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ABSTRACT
Permeable materials can be installed at the trailing edge of an airfoil to mitigate
turbulent boundary layer trailing edge noise in the low frequency range. Goal of
this study is to investigate the physical mechanisms behind trailing edge noise



reduction for a porous trailing edge. Numerical simulations are carried out and
the results are validated against experimental data. The flow around a NACA
0018 airfoil at 0° angle of attack and at a chord-based Reynolds number equal
to 2.8 x 10° is investigated. The transport phenomena within the porous region
are reproduced with the Hazen-Dupuit-Darcy law, where the Darcian force coef-
ficients are taken from experimental data. A comprehensive mesh study for both
solid and porous trailing edges is conducted. The boundary layer integral pa-
rameters and the far-field sound pressure spectrum are in good agreement with
the experiments. The noise reduction capability of the porous trailing edge is
successfully predicted in the range of frequency of interest, however, simula-
tions do not show the noise increase in the high frequency range, due to the
absence of roughness in the computational setup adopted to model porosity.
The spanwise correlation length of the pressure fluctuations close to the wall
does not show any relevant difference between the solid and the porous trailing
edge thus suggesting that the large scale structures are not affected by the po-
rous insert.

1. INTRODUCTION

Airfoil self-noise is the major noise source in wind turbine applications [1].
In particular, turbulent boundary layer trailing edge (TBL-TE) noise, generated
by the scattering of turbulent flow at the trailing edge [2] is the dominant noise
mechanism [3]. The most common technique employed by wind turbine manu-
facturers is the installation of saw-tooth shaped serrations at the trailing edge to
reduce TBL-TE noise. Other noise-reduction techniques are being developed to
achieve noise reduction, such as, active boundary-layer suction system [4], po-
rous trailing edges [5] and blade shape optimization [6].

Dedicated porous materials, typically applied to a certain percentage of
the chord length, are made by a uniform and permeable structure with intercon-
nected pores. The permeability typically reduces the impedance jump at the
edge, with a consequent reduction of the radiated noise. Noise reduction capa-
bilities of porous materials have been successfully demonstrated in several aer-
odynamic applications [7]. Porous materials are conventionally characterized
with porosity and flow resistivity. Geyer et al [7] carried out an extensive set of
measurements, using different materials and different streamwise extensions,
but they did not find any exhaustive correlation between porous material char-
acteristics and their noise levels. They found though that with a longer exten-
sion of the porous material, a larger measured noise reduction is achieved, to-
gether with a degradation of the aerodynamic properties (i.e., lift and drag).

More recently, Rubio-Carpio et al [8] investigated, using microphone ar-
ray and time-resolved Particle Image Velocimetry (PIV) measurements, a NACA
0018 profile with a porous trailing edge made of metal foams. Several foams
with different properties (i.e., porosity and flow resistivity) were investigated.
Noise reduction was measured at lower to middle frequency (from 500 to
1600 Hz), while noise increase, attributed to the surface roughness, was found
at higher frequencies. The effects of the flow connection through metal-foam on
far-field acoustics was tested by adding a non-permeable layer [9]. For this con-
figuration, no noise reduction was measured at lower to mid frequency, but
noise increase in the higher frequencies was still present.

In this study, the experimental study of Rubio Carpio et al [8] is investi-
gated numerically using the commercial software 3DS-Simulia™ PowerFLOW.



Since it is computationally expensive to simulate the entire geometry at the po-
rous trailing edge, a porous media formulation is used.

2. COMPUTATIONAL METHOD
2.1 Flow solver

The lattice-Boltzmann (LB) commercial solver 3DS-Simulia™ Power-
FLOW version 5.4b has been used because it has been proved to be reliable
for trailing edge noise prediction [10, 11]. The LBM solves the Boltzmann equa-
tion on a Cartesian mesh, named as lattice. The discretization used for this par-
ticular application consists of 19 discrete velocities in three dimensions
(D3Q19), involving a third-order truncation of the Chapman-Enskog expansion.
The equations are solved with an explicit time integration approach and the sta-
bility of the solution is obtained by setting the Courant-Friedrichs-Lewly stability
number to unity. To obtain the particle distribution, a collision term, based on a
unique Galilean invariant [12], and an equilibrium distribution of Maxwell-
Boltzmann [13] are adopted.

