method pro-
posed in this paper along with existing methods for mod-
elling the boundary layer effect are shown in section III.
The proposed method is verified to a reference solution
and results from some reference cases are given and dis-
cussed in section IV. Concluding remarks are given in
section V.

II. THE TRANSFER MATRIX METHOD

The basic principle of the classic Transfer Matrix
Method [10-12], TMM, lies within the concept of relating
the acoustic vector state, S, in two points by a matrix,
T, as

[S]1 = [T ][S]0, (1)

where the size of S depends on the material model chosen
to describe the layer. For a fluid, the acoustic state is
described by the acoustic pressure and particle velocity
(or equivalently the particle displacement), and hence the
acoustic state vector S is of size 2 and the transfer matrix
is a 2 by 2 matrix.

The surface impedance, Zs, is obtained directly from
the transfer matrix for given boundary conditions. For
the simple case of a fluid in front of a rigid wall, the
impedance is obtained from the ratio T11/T21.

One main advantage with the TMM is the simplicity to
determine the characteristics of multi-layered structures,
as in figure 2; the transfer matrix Ttot for the structure
is obtained by multiplication of the transfer matrices, Ti,
of the incorporated layers as shown in equation (2).

FIG. 2. Determination of the transfer matrix of a multi lay-
ered structure with N layers.

Ttot =

N∏
i=1

Ti (2)

Equation (2) is valid for structures where the incorpo-
rated layers are described by the same material model
and when continuity in acoustic pressure and normal par-
ticle velocity is assumed at the interfaces. At interfaces
between two layers described by different material mod-
els, coupling matrices are introduced. To obtain conti-
nuity in all points along the interface, the wave number
parallel to the interface, kx, is constant through the whole
structure in accordance with Snell-Descartes’ law of re-
fraction. This describes the diffraction of the propagation
through the different layers.

The method is restricted to rotationally homogeneous
layers with infinite extent in the interface plane. Studies
have been made to determine compensations when these
conditions are violated13,14.

A. The classic method

For a generic case of a bulk reacting fluid layer, as
in figure 3, the transfer matrix, T, can be derived in
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several ways; in this section two alternative derivations
are shown.

FIG. 3. A material layer described as a fluid with state vectors
in position 0 and d together with the two unknown waves of
amplitudes P1 and P2. The wave numbers are denoted k0 for
air and ka for the absorber. The angle of incidence is θ and
the refraction angle in the layer is θa.

Normally, T is extracted from the state vectors ex-
pressed as the acoustic pressure and particle velocity as
functions of the unknown wave amplitudes, P1 and P2,
in the two points z = 0 and z = d as

S(z) =

[
P1e

i(ωt−kxx+kzz) + P2e
i(ωt−kxx−kzz)

kz
ωρ

(
P1e

i(ωt−kxx+kzz) − P2e
i(ωt−kxx−kzz)

)] (3)

where ω is the angular frequency, ρ the density in the
layer, and kx and kz are the wave numbers in the x - and
z -direction respectively as

ka =
ω

ca
=
√
k2x + k2y =√(

ω

c0
cos θ

)2

+

(
ω

ca
sin θa

)2

(4)

where θ is the angle of incidence in the air, θa the re-
fraction angle in the layer, and ca and c0 are the speed
of sound in the absorber and in air, respectively. An al-
ternative derivation of T is to use the so called Stroh
formalism15 where the propagation in the material is de-
scribed by first order differential equations as

∂

∂z
[S] = −[A][S] (5)

where A is a 2 by 2 matrix. Here A is derived from the
continuity of mass and the momentum equations. In ad-
dition to these equations, assumptions of the energy and
temperature in the system are made. In a layer with con-
stant material parameters in the z -direction the transfer
matrix is obtained from

[T ] = expm ([A]d) . (6)

B. Extension to include gradients

One limitation of the classic TMM is the restriction
to structures with constant material parameters across

a layer. This limits the applicability of the method. To
include effects of gradients in a layer, an extension to
the classic method is suggested here: the so-called ex-
tended Transfer Matrix Method, eTMM. This extension
will later in this paper be shown to be essential in or-
der to capture the effect of the boundary layer flow on
acoustic surface properties.

