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Abstract
In the framework of the German Collaborative Research Center CRC 880: Fundamentals of High
Lift for Future Civil Aircraft porous materials as a means towards the reduction of airfoil trailing
edge noise are investigated. At DLR, both experimental and numerical approaches are pursued to
understand the physics behind the noise reduction. The present paper focuses on the numerical
investigations, for which the experimental data serves as an evaluation basis. From the analysis of
homogeneous materials, first steps are made towards the design of aeroacoustically tailored
materials. It is assumed that materials with locally varying permeability may be suitable to achieve
maximum noise reduction, as they provide a smooth transition from the solid airfoil to the free
flow in the wake. The simulation results support this understanding, however it is revealed that
high local gradients in the material properties themselves may act as acoustic sources.
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Introduction
Due to the past and projected increase in commercial air traffic,1 the noise emission from
transport aircraft has become an important topic in research and politics.2,3 Furthermore,
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Figure 1. Airfoil DLR F16 as used for the experimental and numerical investigations with modification of
the rear 10% of the chord length. (a) solid trailing edge. (b) porous trailing edge.

the demands for renewable energy has led to increased installation numbers of wind turbines, for which noise plays a major role for the certification. In both fields, the broadband
turbulent boundary layer trailing edge noise (TBL-TEN) is one significant contributor.4
This trailing edge noise is generated by the interaction of turbulent eddies with the pointed
edge of the airfoil, representing a geometric discontinuity.5
There exists a variety of active and passive measures for the reduction of airfoil trailing edge
noise. On the one hand, active methods are usually based on local blowing or boundary layer
suction.6–10 On the other hand, passive devices without energy supply are also promising. These
often aim to alter the boundary layer turbulence, for example with boundary layer fences or
rails.11–13 Other approaches use rigid, porous materials.14–19 Here, the noise reduction is based
on a ventilation through the porous trailing edge, allowing for a turbulence pressure compensation between the upper and the lower side of the airfoil. Thereby, the discontinuity of the
trailing edge is smoothed.20–22 Further investigations consider similar porous porous materials
to change the flow and noise radiation at blunt trailing edges.23,24
The airfoil used in the present contribution is the DLR F16, as sketched in Figure 1 with
solid and porous trailing edge. The investigations are carried out at wind tunnel model scale,
with an airfoil chord length of 300 mm, a free stream velocity of U1 ¼ 50 m=s and an angle
of attack of a ¼ 0 . The porous section extends over the rear 10% of the chord.
For the porous trailing edges, different aluminum materials are used. Figure 2 shows CT
scans of three different materials, differing significantly in their structure. All these materials
are rigid, though permeable due to their open pore structure. The first two materials show
the range of pore sizes that were realized. The numbers in the naming are chosen accordingly
(PA80-110 and PA200-250). The chosen materials cover a great range of pore sizes.
The upper limit to the pore size is determined by the structural stability of the trailing
edge, while for very small pores the permeability can get too small so that acoustic effects
might not be observable. Using aluminum as a base material offers the possibility for easy
machining. As an example, the last material is a modified version of the second (PA200-250).
It was run through a cold rolling process to modify its inner structure. The scan reveals, that
the material is more dense on the left side, where it is attached to the solid part of the airfoil.
This is achieved by a variable infeed during the rolling.

Numerical method
To simulate the influence of porous materials on airfoil trailing edge noise, a two-step hybrid
CFD/CAA procedure is applied, that separates the computation of a steady flow field from
the unsteady acoustic simulation. This approach was already successfully applied for trailing
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Figure 2. CT scans of exemplary porous trailing edges with different pore sizes and additional cold rolling
process with varying infeed as provided by the Institute for Materials at TU Braunschweig.25(a) PA80-110.
(b) PA200-250. (c) PA200-250, cold rolled.

