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Prediction of Porous Trailing Edge Noise Reduction
Using Acoustic Jump-Conditions at Porous Interfaces

L. Rossian * B. W. FaBmann' R. Ewert?

J. W. Delfs}
German Aerospace Center (DLR), D-38108 Braunschweig, Germany

Reduction of noise generated at geometric edges can be achieved by replacing solid
material with porous inlays. The acoustic benefit for airfoil trailing edge noise was ex-
perimentally found to yield a reduction in sound pressure level of approximately 6 dB.
Numerical methods are of interest to find optimal properties of the porosity. A successful
method of modeling porous materials is the Volume-Averaging approach. In prior sim-
ulations, the prediction of the sound reduction was comparable to measurements over a
limited frequency range. This has been enhanced to obtain simulation results which show
a better agreement with the experimental findings. At the interface between the free fluid
and the porous parts jump conditions are required to model the interaction of the acoustic
and flow quantities in these two regimes when it comes to nonhomogeneous materials. This
paper presents the perturbation formulation of a set of jump conditions for Computational
Aeroacoustics (CAA), already known from Computational Fluid Dynamics (CFD). For the
numerical implementation, a high-order compact boundary scheme is derived. Further-
more, the description of complex anisotropic materials is pursued.

In a hybrid two-step CAA/CFD procedure, the turbulence statistics from the corre-
sponding solution of the Volume-Averaged Navier-Stokes-Equations (VANS) is used to
trigger vortices generating turbulent-boundary-layer trailing-edge noise (TBL-TEN).

I. Introduction

Air traffic has continuously increased over the last decades and aircraft noise has become an important
topic in research and politics. Even though engine noise and jet noise have been reduced significantly, e.g.
by high bypass ratio engines, airframe noise needs for continued research. One prominent contribution to
airframe noise is the broadband turbulent-boundary-layer trailing-edge noise (TBL-TEN). It is generated
by turbulent eddies in the boundary layer of an airfoil interacting with the trailing edge. In terms of sound
reduction, in 1979, Hayden! investigated several edge concepts for overblown flaps. Later, Howe? presented a
basic theory on this. Besides trailing-edge shape modifications similar to serrations, Hayden and Chanaud?
demonstrated that the application of porous material is reducing trailing edge noise. The positive effect
of lengthwise slits applied to the trailing edge was shown in Ref. 4. The resulting reduction is about 6 dB
compared to the solid reference. As the manufacturing of narrow slits is expensive, it is of strong interest to
investigate the acoustic benefit of rigid, porous permeable materials, e.g. sintered metal fiber felts or metal
foams. Different porous materials were applied to the trailing edge of a high lift airfoil and aero-acoustically
tested by Herr etal.® Maximal sound reduction of about 6dB to 8 dB has been reported.

Computational Aeroacoustics (CAA) and Computational Fluid Dynamics (CFD) are appropriate means
to investigate the effects which porous structural elements have on the acoustic near field of the object of
interest in detail. Famann et al.’ have numerically predicted the acoustic fields of a reference airfoil and an
airfoil equipped with a porous trailing edge treatment. They used a hybrid CFD/CAA procedure involving a
stochastic source model to generate the broadband TBL-TEN. The results were in complience with the above
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mentioned measurements in overall sound pressure level, while the spectra of simulation and measurement
show good agreement only for a limited frequency range. In the paper in hand continuative 2D simulations
of a NACAO0012 airfoil with a homogeneous, isotropic porous trailing edge are presented. These show an
enhanced prediction of the noise spectra. They depict the beneficial influence of the porous material in
good accordance with the measuremt data, whereas the total levels are not yet matched over the complete
frequency range. Furthermore, preliminary investigations have been conducted to set up 3D simulations to
take into account potential spanwise effects.

On the side of numerical treatment of porous media, in the following two advances will be presented. On
the one hand, the abillity to model acoustics in an anisotropic materials has been derived and successfully
tested. On the other hand, an advanced description of the interface between a porous material and the
surrounding free fluid (denoted as “jump conditions”) has been developed on the basis of known fromulae
from CFD. In preparation of the application of these jump conditions, a compact numerical boundary scheme
has been set and successfully been tested for the reflections of a rigid wall and the communication between
two regular computatinal domains.