A Very Large Eddy Simulation (VLES) model is implemented to consider
the effect of the sub-grid unresolved scales of turbulence. Following [14], a two-
equations k-epsilon renormalization group is used to compute a turbulent relax-
ation time that is added to the viscous relaxation time. In order to reduce the
computational cost, a pressure-gradient-extended wall-model is used to approx-
imate the no-slip boundary condition on solid walls [15, 16]. The model is based
on the extension of the generalized law-of-the-wall model [17] to consider the
effect of pressure gradient.

A Darcy’s porous media formulation is used to compute the flow within
the foam. The parameters that characterize the macroscopic properties of
transport phenomena within a porous material are: porosity, permeability and
form coefficient. The porosity of the material is defined as:

o=1-"2 (1)
Ps

where p, and ps are the density of the porous material and of the solid, respec-
tively. In porous media, the Hazen-Dupuit-Darcy equation describes the pres-
sure loss Ap when certain mass flow permeates through a porous material
sample of thickness h:

A
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where ., and p., is the fluid’s freestream dynamic viscosity and density respec-
tively. K and C are the permeability and the form coefficient of the porous mate-
rial. The coefficients of the Darcian velocity vy (eq. 2) are defined as viscous
(Rv =u./pK) and inertial (R, = C) resistance. The pressure gradient Vp through
a porous material is proportional to the local flow velocity u, as follows:

Vp=-R-u (3)
where R is the sum of viscous and inertial resistivity components (Ry and R,
respectively). This law is then applied in the LBM solver and readers are re-
ferred to [18] and [19] for a more detailed description.

The viscous and inertial resistances are taken from the experimental
study conducted by Rubio Carpio et al [8].



2.2 Noise computation

The compressible and time-dependent nature of the transient CFD solu-
tion together with the low dissipation and dispersion properties of the LB
scheme allow extracting the sound pressure field directly in the near-field up to
a cut-off frequency corresponding to approximately 15 voxels per acoustic
wavelength [20]. In the far field, noise is computed by using the Ffowcs Williams
and Hawkings (FW-H) equation [21]. The formulation 1A, developed by
Farassat [22] and extended to a convective wave equation is used in this study
[23, 24]. The formulation is implemented in the time domain using a source-time
dominant algorithm [25]. To compare computational results and simulations the

scaling adopted in [11] is used:
RI /l[e)(m)]
RC bC MC .

where R.=1 m, M;=1 and b; =1 m, that are the reference listener location,
Mach number and span of the airfoil.

Lspp scaled — Lspp +10log,, (4)

3. NUMERICAL CASE SETUP

A two-dimensional NACA 0018 airfoil has been investigated. It has a
chord length ¢ = 200 mm and a span of b = 40%c (80 mm). Transition is forced
at 20%c with a zig-zag trip with thickness of 0.6 mm, spanwise periodicity of
2.9 mm and length of 3.6 mm. The transition technique adopted here, though
different from the actual experimental realization, has been found to be the one
that best represents both the BL thickness and energy cascade.

The freestream velocity is U, = 20 m/s, corresponding to a chord-based
Reynolds number of 2.8 x 10°. The effective angle of attack is aes = 0°, making
it a zero-lift setup.

Fig. 1 shows a schematic of the simulation domain (not in scale). The
reference coordinate system has its origin at the trailing edge of the airfoil
(X/c =0), where X and Y axes are aligned with the chord direction and its nor-
mal direction respectively.

The numerical grid consists of 10 zones of variable resolution (VR). Each
VR zone consists of cubical volume cells called voxels. The size of voxels in-
creases by a factor of two in adjacent VR zones. The VR zone containing the
finest voxel is around the airfoil. The simulation domain is 100c long in the X
and Y-axis. The airfoil is placed at the center of the simulation domain. The de-
tails regarding the number of voxels, time step corresponding to finest voxel
resolution and computation time is provided in the next section, where different
mesh resolutions are investigated.