Figure 3. Flow chart to illustrate the two-step hybrid CFD/CAA approach.32

edge noise simulations.26 Figure 3 shows a flow chart that presents the different stages.
In the first step, DLR’s RANS flow simulation code TAU is used, that provides the ability
to model porous materials by a volume-averaging approach27 that will be presented in the
following. Also the influence of the porous material on the turbulence is modeled by an
extended Reynolds stess turbulence model.28 From the flow simulation, information about
the steady flow and the turbulence statistics is used to generate the unsteady turbulent
sources by the stochastic turbulence reconstruction method fRPM (fast Random Particle
Mesh method).29 Therein, a white noise field is filtered to represent the velocity fluctuations
of the turbulent structures based on the turbulence kinetic energy and the turbulence length
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(a)

(b)

Figure 4. Sketch to illustrate the numerical modeling of porous materials. (a) microscopic structure.
(b) volume-averaged representation.

scale from the turbulence model in the RANS simulation. The unsteady sources are then
coupled into DLR’s finite-differences CAA code PIANO30 to calculate the acoustic propagation by solving the Acoustic Perturbation Equations (APE).31
To model porous materials in CFD and CAA simulations, two common approaches are
possible. On the one side, a discretization of the microscopic structures can be implemented33 to
resolve the flow details (Figure 4(a)). Therefore, material scans can be used to obtain the
necessary information about the inner structure.25,34 In this approach, no approximation of
the flow inside the pores is needed. However, due to the small pore sizes of about 1 mm and less,
the numerical effort becomes too high to consider a vast variety of materials. Hence, this
approach is not suitable for design studies. On the other side, porous materials can be modeled
by characteristic parameters that give a volume-averaged formulation of the governing equations (Figure 4(b)). The parameters used in this contribution are the porosity /, permeability j
and the Forchheimer coefficient cF. The porosity is a geometric parameter, giving the fluid
volume inside a given total volume of porous material. Permeability and Forchheimer coefficient on the other hand yield information about the drag affecting flow through the material.
Figure 5 shows the volume-averaged representation of the materials illustrated in Figure 2.
It can be seen how the coarse material yields the highest permeability and how the deformation
of the pores due to the cold rolling process results in a locally varying permeability. For small
local flow velocity, the drag inside the material is dominated by viscous effects and can be
described by the Darcy law (equation (1))35 with p as static pressure, ½ui  as the local flow
velocity vector and l as the fluid viscosity. The porous material is modeled by its porosity / and
permeability j. With increasing flow speed turbulent drag becomes relevant, which is accounted
for by extending the Darcy law with a term formulated by Forchheimer (equation (2))36 that
takes the Forchheimer constant cF as an additional parameter. With these material parameters,
a volume-averaged formulation of the Linearized Euler Equations (LEE) in perturbation form
can be found (equations (3) to (5)),32,37 with q as the fluid density, c the isentropic expansion
factor, ei the unity vectors of the coordinate system and dij the Kronecker delta. In the present
perturbation form, q0 ; ½ui 0 ; p0 denote quantities of the constant mean flow field, while
q0 ; ½ui 0 ; p0 denote the perturbation variables.
@p
l
¼ / ½ui 
@xi
j

(1)
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Figure 5. Examples for porous materials used to reduce trailing edge noise, with high, low and graded
permeability.
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gradient term

For the simulation of trailing edge noise with the presented CFD/CAA procedure, the
Acoustic Perturbation Equations (APE) are solved.26,31 These can be derived from the LEE
by reformulating the momentum equation (4). Therefore the linearized Lambvector (with
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ijk representing the Levi-Civita symbol) is moved to the right hand side. Thus the turbulence
reconstruction from fRPM can be directly imposed as a source term.
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With the presented approach to model porous materials by volume-averaging, special focus
needs to be set to the formulation for the material interfaces to the free medium. In this work,
a set of acoustic jump conditions is implemented to capture discontinuities of the primitive
variables. Following a set of jump conditions used for RANS simulations,27,28 conservation
laws for mass flow, energy flow and entropy across the edges of porous sections are implemented (equations (7) to (9)).37 As these jump conditions represent a general equilibrium state,
they can be applied independently of the chosen governing equations (LEE or APE).
q0 /½u0i  þ q0 /½ui 0  ¼ const
c
p0
p0 q0

0
c1 q
ðq0 Þ2

(7)