Consider a case where one material parameter varies
in a known way as G(z) through the layer. Consequently,
the A-matrix in (5) varies through the layer as A(G(z)),
opposing the criteria of a constant A-matrix that was
required to obtain the transfer matrix in (6). The concept
of the eTMM is to determine a representative A-matrix
for a layer with known G(z), taking the gradient of G
into account.

The first method to determine the A-matrix for the
layer is to evaluate A in the mid-point of the layer and
letting that matrix represent the entire layer, as shown
in figure II.B and equation (7).

FIG. 4. A first way to determine the A-matrix in a layer with
varying material parameter G(z) in one point, A1P .

A1p = A(zn) (7)

A second approach to obtain the A-matrix is to calculate
a weighted mean value (using Simpson’s rule) of A eval-
uated in three points in the layer; the mid-point and the
two end points as seen in figure 5 and equation (8).

FIG. 5. The second way of determining the A-matrix in a
layer with varying material parameter G(z) from three points,
A3P .

A3P =
1

6
(A(zn+) + 4A(zn) +A(zn−)) (8)

These two A-matrices can each be converted in to a trans-
fer matrix for the layer according to equation (6), which
includes the gradient of G inside the layer.
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III. MODELLING THE EFFECT OF FLOW

The determination of the acoustic properties, i.e., the
surface impedance, Zs, and the sound absorption coeffi-
cient, α, of a porous material in quiescent air are in many
cases straight forward using, for example, the TMM. The
determination of the acoustic properties for the same ma-
terial exposed to flow is more complex due to the bound-
ary layer that is developed above the surface.

One way to predict the effect of the boundary layer
on the acoustic properties of the surface is to simulate
the sound propagation in the boundary layer from the
governing wave equation inside the shear flow. This
approach requires a numerical solver since no analyti-
cal solution exist. A second approach is to relate the
impedance at the wall, Zs, to the impedance just outside
of the boundary layer, the so called modified impedance,
Zmod. This can then replace Zs as a modified surface
impedance that includes the effect of the boundary layer.
Both these approaches, the numerical approach (a) and
the analytical modified impedance approach (b), require
knowledge of the size, δ, of and the velocity profile in-
side the boundary layer. The approaches are visualised
in figure 6 and further explained in sections III.A and
III.B below. Assumptions on the sound and flow field
are made in the analytical solutions, which may lead to
some errors and limitations in the results. An alternative
numerical method is proposed in this paper where such
assumptions may be avoided.

FIG. 6. Two alternative approaches to account for flow in
the incident medium; (a) modelling the sound field in the
boundary layer or (b) including the effect of the boundary
layer in an modified impedance of the wall.

A. Modified surface impedance

The approach to include the boundary layer effect
in a modified impedance of the surface is a frequently
used technique which is easy to implement since Zmod
sets the boundary condition for the liner, including both
the surface impedance of the liner and the effect of the
flow. Extensive research has been and is being per-
formed in aircraft industry and several models to deter-
mine Zmod exist5–9; the Zmod is often denoted as the
modified boundary condition.

In the classic condition proposed by Myers5,6 an in-
finitely thin boundary layer is assumed, i.e. a vortex
sheet is present above the surface. Finally, continuity in
particle displacement is assumed over the vortex sheet.

This model was the only used boundary condition in the
field for period of time. This condition has recently been
shown to erroneously predict the effect of flow16 why al-
ternative models for Zmod have been developed. These
models include a finite boundary layer thickness as well
as the flow profile in the boundary layer7–9. Comparing
surface properties determined by these models and My-
ers with numerical predictions shows that the alternative
methods are better in capturing the effect of the bound-
ary layer, especially when the boundary layer thickness
increases. No measurement method exists to the authors’
knowledge that verifies which condition that gives most
accurate results and hence, there is still no consent in
which model to use. Independent of the choice of modi-
fied boundary condition, it can easily be implemented as
an interface matrix, coupling the surface impedance and
modified impedance as[

pmod
vmod

]
=

[
IM11 IM12

IM21 IM22

] [
ps
vs

]
, (9)

where Zmod = pmod/vmod and Zs = ps/vs. When
applying the existing models for the modified surface
impedance to a lined wall exposed to grazing flow, the re-
sulting surface properties differ between the models17,18.
Since the difference in the result is significant for certain
cases, it implies that the choice of model is important to
fit the application at hand in order to correctly predict
the system properties3.