Boundary conditions are provided in terms of velocity and pressure at all
four boundaries (free-field boundary conditions) of the simulation domain in the
X-Y plane, with periodic boundary conditions applied along the Z-axis. As seen
in Fig. 1, for the porous configuration, a 1 mm thick outer layer of acoustics po-
rous medium (APM) surrounding the porous medium (PM) is used at the trailing
edge. Both medium applied in PowerFLOW describe the porous material as an
equivalent fluid region with resistance governed by the Darcian forces. In addi-
tion to this, the APM also considers the acoustic absorption property of the ma-
terial and governs the mass flow between the regular fluid region and the APM



region through a porosity value. The simulated Mach number (M = 0.0588) is
chosen to be the same as in the experiment. An anechoic outer layer is speci-
fied starting from a radius of 36¢ from the airfoil center to damp outward travel-
ing acoustic waves and to prevent reflection by the domain boundaries.

All the mean and unsteady quantities shown in the mesh resolution study
and results sections are evaluated with a sampling rate f; = 20 kHz and are rec-
orded for 10 flow passes (c/U.) (corresponding to a physical time of 0.1 s).
They are evaluated at the red and blue dotted lines shown in Fig.2 for boundary
layer and wake flow respectively. The far-field noise calculated from airfoil sur-
face and FW-H permeable surface are evaluated with a sampling rate
fs.a = 248 kHz and are recorded for 10 flow passes as well.

Top

(pressure / velocity inlet)

FW-H permeable surface

NACA 0018 X

Left
(pressure / velocity inlet)

Right
(pressure / velocity inlet)

Bottom

e Not to scale
(pressure [ velocity inlet)

Acoustic damping

Figure 1. Schematic of airfoil segment and simulation domain in LBM (not to
scale).

Mesh study

A mesh independence study is conducted aiming at evaluating the sensi-
tivity to the voxel size and their distribution. The investigated configurations are
named based on the surface y* value at the trailing edge. Table 1 reports the



finest voxel size for each configuration, the corresponding time step, total num-
ber of voxels, total number of fine equivalent voxels (average number of voxels
updated each time step) and the resulting computational time. The mesh con-
figuration ‘y* = 3 (only in the vicinity of the trip)’ has the same distribution of VR
zones as ‘y* = 3’, but with refinement applied only in the vicinity of the trip.
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Figure 2. Locations at which velocity field data are sampled — red dotted lines:
for the boundary layer, blue dotted lines: for the wake.

The configurations ‘y* = 3’ and ‘y* = 2.25' differs only for the finest voxel
size while keeping the same VR distribution. For the latter configuration, in or-
der to reduce the computational costs, the span is decreased to 30%c, unlike
the other two configurations where it is 40%c. Fig. 3 shows the mesh around
trip region for the three configurations.

| il

y* = 3 (only in the vicinity V=3 =225
of the trip)

Figure 3. Mesh generated around trip on suction side for the different mesh
configurations.

Table 1. Mesh study details for solid trailing edge.

Parameters y"' =3 (only |y"=3 y"=2.25
in the vicini- (span =
ty of the trip) 30%cC)

Finest voxel size (m) 7.81e-05 7.81e-05 5.86e-05

No. of voxels (million) 90 243 308

No. of fine equivalent voxels (million) | 40 170 217

Smallest time step (s) 1.299e-07 1.299e-07 | 9.742e-08

Computational time (CPU hours) per | 1137 2880 4800

flow pass on an Intel Xeon Haswell

EP E5-2630v3 platform




First the unsteady flow quantities are compared with experimental data
for the two coarser mesh configurations, namely ‘y* = 3 (only in the vicinity of
the trip)’ and ‘y* = 3’ to assess the influence of the grid on the flow develop-
ment. This comparison is only performed for the solid trailing edge. Fig. 4 (left)