!
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q0 p0
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0
ðq Þ
ðq0 Þ2

(8)

(9)

Comparison with experimental results
In a first step, the simulation results for the solid and different porous trailing edges are
compared to experimental data. This will give an insight to evaluate the quality of the
numerical approach. To cover a wide range of different trailing edges, four different
porous materials are used. These are listed in Table 1, with their respective porosity and
permeability values. These parameters are determined at TU Braunschweig as a cooperation
within the SFB 880.25 While the porosity as a geometric quantity is calculated based on CT
Table 1. Material characteristics of different porous trailing edges used in
simulations and measurements.
Name

Porosity / (–)

Permeability j (m2 )

PA80-110
PA120-150
PA200-250

0.46
0.55
0.57

1:2  1010
1:2  109
4:3  109
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scans of the material, the permeability is determined by measuring flow resistance through by
an alternating flow at 1 Hz, as defined in the standard specification DIN EN 29053. The
Forchheimer coefficient can not be determined by the experimental material characterization
and is therefore neglected. A more detailed analysis shows that by neglecting the Forchheimer
term the overall permeability of the porous material is slightly overestimated. However, it was
found that the physical influence of the porous material on noise generation is still preserved.38 While the porosity does not vary much between the materials, significant differences
are notable in the permeability. This is related to different pore sizes, with the smallest pores in
the PA80-110 and the largest in the PA200-250. All presented acoustic data is recorded for an

angle of attack of 0 and a free stream velocity of 50 m=s. With the airfoil chord length of
0.3 m, this results in a Reynolds number of about 1  106 . To ensure a fully developed turbulent boundary layer at the airfoil trailing edge, a zig-zag-tape is used for tripping. The tape is
positioned at 5% of the airfoil chord on the suction side and at 10% on the pressure side. This
setup was developed in previous flow measurements at TU Braunschweig to get a defined
boundary layer state for different angles of attack.27 Parallel to the flow measurements, 2 D
CFD computations of the airfoil in free flight condition were run. These simulations were run
on a O-type mesh, with an average spacing of yþ ¼ 0:5 at the viscous walls of the airfoil
surface.27 Inflow conditions and tripping were chosen as in the experiments, so that the setup
could be directly used for the present aeroacoustic investigations.
To compare the simulation results to the experimental data, a virtual microphone is

placed at 90 below the trailing edge at a distance of rsim: ¼ 1:5  c (with c being the airfoil
chord length, giving rsim: ¼ 0:45 m). As the simulations are run on a two dimensional mesh,
the sound pressure levels have to be corrected to refer to the measurements which gives
nominalized data for a wing span of b ¼ 1 m and a distance between trailing edge and
microphone of rmeas: ¼ 1 m. The correction is needed, as the 2 D simulations do not include
the spanwise coherence length of the turbulent eddies at the trailing edge, which results in
too high noise levels. The present approach is based on a model for the coherence length
scales by Amiet39 and is explained in detail by Ewert et al.40 It follows equation (10) with the
empirical constant C  2:1 and the free stream Mach number of Ma01 ¼ 0:15 m=s at which
the simulations and measurements are run. Additionally, a correction for the distance from
trailing edge to microphone has to be applied, following the theoretical pressure decay in the
far field (cf. equation (11)). To match the measurement spectra, a final shift of the corrected
simulation spectra of -1.5 dB needs to be applied. This can be seen as a calibration and
depends on the applied turbulence model in the flow computation.

SPL3D ¼ SPL2D þ 10log10

C b
Ma01
2p rsim:

SPL3D ¼ SPL2D  9:5 dB
1
p0 /
r
SPLmeas: ¼ SPLsim: þ 20log10
SPLmeas: ¼ SPLsim:  7 dB


(10)



rsim:
rmeas:


(11)
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Figure 6 shows the direct comparison of the experimental and numerical data for the four
different porous trailing edges to the solid reference. The spectra for the solid trailing edge
show a very good agreement within an estimated 1dB uncertainty range of the measurements41 for frequencies above 2 kHz. In the low frequency domain the maximum of the
simulated spectrum is found in the 1 kHz band, while the measured maximum is located in
the 1.25 kHz band. This difference may be related to an increased uncertainty of the numerical data for low frequencies, due to a short sampling period of 0.1 s.
Comparing the data for the porous trailing edges, significant deviations between simulations and measurements are found. For the material PA80-110 with small pores and low
permeability, the measurements show noise reduction of about 6 dB mostly in the highfrequency domain between 2 to 16 kHz (Figure 6(a)). The simulations predict a similar
achievable noise reduction. However, here the reduction is found at lower frequencies
between 1 to 4 kHz (Figure 6(a)). Simulation and measurement therefore both show that
the influence of the porous trailing edge has a broadband character, but is limited to a
specific frequency range. For the other, more permeable materials, even more distinct differences between experiment and simulation show up. In the measured spectra it can be seen
that with rising pore size and permeability increasing high-frequency noise above 3 kHz
comes up (Figure 6(b) and (c)). However, a around 1.25 kHz these materials show a
(a)

solid
PA80-110

SPL [dB]

70

60

50

40

(b)

solid
PA120-150
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solid
PA200-250

70

60

50

50

40

10 15 20

(c)
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5
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5
f1/3 octave [kHz]
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Figure 6. Comparison of 1/3-octave band spectra based on numerical (lines) and experimental (squares,
with an estimated uncertainty of 1dB41) for the solid and different porous trailing edges. The microphone
position is located at 1 m below the trailing edge, free flow velocity is 50 m=s and the airfoil is installed at an
angle of attack of 0 . (a) PA80-110: small pores, low permeability. (b) PA120-150: medium size pores,
medium permeability. (c) PA200-250: large pores, high permeability.
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higher noise reduction than the first, less permeable material PA80-110. The simulations of
the materials with higher permeability however show only very limited noise reduction
potential (Figure 6(b) and (c)). At this point it seems like the chosen numerical representation of the porous materials is not suitable to capture their effect on the reduction of trailing
edge noise. Nevertheless, in some details the simulations give similar results as the experiments. One might consider that the high-frequency noise increase in the experiments is also
present in the simulations, just with a more broadband character. In this case, the numerical
approach might be useful to understand the noise reduction potential of porous materials
applied to airfoil trailing edges. Therefore, the following sections will get into more detailed
analysis of the simulation results.

Analysis of noise generation
In the previous section it was shown that there are significant deviations between the numerical
and experimental results, especially when it comes to highly permeable materials. In the following, a more detailed analysis is presented to provide a deeper understanding of the simulations.
Therefore, the hybrid CFD/CAA approach is very useful. It enables to distinguish between the
influence of the porous trailing edges on the conversion of turbulent to acoustic energy on the
one side and on the turbulence itself on the other. In the first case, the source reconstruction of
the solid airfoil is applied to the different porous trailing edges. In the second setup, the solid
trailing edge is combined with turbulent sources based on the flow simulations of the porous
edges. To give an impression on the influence of the porous trailing edges, Figure 7 illustrates
the turbulence kinetic energy kt, as calculated by the RANS flow simulation for the solid and the
porous trailing edges. It can be clearly seen that the porous materials have a significant impact
on the turbulence at the trailing edge. For each porous airfoil, an increase in the turbulence
kinetic energy is present on the suction side. Simultaneously, due to flow penetration into the
porous section, the turbulence intensity on the pressure side reduces with increasing permeability. This is driven by the pressure gradient between the bottom and top side of the cambered
airfoil at a ¼ 0 . Interestingly, the turbulence kinetic energy on the suction side is highest for the
material PA80-110, which has the lowest permeability of the porous materials. It seems like for
this case the local shear and therefore turbulence production in the flow is strongest. For the
more permeable materials, the flow passing from the bottom side carries more momentum,
which results in a more efficient mixing on the suction side and therefore less local turbulence.
With respect to the previous results, the analysis of the turbulence gives a first hint that the
observed noise increase for the more permeable materials might be related to the local flow at
the trailing edge.
To get further into the analysis of the influence of porous materials, Figure 8(a) shows
simulation results, when the turbulence information of the porous trailing edges are taken as
source input for the stochastic turbulence reconstruction in fRPM with the solid airfoil in
PIANO. This approach is possible, as the stochastic turbulence reconstruction in fRPM is
separated from the acoustic computation in PIANO. It allows to distinguish between the
influence of the porous trailing edge on the increase of turbulence, and hence the acoustic
source on the one hand (Figure 8(a)) and the energy transfer from a specific turbulence
source to acoustic energy on the other (Figure 8(b)). These two effects could never be
separated in an experimental approach, as in reality both turbulence and energy transfer
are determined by the porous trailing edge. Nevertheless, the artificial numerical approach
gives valuable insights. It can be seen, that despite the significantly increased turbulence
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Figure 7. Contour plots of the turbulence kinetic energy kt calculated by the RANS flow simulation for the
solid and porous trailing edges.
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Figure 8. Simulation results for combination of different trailing edge materials with turbulence reconstruction based on flow computations of the solid or porous airfoil. (a) Solid trailing edge with turbulence
from porous flow computation. (b) Porous trailing edges with turbulence from solid flow computation.