B. Modelling the boundary layer

An alternative way to predict the effect of the bound-
ary layer is to solve the wave propagation in the boundary
layer. This can be done with several existing commercial
software; however, in this paper the boundary layer is dis-
cretized using the TMM and the eTMM. The approach
is to discretize the boundary layer into several paramet-
ric sub-layers to form a transfer matrix for the boundary
layer, TBL, as seen in figure 7 below.

FIG. 7. Discretization of boundary layer, δ in N parametric
sub-layers, each described by a transfer matrix Ti according to
the TMM. The total transfer matrix for the boundary layer,
TBL, is obtained from multiplication of Ti if continuity in par-
ticle velocity is assumed between the parametric sub-layers.

The diffraction in the boundary layer is determined by
the difference in Mach number in each parametric sub-
layer, Mi. The Mach number in the mean flow, M, and
the angle of incidence, θ, defines the wave number as

kx =
ω

c0

cos θ

1 +M cos θ
. (10)
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The transmission angle in each parametric sub-layer, θi,
is determined from Snell-Decartes’ law when the Mach
numbers in the layer are known.

1. Piece-wise constant variables

The first approach to model the propagation in the
boundary layer is to discretize the boundary layers into
parametric sub-layers with constant flow speed (dV/dz =
0 ) as in figure 8. The transfer matrix for each parametric
sub-layer is easily determined by the classic TMM using
the convective wave equation. The total transfer matrix
is then calculated by equation (2) when the particle ve-
locity is assumed to be continuous across the interfaces.
Although the non-equivalent condition of continuity in
displacement can be chosen as well, the choise of condi-
tion does not affect the final result.

FIG. 8. Discretization of the boundary layer into parametric
sub-layers, each with constant flow speed, Vi.

2. Gradients of variables

A second approach to model the effect of the boundary
layer is to use the eTMM to account for velocity gradi-
ents in each parametric sub-layer. The Stroh-formalism
in equations (5,6) is then used in deriving the transfer
matrix. The starting point is the continuity of mass and
the linearized Navier-Stokes equations,

∂ρ

∂t
+ V

∂ρ

∂x
+ ρ0

(
∂u

∂u

∂v

∂z

)
= 0 (11a)

∂u

∂t
+ V

∂u

∂x
+ v

∂V

∂z

1

ρ0

∂p

∂z
= 0 (11b)

∂v

∂t
+ V

∂v

∂x
+ v

1

ρ0

∂p

∂z
= 0 (11c)

where V is the flow speed, ρ0 the density of air, and u
and v is the particle velocity in x - and z - directions, re-
spectively. Adiabatic relation between pressure and den-
sity is assumed (p = c2ρ) as well as incompressible and
non-viscous flow. The A-matrix is then given as

A =

[
0 −iρ(V kx − ω)

−i c
2
ok

2
x−(ωV kx)

2

ρc20(ω−V kx)
kx

ω−V kx
∂V
∂z

]
. (12)

Note here that element (2,2) in the A-matrix includes
the gradient of the flow speed, which is zero in a layer
with constant flow speed. The A-matrix is hence known
in every point z inside the layer, and the A-matrix rep-
resenting the entire parametric sub-layer can be derived
from equation (7) or (8). These transfer matrices are

called the one point (1P) and the three point (3P) ap-
proximations, respectively.

C. Reference solution

A reference solution to the generic case study needs to
be known in order to analyse the accuracy of the methods
proposed in section III.B. The wave equation describing
the wave propagation in the boundary layer is given by
the Pridmore-Brown equation19 as

1

c2
∂2p

∂t2
= (1 −M2)

∂2p

∂x2
+
∂2p

∂z2

− 2M

c

∂2p

∂x∂t
+ 2ρ0c

dM

dz

∂v

∂x
(13)

where dM/dz is the gradient of the flow speed. This dif-
ferential equation can be solved numerically as a bound-
ary value problem with boundary conditions given at the
surface i.e. the surface impedance, Zs. As a reference so-
lution to the proposed methods, equation (13) was solved
using the shooting method20 for non-viscous, adiabatic
and incompressible flow. The shooting method is based
on an iterative optimization solver, making computations
heavy.

IV. RESULTS

In this section the proposed methodology of discretiz-
ing the boundary layer using TMM and eTMM is used to
calculate the sound absorption of surfaces exposed to flow
for sound waves at angles of incidence at 0o ≤ θ ≤ 180o,
as in figure 1.