shows the power spectral density of wall-parallel velocity fluctuations ‘(I)

measured above the trailing edge at Y/c = 0.017 against the chord-based
Strouhal number St = fc/U_ . Fig. 4 (right) shows the profile of root mean

squared (R.M.S) values of the wall-parallel velocity (u) above the trailing edge,
normalized with U..
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Figure 4. Comparison of ‘y+ = 3 and ‘y* = 3 (only in the vicinity of the trip)’ with
experiment (only for solid trailing edge). Left: Power spectral density of wall-

parallel velocity fluctuations ‘@W (X/c =0, Y/c = 0.017). Right: Profile of R.M.S
of wall-parallel velocity fluctuations above trailing edge.

From Fig. 4 (left) it is evident that the mesh configuration ‘y* = 3 (only in
the vicinity of the trip)’ show more energy at lower frequencies (below St = 10)
compared to experiment. The R.M.S of the streamwise velocity shows a broad
peak between Y/c = 0.03 to 0.05 that is associated to the energy content dis-
cussed before. Refining the mesh uniformly around the airfoil solves the prob-
lem and a better agreement is found with the experiments. The peak for the
‘y* = 3 (only in the vicinity of the trip)’ is associated to turbulent structures gen-
erated by the zig-zag trip not sufficiently dissipated.

The convergence between mesh configuration ‘y* =3’ and ‘y* = 2.25 is
further studied by comparing the unsteady wall-parallel and wall-normal velocity
components as shown in Fig.5 and Fig.6, respectively. Spectra of the wall-

parallel ‘CIDW‘ and wall-normal velocity fluctuations ‘CDW‘ shown on the left side of
the figures show grid independence. The R.M.S values shown on the right side
of the figures show reasonable convergence in the case of solid trailing edge

but some deviation in the porous trailing edge. It has to be mentioned that the
simulation run for the ‘y" = 2.25" mesh configuration only ran for a limited time



instant due to excessive costs. From these plots, the mesh configuration ‘y* = 3’
is chosen for the remainder of this study.
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Figure 5. Mesh convergence study; left: Power spectral density of wall-parallel
velocity fluctuations |®,,| (X/c =0, Y/c = 0.017); right: Profile of R.M.S of wall-

parallel velocity fluctuations above trailing edge.
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Figure 6. Mesh convergence study; left: Power spectral density of wall-normal
velocity fluctuations |®,,| (X/c =0, Y/c = 0.017); right: Profile of R.M.S of wall-

normal velocity fluctuations above trailing edge.



4. RESULTS
4.1 Comparison with the experimental results
Boundary layer statistics

Experiments have shown that a porous trailing edge leads to the devel-
opment of a thicker boundary layer compared to a solid trailing edge [8, 26].
The reason for this phenomenon is attributed to roughness effects explained by
Rubio Carpio et al [8] and to material resistivity explained by Geyer et al [26].
Simulation results show the same behavior as seen in the experiments. The
boundary layer thickness (dgg), displacement thickness (6*) and momentum
thickness (6*) from simulations are validated against experimental results in
Fig. 7. These integral quantities are then calculated as done in [8] (Fig. 2). dgg is
defined as the point where the wall-parallel velocity is 99% of the edge velocity
(Ue). The agreement between the simulation and experiment is very good for
the solid trailing edge case, while a slight disagreement is found for the porous
trailing edge case.
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—e—— 04/C - Experiment +—— 5*/c - Experiment —~—— ¢*/c - Experiment

~— —dg./c - LBM ~— - §*/c - LBM -A— - §*/c - LBM

Figure 7. Boundary layer statistics showing boundary layer thickness (dyg),
boundary layer displacement thickness (o) and momentum thickness (%) on
the suction side.

Even though in [8], the reason for increase in boundary layer of porous
trailing edge is attributed to the deficit in the mean wall parallel velocity profile
caused by roughness of the material, the simulation results here shows tenden-
cies in favor of the explanations provided in [26]. As there is no roughness
quantity modeled in the simulation, the increase in boundary layer for porous
material could indeed be due to the resistivity properties of porous material.