intensity observed for the PA80-110, over a wide frequency range the calculated spectrum
agrees with the solid reference. The turbulence from the more permeable materials PA120150 and PA200-250 however gives a strong broadband noise increase. The results suggest
that the turbulence intensity at the trailing edge is not the most relevant measure for the
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noise increase, but the local flow velocity on both suction and pressure side of the airfoil.
However, the observed noise increase could be considered consistent with the measurements
if it was limited to the high frequency domain. Thus, this shortcoming can partially explain
the differences between simulation and experiment. All in all, the results give a hint that the
high-frequency excess noise in the measurements might after all not only be due to roughness effects, but more to an alternated turbulence and mean flow field based on the flow
passing through the porous section.
The influence of the porous materials on the turbulence at the airfoil trailing edge is
only one part of the effect on the generation of trailing edge noise and does not
explain the potential noise reduction. Therefore, Figure 8(b) shows simulation results
when the turbulence reconstruction is based on the solid flow field and the acoustic
computation is realized with different porous trailing edges. Here, all porous material
give a broadband noise decrease. Interestingly, the material with lowest permeability
provides the highest noise reduction, while the rising permeability from PA120-150 to
PA200-250 only has very limited effect on the spectrum. To understand the reason, another simulation approach is pursued. Therein, not the entire turbulence field is reconstructed
by superposition of synthetic eddies. Instead, a single vortex passing the trailing edge
is simulated.
Figure 9(a) and (b) show snapshots of the acoustic pressure field at a constant simulation
time. For the solid airfoil, the expected cardioid pattern with one wavefront and inversely
phased radiation to the top and bottom is observed. In case of the porous trailing edge,
made of PA80-110, the pressure field directly at the trailing edge shows a similar pattern,
though with reduced sound pressure levels. The main difference between the two contour
plots is found in the leading wave front that is present for the porous airfoil. It shows a
similar cardioid, inversely phased pattern as the trailing edge signal. Here, the interaction
of the vortex with the solid to porous intersection of the airfoil acts a discrete acoustic
source location that is based on the same physical mechanism as the trailing edge noise.
For a more detailed analysis of the influence of the different porous materials on the
sound production at the intersection and the trailing edge, Figure 9(c) shows the time