II. Numerical Methods

The following sections give a short introduction into the method of volume averaging. Then, the interface
jump conditions between the free fluid and porous material will be presented. The treatment of the boundary
between porous material and solid material will be outlined, in the following. Finally, the hybrid CFD/CAA
approach and the stochastic source model is roughly summarized.

II.A. Volume averaged perturbation equations

Porous materials may numerically either be treated by spatially complete resolution of the pores or by
a less detailed consideration of the processes. This approach is chosen by Fafimann et al.® There, the
porosity is modelled by applying the method of volume averaging as proposed by many others before, see
e.g. 7-15. The basic idea of the method of volume averaging is to introduce generalized flow variables
©*(x,t) = o(x,t)H(f(x)) which are given in both the solid and the fluid part of the porous region. The
function H denotes the Heaviside-function and f(«) is a function defined to be f < 0 in the solid material
and f > 0 in the fluid, i.e. f = 0 indicates the surface between solid and fluid in the porous medium. In
Fig. 1, this situation is illustrated schematically. The procedure of volume averaging can be understood as

A
| _—solid
fluid

Figure 1. Schematic of porous material with definition of function f(z) from FaSimann et al.®

a spatial filtering of the flow variables. The superficial volume averaging is defined as follows:®

s Gz —x',A)o* (2!, t)d3z
(@) (m,t) := f (fG (z — :J’EPA() d3a?)’ : (1)

In this expression GG denotes the spatial filter applied for the volume averaging. The filter is centered at
x and has a fixed extension defined by the length scale A, i.e. it decays to zero for |z — x| >> A. For
example, the filter can be chosen to be a Gaussian with standard deviation A. For a detailed consideration
of generalized variables and their application refer to Crighton.'®
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The intrinsic averaged density is defined by®

i G (- A)p*(a t)dPr!
<(P> (-’B,t) = fG(m — ﬂJ/,A) H(f(a:’))d3m’ (2)

A porosity factor ¢ can be defined via®

 [G@ -2 A)H(f(2)d’ V,
¢= JG(z—a',A)d3z’ B V%' (3)

where, Va is the characteristic filter volume of G and Vr defines the fluid volume of the porous material
inside the actual window. Based on the definitions Eqgs. (1) to (2) for intrinsically and superficially averaged
quantities, this yields the following generally valid relationship between both volume averaged quantities:

(o) =0 (p)". (4)

By definition is 0 < ¢ < 1, where ¢ = 1 in free fluid and ¢ = 0 for a solid body. Another parameter
characterizing a porous material, is the permeability x. It is an inverse measure of the flow resistivity of the
material. In free fluid kK — oo, and for a solid body x — 0.

All velocities in this context are Favre averaged. This is defined by

o] = 20" (5)

As a consequence of definitions Egs. (1) to (3), the definition is independent of whether superficial or intrinsic
averaging is applied. To derive volume averaged perturbation equations, the Navier-Stokes-Equations in
conservative notation are volume averaged assuming the application of a spatially differentiable filter G(|x —
2'|). In the fluid (¢ = 1) the resulting equations correspond to those used for Large Eddy Simulation (LES),
i.e. they formally correspond to the Navier-Stokes equations for volume averaged variables with extra sub
grid scale stress terms on the right-hand side. In FaBmann et al.,® the method of volume averaging is
illustrated in more detail.

The set of independent variables for simulation of porous media is chosen carefully. For numerical
stability reasons the independent perturbation variables finally used for the formulation of volume averaged
perturbation equations are selected based on the prerequisite to be (almost) continuous across an interface
between the fluid and the porous medium.® This way, gradients that occur inevitably due to the sudden
jump of porosity across the boundary can be lumped together in extra terms, linear in the used independent
variables, which resemble a numerically resolved localized function with a distinct peak across the interface.