Mean and turbulence quantities
In this section the mean and turbulence statistics obtained from simula-
tions are compared against experiments. Simulation data are extracted and



processed at the trailing edge (X/c = 0), i.e. along the red dotted lines shown in
Fig. 2. Fig. 8 shows the validation for a solid and porous trailing edge.

Profiles of the time-average wall-parallel velocity component u normal-
ized with U, are shown in Fig. 8 (left). A trend similar to the experiment is ob-
served in the simulation. The porous trailing edge shows a slightly lower velocity
compared to solid trailing edge for a given non-dimensional wall normal loca-
tion. This difference was attributed to a higher surface drag.
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Figure 8. Mean and turbulence quantities at trailing edge (X/c = 0) on suction
side.

The R.M.S profiles of wall-parallel velocity (\/172) normalized with U,, are
shown in the middle plot of Fig. 8. For both solid and porous trailing edge, a
reasonable good agreement is found with simulations capturing larger turbulent
fluctuations with respect to the solid trailing edge.

The Reynolds stresses —uv normalized with U., obtained from the simu-
lations are larger than the experimental one. This disagreement, due to an over
estimation of the fluctuations of the wall-normal velocity component (v), might
be attributed to the different tripping used in the experiments. However, an ex-
perimental malfunction should also not be neglected, as this component is often
difficult to be extracted and averaged from planar PIV data. Therefore, further
research on this aspect is necessary. Nevertheless, the trends captured from
simulations are similar to the experimental ones; the porous trailing edge gen-
erates larger fluctuations near to the wall compared to the solid trailing edge.
This phenomenon is speculated in [8] to be due to the unsteady cross-flow
through the porous material.

Computational data extracted in the wake (X/c = 0.02, at the blue dotted
lines shown in Fig.2) are compared with the experiments in Fig. 9. As in the ex-
periment, the porous trailing edge has a minor effect on the near wake flow
showing only a small increase of the velocity fluctuations.
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Figure 9. Mean and turbulence quantities in the near wake (X/c = 0.02).

Velocity fluctuation spectrum

The visualization of the instantaneous vorticity magnitude at the mid-
span plane is shown for both configurations in Fig. 10. A qualitative comparison
of the two figures show that the porous trailing edge weakly affect the large
scale flow structures, in agreement with the previous results where only a minor
difference in the amplitude of the turbulent fluctuations was found.

To verify if the porous materials affect the small scale structures, spectra
of the wall-parallel velocity fluctuations at the trailing edge (X/c = 0, Y/d99 = 0.3)
are shown in Fig. 11 for the u component and in Fig. 12 for the v component. As
for the previous case a good agreement is found with the experiments; the po-
rous trailing edge shows higher energy associated at low St number (less than
10), in agreement with the flow visualization. The only difference with the exper-
iments, still related to the roughness effect, is the St number at which the two
curves cross each other. In the simulation no cross-over St number is found and
the two spectra are similar for St > 10. In the experiments the curves cross each
other at St = 15.

Fig. 12 shows the spectral content of wall-normal velocity (v) fluctuations
at X/c = 0 and Y/o99 = 0.3. As expected from the Reynolds stress profiles large
energy content is present in the simulations with respect to the experiments.
However, also in this case the energy distribution between the two configura-
tions is similar.
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Figure. 10 Instantaneous vorticity magnitude fields at mid-span. Top — Solid
trailing edge, bottom — porous trailing edge.
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Figure. 11 Power spectral density of the wall-parallel velocity fluctuations at
X/ = 0, Y/599 =0.3.
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Figure. 12 Power spectral density of the wall-normal velocity fluctuations at
X/t = 0, Y/599 =0.3.

Acoustics
Far-field acoustic results are plotted in Fig. 13 where the far-field spectra
are scaled according to eq. 4.
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Figure. 13 Far-field sound pressure level between airfoils with solid and porous
trailing edge.