signal of a microphone at 90 below the trailing edge. As the sound radiation is symmetric
to the upper and lower half plane of the airfoil, this analysis provides insight into the
entire acoustic field. Similar to the presented snapshots the comparison of the signals from
the solid and the porous trailing edge (PA80-110) shows a reduction of the trailing edge
noise along with the new leading wave front originating from the solid-porous intersection. Moving on to the highly permeable materials PA120-150 and PA200-250, the intersection noise becomes the dominant source. This explains the limited overall noise
reduction for increasing permeability as seen in Figure 8(b). The presented results are
similar to a previous investigation with a NACA0012 airfoil.42 Therein, a different source
formulation was used in form of an analytical vortex that was transported by solving the
Linearized Euler Equations. This similarity suggests that also for the present setup graded
porous materials could be beneficial in terms of the achievable noise reduction. To evaluate the effect of such a material with locally varying permeability and porosity, the cold
rolled version of the PA200-250 is applied25 that provides a low permeability at the
intersection and a high permeability at the trailing edge. The evaluated porosity and
permeability from the experimental material characterization are shown in Figure 10.
To get the material properties at the specific positions, multiple specimen of the base
material are cold rolled to a constant thickness between 90% and 50% of the initial
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Figure 9. Simulation results for the realization of a single vortex as a representative acoustic source. (a)
Contour plot of acoustic pressure for the solid airfoil at a simulation time of 2:9  103 s. (b) Contour plot of
acoustic pressure for the porous airfoil with PA80-110 trailing edge at a simulation time of 2:9  103 s.
(c) Time signal of the acoustic pressure registered by a microphone 90 below the trailing edge.

thickness. Then, each specimen is characterized by CT scan and flow measurement. As the
infeed of the cold rolling for machining the trailing edge with locally varying properties is
defined as a linear function in space, this approach determines an estimate of the local
material characteristics. Figure 11(a) shows the time signal of the microphone from the
simulation of the single vortex. It can be seen that the noise generated at the solid-porous
intersection is reduced drastically, without making the trailing edge a distinct dominant
source location. Instead, an acoustic wave is built over the entire time that the vortex
passes above the porous section of the airfoil. By that, the conversion to acoustic energy is
distributed, which helps to reduce the maximum pressure level. This reduction can also be
observed in the simulation with turbulence reconstruction using the turbulence information from the flow of the solid airfoil (Figure 11(b), similar to Figure 8(b)).

Design of aeroacoustically tailored materials
In good agreement with previous investigations, it was shown that porous materials with
locally varying permeability are well suited to achieve a significant trailing edge noise

Rossian et al.

359
Porosity φ
Permeability κ

0.6

5E-09

0.4
2E-09
0.3

0.2
0.9

2

φ [-]

3E-09

κ [m ]

4E-09

0.5

1E-09

0.92

0.94

0.96

0.98

0
1

x/c [-]
Figure 10. Porosity / and permeability j used to model the cold rolled PA200-250 trailing edge.

(a)

solid
PA200-250
PA200-250, cold rolled

0.002

(b)
70

solid
PA200-250
PA200-250, cold rolled

65

SPL [dB]

60

p’ [Pa]

0.001

55
50

0

0.002

45

0.003

0.004

t [s]

0.005

0.006

40

5

10 15 20

f1/3 octave [kHz]

Figure 11. Simulation of a graded porous trailing edge from a cold rolled PA200-250. (a) Single vortex
representation. (b) fRPM broadband simulation based on the turbulence statistics of the solid airfoil.

reduction. However, for design purposes it is desired to answer the question, which properties aeroacoustically tailored materials might have. To evaluate different graded materials,
the least and the most permeable material of the preceding investigations (PA80-110 and
PA200-250) are combined in different ways. Figure 12 shows three model functions to vary
the permeability with fixed values at the solid-porous intersection at x=c ¼ 0:9 and the
trailing edge at x=c ¼ 1. First, a linear function is considered. Second, two quadratic functions are implemented. These are defined to have a zero gradient either at the intersection or
the edge. This approach shall help to evaluate the effect of the gradient of the permeability.
The porosity is kept constant at / ¼ 0:5, as previous work has shown that variations in this
value have only minor influence on the radiated noise.42 The assumption that porosity can
be kept constant for varying permeability is not necessarily valid for real porous materials.
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Figure 12. Model functions for permeability to realize different graded porous materials with fixed values
at start and end.