The proposed methods are first verified by comparing
results with the reference solution whereupon the conver-
gence is investigated and evaluated. Secondly, the eTMM
is implemented on bulk reacting materials to show the
usefulness of the method and show how the influence of
flow differs on locally and bulk reacting surfaces.

A. Verification of proposed method

The numerical methods proposed in this paper (TMM
and eTMM) are verified for a typical aircraft liner appli-
cation, described in table I, at high Mach numbers where
the effect of the flow is significant18.

TABLE I. Parameters in reference case.

Mach no. Frequency, Boundary Surface

layer impedance

thickness

0.55 1050 Hz 2 cm 5-i

In figure 9, absorption coefficients calculated with the
TMM and eTMM described in section III.B as well as the
reference solution from section III.C are shown together
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with the case without flow. The flow profile inside the
boundary layer is given by M(z)= M sin(-zπ/2/d).

FIG. 9. Absorption coefficients for the reference solution (13)
plotted against the results from the proposed eTMM from one
point (1p), three points (3p) as well as the piecewise constant
TMM.

Calculations using the eTMM with both the one and
three point approaches are seen to converge to the refer-
ence solution, whilst the TMM solution does not. The
correct solution can not be obtained using the TMM in-
dependent of the number of parametric sub-layers used.
This clearly indicates the need of including the gradient
of the flow in the boundary layer in order to correctly
predict the effect of the boundary layer on the surface
properties. Without making computations heavier, the
extension of the TMM to the eTMM incorporates the
effect of the velocity gradient in the boundary layer.

1. Parameters affecting convergence

The convergence of the solution of the proposed eTMM
to the reference solution depends on several parameters:
angle of incidence, frequency, boundary layer thickness,
number of parametric sub-layers, Mach number in the
mean flow, and flow profile inside the boundary layer.

To start with, the difference relative to the reference
solution strongly depends on the incident angle, as seen
in figure 10 for parameters according to table I. The rel-
ative difference in absorption for θ < 140o is less than
one per cent using only three parametric sub-layers in
the boundary layer, however, for larger angles the rela-
tive error is increased. The 1p-approach is closer to the
reference solution in the interval 20o ≤ θ ≤ 140o whereas
the 3p-approach is closer outside this interval. The choice
between the 1p and 3p approaches is therefore of most
importance close to grazing incidence if only a few num-
ber of parametric sub-layers is possible for some reason.

The thickness of the boundary layer in relation to the
investigated frequency also affects the required number
of sub-layers for convergence. The two last parameters
affecting the convergence is the Mach number in the
mean flow and the flow profile in the boundary layer.

FIG. 10. Relative difference in absorption coefficient for the
proposed eTMMs using three parametric sub-layers compared
to the reference solution (III.C) for the case in table I.

Both these parameters affect the gradient of the velocity
in each layer which implies that a fine discretization is
needed to resolve the gradients.

2. Number of parametric sub-layers

In order to determine the number of parametric sub-
layers, N, needed for convergence, the size of the errors
are studied relative to N for the case in table I.

The error depends strongly on the angle of incidence
and in order to compare the convergence of the two
eTMM approaches, 1p and 3p, the error is averaged over
all angles of incidence in figure 11. The convergence of
both methods are the same, although the size of the error
for the 3p method is smaller. Since the method is com-
putationally efficient concerning the number of layers in
the discretization, there is no real advantage in using the
three point approach (3p). The one point (1p) is easier
and has the same level of accuracy why this approach is
preferable to the 3p.

B. Calculation time

The proposed method is based on matrix multiplica-
tion which is much less computationally demanding com-
pared to the optimization process that was used to de-
termine the reference solution. Also, the low number
of parametric sub-layers needed for high accuracy fur-
ther reduces the computational time. The calculation
time to determine the reference solution with the shoot-
ing method corresponds to the calculation time for 30
000 parametric sub-layers with the eTMM. Since far less
parametric sub-layers are needed for the eTMM to con-
verge, it is fair to state that eTMM is an efficient numer-
ical method.

This efficiency of the proposed method offers a con-
siderable time saving without decreasing the calculation
accuracy.
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FIG. 11. Relative difference in absorption coefficient com-
pared to the reference solution (III.C) as function of the num-
ber of sub-layers N averaged over the angle of incidence for
the case in table I.