To obtain almost continuous variables across the fluid-porous interface, a new velocity variable was
introduced by Fafimann et al.® It is defined by 9; := ¢ [v;]. Furthermore, the intrinsic volume-averaged
fluctuating density (p)* and the intrinsic volume-averaged fluctuating pressure (p)* were chosen to close the
set of independent variables. In the free fluid where ¢ = 1, the perturbation variables correspond to the
usual perturbation variables.
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IILA.1. Volume averaged Linearized Euler Fuqations

Application of the above mentioned approach finally leads to the volume averaged Linearized Euler Equations
(LEE). They read

.. op' 1 ([ ,0p 000 00 , 009
t ty: —_— 4= . s —t L) =
contmtty ot Jr(b (Ul Ox; o Ox; te Ox; e Ox; S ()
ov, 11,00 , 00 ¢ [op p op°
mentum: T P R et ) -2
romentu ot Jr(b [UJ oz U 8@] + p0 |0x;  pO Oz; +

050 [,0,0 | ¢ a7
0y, [eiej + 4] (S
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v o
+ ¢;5z‘jv; +
——

Darcy term Forchheimer term

000! 0007 7 (o dgp~!
+<U? axj +5Z‘j’02 8$k >U3+[)(J po —p/ a.’El :Sv,i (7)

gradient model terms

. oo 1( ,0p ,op° v [ 00 09
energy: E—i—g (vi oz, + v; o, + a P oz, +p oz, +...

N o 01
+(vy—1) (POUQJFP/”?)%g:Sp : (8)

gradient model terms

The Eqgs. (6) to (8) 1 become the known set of LEE, if the porosity is chosen to ¢ = 1 and the permeability
tends to kK — oo. The additional terms are the Darcy and Forchheimer term (momentum eq.), modelling
the effects of the solid part of the porous material to the fluid phase. The gradient terms (momentum
eq. and energy eq.) model the behavior of the acoustics at interfaces between different porosities, e.g. at
solid /porous boundaries, non-pourous/porous edges or two different porous materials. The gradient terms
may be neglected, if interfaces with a steep change of porous parameters are covered by a jump condition.

II.B. Jump conditions at interfaces

In the field of porous media, the Computational Fluid Dynamics (CFD) relies on interface conditions between
regions of porous and free medium. This approach is based on the idea of invariant flow quantities not
changing across the interface. MoBner et al.!” describe the boundary condition this way:

e Convective fluxes of mean flow equations are conserved.
e Diffusive fluxes of the mean flow equations are conserved.
e The flow change of the averaged quantities is isentropic.

Additionally, the normal derivatives of the energy and entropy are conserved across the interface between
the porous and the free medium. Furthermore, the viscous stress at the interface is allowed to jump. This
may be physically explained by the surface stresses on the edge of the porous material holding additional
forces. Thus, a formulation to achieve a C' continuity is obtained. Expressed by formulae, the boundary
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conditions for the volume-averaged quantities may be written as

conservation of mass: ¢ (p) [vi] = const. (9)
2
conservation of energy: ) + [vi] = const. (10)
v=1(p) 2
. (p)
isentropy: —= = const. (11)
(0)”
0 )
normal derivative of energy: o <’711§i; + [UZ] = const. (12)
jump of viscous stress: % +(1-9) qﬁﬁ [v;] = const. (13)
n K
normal derivative of isentropy: Eﬂ)ﬂ/ = const. (14)
on {p)

where the sign of Egs. (12) to (14) depends on the orientation of the normal vector of the interfaces. The
equations show above are formulated for the case of one normal vector pointing outside and the other pointnig
inside its domain, so that the direction across the interface is maintained (cf. fig. 2). The parameter 8 in
Eq. (13) accounts for the above mentioned jump in the viscous stresses. The derviation of interface conditions

interface

=17

!