However, the characterization of the materials presented in Table 1 shows that for certain
materials the permeability can in fact vary by one order of magnitude while the porosity
only differs by about 20%.
Figure 13(a) reveals that the gradient of the permeability has a notable effect on the noise
generation at the porous section of the airfoil. It can be seen that at the solid-porous intersection the acoustic signal increases with the gradient. For the zero gradient, the noise
generation is about the same as for the homogeneous PA80-110 and is amplified by
about 70% for the material with the highest local gradient. At the trailing edge, a similar
trend is observed. However, the differences between the artificial materials are less prominent and the generated sound pressure levels are close to those of the homogeneous PA200250. In previous investigations of a NACA0012 airfoil (shown in Figure 13(b)) a deviant
trend was observed. Therein, the effect of the gradient was stronger at the trailing edge. It
has to be noted that additionally to the changed airfoil geometry, also the permeability at
the trailing edge of the porous section was lower (1  109 m2 instead of 4:3  109 m2 ) and a
different source realization was used. Thus, the time signals show a different form and the
results are not directly comparable. However, the influence of the permeability gradient
should be similar, as the modeling of the porous material is the same.
To examine whether the chosen start and end value of the permeability yields a major influence on the sound generation, further simulations with the F16 airfoil are run. Therein, the local
permeability is halved compared to the model functions shown in Figure 12. To have a direct
comparison, Figure 14(a) shows the same results as in Figures 13(a) and 14(b) those for the new
materials with reduced permeability. In the new results, it shows that the influence of the gradient
at the trailing edge is now stronger, despite its reduction of the factor of 2. For the sound
generation at the intersection, an obverse trend is seen. Generally, the influence of the gradient
is closer to the results obtained in the simulations with the NACA0012 airfoil. This concludes
that the combination of the local gradient and the local value of the permeability is a crucial
parameter to determine the generation of acoustic waves.
The preceding numerical results can also be backed by a theoretical analysis. From the
porous volume-averaged formulation of the Linearized Euler Equations (equations (3) to
(5)), a Poisson equation can be derived. Taking a constant porosity and the Forchheimer
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Figure 13. Microphone time signals of the trailing edge noise generated for graded porous materials
applied to different airfoils. (a) F16 airfoil. (b) NACA0012 airfoil.42
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Figure 14. Microphone time signals of the trailing edge noise generated for graded materials on the F16
airfoil with different mean permeability. (a) Permeability as shown in Figure 12. (b) Permeability half the value
as shown in Figure 12.

coefficient as zero, equation (12) is written. Note that in order to write the Poisson equation
 based
in non-dimensional form, the boundary layer thickness d and a mean permeability j
on the value at the solid-porous interface j1 and the trailing edge j2 are used. The second
term on the right hand side includes the effect of the porous material. Note that it yields
both the gradient as well as the local value of the permeability. Considering v0 as the incident
velocity field of a vortex passing a graded porous material, the inhomogeneous material acts
as a source term for the local pressure. If this local pressure is furthermore diffracted at an
edge (either the solid-porous intersection or trailing edge), it may be converted to an acoustic signal. This relates directly to the discussed simulation results.
Da / 0
v  rj
Re j2
U1 d
j1 þ j2
¼
; j
Re :¼
2


Dp0 ¼ r  r  ðvvÞ0 þ
;
Da :¼ d2 j

(12)
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Conclusions
In the present paper it was shown that porous materials are suitable to reduce airfoil trailing
edge noise. Despite significant deviations between the experimental and numerical results,
the simulations show a consistent picture of the noise generation at a porous trailing edge.
As in previous investigations, the solid-porous intersection of the airfoil was found to
become the dominant noise source for highly permeable materials. From this finding it
was concluded that graded porous materials, that yield a locally varying permeability
might be a good choice to achieve maximum noise reduction. Simulations with differently
tailored materials were carried out to support this idea. They revealed that graded materials
have to be considered in the search for aeroacoustically optimized materials. However,
strong local gradients of the permeability, especially at the solid intersection and the trailing
edge may act as additional source locations.
Further effort will need to be put into the investigation of the deviations of the measurement and simulation results. Other simulation approaches, like Large Eddy simulations
might help to understand if the chosen approach to model the turbulent sources is suitable
to capture all effects of the porous materials on the turbulence. Furthermore, pore-resolving
simulations could aid to verify the volume-averaging approach to model the materials.
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