C. Extension to bulk reacting materials

In previous sections, the proposed method is verified
for locally reacting surfaces. The use of the method on
bulk reacting linings is as straight forward as for the local
reaction case, however, care have to be taken due to the
change in diffraction angle inside the material because of
the motion of the air.

Given an angular dependent impedance for the mate-
rial, Z(θ), it is most probably determined without flow,
with kx according to equation (4). In presence of flow,
kx according to equation (10) applies instead, why cor-
rections have to be made to the given surface impedance
before applying the method of including the boundary
layer effect. The correct wave number in (10) for each
incident angle θ is calculated and the Z(θ) correspond-
ing to the same wave number, but according to (4), is
used. The transmission angle inside the material is dif-
ferent for a given θ depending on which kx is used above
above the material.

Absorption coefficients calculated at M = 0.1 for the
case given in table II with and without flow, both assum-
ing local and bulk reaction, are given in figure 12. The
absorbing material is a porous material modelled as an
equivalent fluid according to Delany-Bazley21. This is a
simple material model, only taking viscous losses into the
pores in account, which is sufficient to model porous and
fibrous absorbers with rather low flow resistivity. The
material model used for the absorber can be more com-
plex; the proposed method works independent of material
model and could also be applied on Biot materials22.

A clear effect of the flow on the absorption coefficient
is seen both for local and bulk reaction especially close to
grazing incidence, both along and against the flow. The
relative size of the difference is given in figure 13.

The effect of flow is of the same magnitude for local
and bulk reacting linings in the interval 50o ≤ θ ≤ 120o,
however the effect is larger for local reaction. Outside
this interval on the other hand, the effect is larger on the

TABLE II. Parameters for the absorbing lining modelled as
bulk and locally reacting.

Frequency Boundary Material Flow

layer thickness resistivity

thickness

5000 Hz 2 cm 2 cm 5000 Rayls/m

FIG. 12. Absorption coefficients calculated for local and bulk
reaction, with flow by the proposed method and without flow.

bulk reacting liner.

V. CONCLUSIONS AND FUTURE WORK

A new method to predict the influence of grazing flow
on the properties of the acoustic linings is suggested in
this paper. The suggested method is an efficient alterna-
tive to existing boundary condition models, among which
diverging results in terms of sound absorption were ob-
tained.

The new method is based on discretization of the
boundary layer by means of an extension of the classic
Transfer Matrix Method, eTMM. The eTMM includes
the gradients of variables through a layer, e.g. in the
case of boundary layer flows, including the effect of flow
velocity gradients. The method is verified by compar-
ing calculated sound absorption coefficients to an exact
solution. A small number of parametric sub-layers is
needed for high accuracy in the results which accentu-
ates the computational efficiency of the method. Results
also show that the use of eTMM is crucial in order to
accurately predict the flow effects, since using the clas-
sic TMM gives erroneous results when compared to the
reference solution.

The accuracy of the proposed method is contingent to
the resolution of the discretization. High accuracy is ob-
tained even for a small number of layers in the discretiza-
tion, and the error decreases fast when the resolution is
enhanced. These two factors indicate the efficiency of
the model. Parameters strongly affecting the accuracy
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FIG. 13. Relative difference in absorption coefficient when
adding flow on locally and bulk reacting surfaces.

are the thickness of the boundary layer in relation to the
frequency, as well as the value of the flow velocity gradi-
ent in the boundary layer.

The proposed method can be applied to any kind of
boundary flow to predict its influence on the acoustic sur-
face properties. This modified impedance can be used as
input data to boundary or finite element calculations as
well as modified boundary conditions in lined duct appli-
cations. An extension of the model to include additional
parameters, such as viscous effects and gradients in the
static temperature or density, should be straightforward
from inclusion in the motion and continuity equations.
These extensions will be further examined in future work.
In addition, verifying measurements will be performed to
ensure the validity of the method as well as affirming that
no other phenomena occur at the surface.

The problem of choosing a suitable modified boundary
condition is avoided when using the proposed method
and acoustic performance of a material exposed to graz-
ing flow can be calculated quickly. The apparent surface
impedance can be determined for both locally and bulk
reacting surfaces exposed to grazing flow.
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