0<¢p<1 LR E LT PP TP
[

Figure 2. Schematic of the directions of the normal vectors at the interface between a porous and a free fuid domain.

is performed similar to Section II.A. First, the flow quantities will be decomposed into a stationary and
a fluctuating part. Then, the equations will be linearized and finally, the mean-flow part will be dropped.
Again, most ornaments are skipped to increase legibility. The final set of boundary conditions reads

conservation of mass: P00 + p°%) = const. (15)
: v (P P 0
conservation of energy: ( — + % = const. 16
y—=1\p"  (p")? ¢? (16)
p/ p/po
isentropy: TR — ()T = const. (17)
- , y (1o p 9 p°
normal derivative of energy: ﬁ (poan — W@i’n — W@? (18)
v (P 0 P 0p° (19)
Y=1\(")?0n (p°) On
1 /.00 00
+E (v; 87; + 99 87;) = const. (20)
. : ov; B
jump of viscous stress: 3 +(1-9) ¢7U¢ = const. (21)
n K
- : 1oy o' 9p° ' 9p°
normal derivative Of lsentropy. W% — W% — (po)(i’ymain (22)
0 oo’ 1) o 0
P i 1+ 1) 9 = const. . (23)

()0 an T (p0p) D an
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This set of interface conditions will replace the existing one which is based on a smooth distribution of all
porosity parameters, see Falmann et al.% In the context of porous materials which represent a surface, jumps
of all quantities must not be excluded. The new set of boundary conditions allow for jumps of all primitive
flow variables as well as all material parameters.

II.C. Compact Boundary Scheme

To realize the presented jump conditions in the high-order CAA code PTANO, a compact boundary treatment
based on the compact scheme with wave-number resolution characteristics derived by Lele,'® has been set
up and implemented. The proposed scheme for interior nodes takes the form of

fiJrl - f’i*l fi+2 - f’i72 fi+2 - fi73
Ly S A "7 ’

Bfio+afi 1+ fi+afi+Bfie=

(24)

with h beeing the constant grid spacing. For the fourth order scheme, which is used in PIANO, the coefficients
are

2 1
8 =0, a:§(o¢+2), b:§(4a—1), c=0 (25)
To obtain the most compact scheme of fourth order, b needs to be set to 0 and therefore the remaining

coefficients become o = i and a = % With these values, eqn Eq. (24) can be rewritten to express the first

two inner derivatives f§ and f§ depending on the the field values at the edge fi, the first six inner points
fi, i=2...7 and the derivative on the edge fi.

fi
f2
0 0 0 f3 «

fl-folA
ap az ag I5 0

Je
fr

é 1 _% 0
D fé = — 0 _a
/ h °

4 —a3 —a2 —a1

O e
O e O

o

(e

(e

(26)

1 3

0
With D: 0] 5 a:Z’ a = —
1

e
o~ D

It is noted, that for the calculation of f; the standard DRP stencil is applied. Additionally, f{ has to be
determined a priori and acts as a boundary condition. In section ITI, two testcases consisting of a sound source
over a rigid wall and an interface between two computational domains are presented. In the application of
the compact boundary treatment for the above presented jump conditions, the exchange of the field values
and the derivatives at the edge define the boundary conditions. Consequently, a communication between
the two domains has to be realized. Fig. 3 illustrates this approach. Firstly, the derivative on the edge ff
is determined by a single-sided 4 point DRP stencil, which is a bisect central 7 point DRP stencil with its
coefficients multiplied by a factor of 2. Hereby, in a following averaging process, a virtual standard DRP
stencil is formed. Secondly, the field value and the derivative are taken from both domains and translated
to fulfill the jump conditions Egs. (9) to (14). In the last steps, the translated parameters are averaged and
redistributed to both domains to define the boundary conditions. Hereby, the transformation from the above
mentioned single-sided 4 point schemes to one central 7 point scheme is performed, as shown in Eq. (27).
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derivative on the edge of the left domain:

-1

f-
fli=2 (0 —a;  —ag *az) f—j,
f-a
derivative on the edge of right the domain:
f1
fi=2 (0 a;  ag as) f2
fs (27)
fa
derivative on the edge after averaging:
—4
f-3
! 1 !/ ! f_2
Joi1 = g(ffl +fL) = (—as —az —ar 0 a1 a2 a3) fe1
f2
E
fa

In each domain the inner derivatives are then determined either with the compact boundary treatment for
the first two inner points (A), or with a central 7 point DRP stencil for the remaining points (e).

interface

000 AA

Fm————

0<¢<1 -3

Figure 3. Schematic of the application of the compact boundary treatment for the jump conditions across the interface
between a porous material (left) and a free flow (right).

II.D. Hybrid CFD/CAA approach

The DLR-PIANO-CAA-Code!? is applied in a hybrid two-step procedure. The first step rests on a CFD
simulation of the time-averaged turbulent flow around the airfoil. In the following CAA step, time dependent
linear propagation equations are solved on structured multi-block (SMB) meshes to compute the acoustic
field. The resulting acoustic quantities, i.e. the spatially and time-resolved sound pressure, the acoustic
particle velocity and the sound intensity can be evaluated at user-chosen microphone positions. All acoustic
information may be collected on Ffowcks-Williams-Hawkings-Surfaces to be propagated to the far field during
a separate post processing.

On the right-hand side of the linear propagation equations, sound sources must be explicitly imposed. For
the computation of trailing edge noise, a vorticity based forcing sound source .S, ; is applied to the momentum
equations. A synthetic turbulence method provides fluctuating vorticity according to the turbulence statis-
tics of the RANS solution. The Fast Random Particle-Mesh Method (FRPM)?°723 forces time-dependent
fluctuations from time-averaged turbulence statistics, see Section IL.E for further details.

Fig. 4 gives a general overview of the approach. The steady time-averaged RANS flow provides the mean-
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Figure 4. Schematic of DLR’s CAA prediction method based on a two-step hybrid method using a steady RANS CFD
step, followed by a CAA step solving the Linearized Euler Equations in the free field on structured multi block (SMB)
meshes; the generation of fluctuating turbulent sound sources is realized with the 4-D FRPM synthetic turbulence
method in forcing mode.

flow over which the time dependent aeroacoustic simulation is carried out. Furthermore, the turbulence
statistics provided by RANS is used to generate the unsteady vortex sound sources that force the governing
equations.

II.LE. Stochastical Broadband Sources

For the simulation of broadband sound generation the perturbation equations are excited by stochastically
generated right-hand side sources. The dominating source of trailing edge sound is the fluctuating vorticity
around the edge. It may either be deterministically imposed?® 22 or formulated as a forcing source.?> The
idea of the forcing is that the flow field is allowed to develop its own vortex-dynamics. The control of this
falls to the right-hand side source term

0
Sy = e x [o(w) —wi)] (28)

which is only active, if the present vorticity w! differs from the target vorticity wf. The regulating parameter
is the so called relaxation parameter . For details refer to Neifeld et al.??

ITI. Simulation Results

ITI.A. Sound propagation in anisotropic porosity
One aim of the presented work is to provide the ability to simulate the influence of complex porous materials
on the TBL-TEN. On the one hand, these materials may feature a non-uniform porosity, in which case

—1
gradient terms of the form 857 have to be taken into account. On the other hand, the porous parameters
may show an anisotropic behaviour. Thereby, the permeability £ and the forchheimer coefficient ¢ need to

be set as symmetrical 3 x 3 tensors in the form

Rz KRzy Rzz CFry CFoy CFus
é = Rey  Kyy Kyz and C:F = Cme CFyy CFyz . (29)
Rzz Kyz RKzz

chz CFyz CFzz

To verify the simulated sound propagation from a pulsing monopole source inside such an anisotropic mate-
rial, a comparison with the analytically derived damping form the homogeneous wave equation is considered
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analogously to Famann et al.® (cf. Eq. (30)).

pvEt

aop\| 2 w

p w |1
= exp

_|_

z (30)

[~
I~

pmaz

For simplicity, in the present testcase only the permeability coefficients on the main diagonal x;; are con-
sidered > 0, whereas the Forchheimer coefficients are entirely set to 0. The testcase itself is a 2D field of
anisotropic, yet homogeneous porosity with a pulsating monopole sound source in the center. Fig 5 illustrates
the hereby emerging sound field. It can already be noticed that the decay in z is more prominent than in the
y—direction. For comparison with the analytically derived damping, fig. 6 shows the fluctuating pressure
along two section with x = const. and y = const. respectively. It can be noted, that the numerically and
analyically identified damping are in good agreement. Therefore, the ability to simulate an acoustic field in
the presence of an anisotropic porous material has been demonstrated.

0.002 - X=const
b [: y=const

I 0.001 FE e analytical damping

I 0.0008 FE e analytical damping
- 0.0006 0.0015 o
L 0.0004 [
05 0.0002 -
| 0 I
3 -0.0002 0.001
-0.0004 L
I -0.0006 N

3 — -0.0008
" 0.0005 H
> 0f -0.001 o F
L ol
o5k -0.0005 H
| -0.001 H
L 1 L ] A L1 L1 L1 ]
0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 1
X r

Figure 6. Comparison of numerically and analytically de-
termined decay of pressure fluctuations in an anisotropic
porous medium

Figure 5. Soundfield of a pulsing monopole sound source
in an anisotropic porous material

ITI.B. Testcase solid wall with compact boundary treatment

As already noted in section II, the simulation of complex graded porous materials requires a special treatment
of the interface between the free flow and the porous material. To maintain the numerical high-order-scheme
at the interface, a compact boundary treatment has been introduced. In the following, a verification on the
basis of a testcase with a pulsating monopole sound source above a rigid wall is presented. A similar case has
already been investigated by Tam and Dong to verify the implementation of a solid wall boundary condition
with an additional ghostpoint.?* In the process, three different setups have been investigated:

e 2 mirrored domains with one source each
e 1 domain with the established 7 point DRP boundary treatment with one ghostpoint
e 1 domain with the new compact boundary treatment

Fig. 7 shows the interference pattern, that is formed in all three cases. For a closer investigation, in fig. 8
the pressure in a deliberate section just above the rigid wall is plotted. It becomes aparent, that for all three
testcases the interference pattern is completely alike and thus the three methods give the same numerical
results. Hence, a new method of boundary treatment has been succefully implemented for the treatment
of a solid wall. In the next step, the compact boundary treatment is to be applied for the interface of two
identical domains. This will provide a closer insight into the functionality, as now derivatives f{ # 0 may
occur.
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Figure 7. Soundfield of a pulsing monopole sound source Figure 8. Fluctuating pressure along a section above re-
above a rigid wall after a nondimensionalized time of 2.7e6 flecting wall

ITI.C. Testcase inner cut with compact boundary treatment

With the shown applicability of the comact boundary treatment in mind, the next step on the way to the
implementation of the porous joump condition is to set up a testcase where the derivative on the edge f]
may differ from 0. Therefor, the interface between two identical domains with the extension of 101 x 101
points each is studied. To generate a simple test, a pressure pulse is set off in the center of one of the
domains. Figures 9 and 10 illustrate, how the pulse is passing the interface at = 0. It can be seen that the
perssure distribution remains smooth across the interface and that no artificial perturbations occur. Hence,
the compact boundary treatment seems to be well suited to describe the interface between two computational
domains. To verify the stability of the artificial central DRP scheme across the interface, the simulation were
repeated with a meanflow Mach number of Ma,, = 0.7. Hereby, the results displayed that the scheme is
stable for both up- and downwind case. In the ongoing work, the porous jump conditions are implemented
to provide the ability to treat the interface of two different porous domains.

p P
0.1 0.1
0.08 0.08
[ 0.06 120 — 0.06
180 | L ooa 0.04
r 0.02 L 0.02
160 - 0 0
r — -0.02 002
. -0.04
140 |- -0.06
L i -0.08
- -0.1
120 - 0
100
> L
80 [
60 -
40
201
0 W I
=100 50 0 50 100

Figure 9. Pressure pulse passing an interface between Figure 10. Detail of pressure pulse passing an interface
two computational domains with identical properties, com- between two computational domains with identical prop-
puted with the compact boundary treatment erties, computed with the compact boundary treatment
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III.D. 2D CAA of NACA0012 TBL-TEN

Past, the 2D simulations of a NACA0012 airfoil presented by Faimann et al.® with a homogeneous, isotropic
porous material applied to the trailing edge were redone due to a coding issue in parallel computing. With
this solved, the simulation results still show a broadband reduction of the emitted noise, but which is now
closer to the experimental findings, although the in section II have not yet been finally implemented for this
simulation. Fig. 11 shows the broadband reduction that is achieved with a porous trailing edge in comparison
with a solid trailing edge. Particularly, two aspects are most conspicious. First, in the range of 1kHz to
3kHz a good agreement between the simulation and the measurements, carried out by Herr etal.,’ can be
observed. In this range, both the simulations and the measurements show a growing noise reduction of up
to 7dB with increasing of the frequency. Second, for high frequencies all simulations show a distinct decay,
which is not present in the measurements. In the ongoing work, this is encountered by the application of
different methods in the turbulence reconstruction of fRPM. Findings by Rautmann et al.?® already showed
possible benefits of a reconstruction based on constant turbulent length scales. Fortunately, this only affects
the absolute sound pressure levels, whereas the influence of the porous trailing edge is still visible. Aside
from the overpredicted decay, the simulations show in accordance with the measurements, that the noise
reduction is only present in a limited frequency range. For higher frequencies, the beneficial influence of
the porosity vanishes and the spectra from measurements and simulation converge. Thereby, the point of
convergence in the simulation spectra is set at a lower frequency than in the measurements. This may either
be an effect of the overall representation of the absolute pressure levels of this part of the spectra or be
induced by a frequency-depending permeability of the porous material. Currently, the permeability is set to
be a constant and is determined by measurements with stationary flow through the material. Furthermore,
Fig. 12 illustrates that a reduction of the overall soundpressure level of 2 - 3dB is obtained over almost the
whole angular range. Only a small angular range between 345° and 15° does not show such a reduction.
The hereby represented pressure fluctuations certainly do not account for acoustic pressure fluctuations but
for the wake vorticies of the profile and are therefore not relevant in this analysis.

Simulation solid TE

Simulation porous TE
60

Simulation solid TE
--------- Simulation porous TE
[ Measurement solid TE
A Measurement porous TE

10dB

SPL [dB]

| L T IR
3000 6000 9000

1/3 octave

f

Figure 11. 1/3-octave band spectra of simulations and Figure 12. Directity of simulations of NACAO0012 profile
measurements by Herr et al.® with solid (black) and porous with solid (black) and porous (red) trailing edge.
(red) trailing edge at a freestream velocity of 502.

With these positive results at hand, a process chain for 3D simulations has been set up. Hereby, potential
spanwise effects are to be identified, which may concern the turbulence itself as well as additional beneficial
effects of the porosity due to the supplementary degree of freedom. The past work has been dedicated to build
a simulation which may give reliable results within a reasonable time period with the given computational
resources. Although the simulations run stable and preliminary results are promising, in this place it is still
too early to present significant results.
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IV. Summary

The paper in hand presents the status of the ongoing work considering the reduction of turbulent-
boundary-layer trailing-edge noise by means of replacing the solid trailing edge of an airfoil with a porous
material, which allows a certain ventilation. This may either be a homogeneous and isotropic or more
complex material with gradual and/or anisotropic properties. Therefor, numerical methods are provided to
model the behaviour of acoustics in such a material. Furthermore, conditions to describe the behaviour of
the acoustic variables across the interface between the porous material and the surrounding flow have been
derived from the analogue formulae in CFD simulations. For application of these jump conditions in a high-
order CAA-Scheme, a compact boundary scheme has been implemented and successfully tested for the cases
of a rigid wall and an interface between two computational domains with the same properties.Currently, the
implementation of the jump conditions for simlations of a porous trailing edge needs final steps before the
influence of gradually porous materials on the trailing edge noise will be investigated. Until now the 2D
simulations of homogeneous pourous materials are already in good agreement with the experimental findings.
To take into account spanwise effects, a process chain for 3D simulations and the associated simulation cases
have been set up to achieve reasonable computational times.
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