The simulation predicts well the noise reduction capability of a porous
trailing edge up to St=16. The prediction for solid trailing edge is 2 dB less
than the experiment, but on the whole the tendency is correct. Above St= 16
noise increase for the porous trailing edge is not found, whereas this is clearly
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present in the experiment. As stated in [8], this experimental noise increase is
attributed to the roughness of porous material. In the simulation, only the prop-
erties of porous material are modeled while the surface roughness is not, which
is most likely the case why the noise increase is not observed in the simulation
results.

Directivity plots from simulations are shown in Fig. 14. They are obtained
using 72 microphones equally spaced in a circle of radius equal to 7.4c at the
airfoil mid-span. The far-field noise is further integrated over the non-
dimensional frequency band reported in each plot. No experimental comparison
is available. In the frequency range 4 < St < 16 (where the porous trailing edge
shows noise reduction) both configuration show a compact dipole. The porous
trailing edge shows almost the same noise reduction tendency for all angles.
However, in the frequency range 16 < St < 32, there is almost no difference be-
tween the two configurations. The results show that the presence of a porous
medium does not alter the directivity pattern, thus suggesting that the mecha-
nisms behind the noise scattering are similar for the two configurations.

4<St<16 16 < St < 32
90° 90°
120° 60° 120° 60°
120 s
150° 30° 150°
4+ 180° 0° +180°
-150° -30° -150°
-120° -60° -120° -60°
-90° -90°

Solid - Surface FW-H Porous - Surface FW-H

Figure. 14 Directivity plots of Ls,,

0 -Scaled

for the solid and porous trailing edge at

two different non-dimensional frequency ranges: (left) 4 < St < 16, (right)
16 < St < 32.

4.2 Spanwise correlation length

Showkat Ali et al [27] reported that an internal hydrodynamic field within
the porous material is present due to the penetration of the boundary layer flow
within the porous material. This might alter the integral length scale of the turbu-
lent structures. The spanwise correlation length (/) of the pressure fluctuations
at 0.1 mm away from the wall, is calculated at various streamwise positions and
plotted in Fig. 15. /; is defined as:

1, (x,f)= j,/yz(x,Az,f)dz (5)
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where y* is the magnitude-squared coherence evaluated along the spanwise
direction Z. Az is the spanwise distance between the reference point and any
other point along the span. y* is computed with a periodogram approach using a
Hanning window and 50 % overlap, and the resulting frequency resolution is
300 Hz.

An increase of I, is found for configurations moving toward the trailing
edge. More interestingly, only minor variations are found between the two con-
figurations, thus suggesting that the flow is almost not affected by the presence
of the porous medium.
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Figure. 15 Spanwise correlation length computed at 0.1 mm away in the wall-
normal direction using pressure data.

In conventional trailing edge noise theory (Amiet [28]), I, is one of the two
most relevant parameters directly proportional to the noise radiation, where a
larger I, results in higher far-field noise. Since /, is almost equal between the two
configurations and the amplitude of the surface pressure fluctuations is larger
for the porous trailing edge [8], confirmed here by the larger wall-normal velocity
fluctuations, suggest that the Amiet’s theory cannot be applied in this context.
For this reason, the mitigation of the impedance mismatch between the two
sides of the airfoil needs additional investigations. High fidelity simulations are
therefore required and essential for this investigation.

5. CONCLUSIONS

Aeroacoustic Lattice-Boltzmann simulations of the flow around a NACA
0018 airfoil with solid and porous trailing edge are conducted successfully and
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validated against available experimental data. The transport phenomena within
the porous region are reproduced with the Hazen-Dupuit-Darcy law, where the
Darcian force coefficients are taken from existing experimental data. A compre-
hensive mesh study is conducted and a mesh resolution with resulting y* = 3 at
the trailing edge is chosen and further analyzed throughout the study. A very
good agreement is achieved between simulation and experiment for the bound-
ary layer integral parameters and turbulence statistics, except for the wall-
normal velocity fluctuations. The noise reduction capability of the porous trailing
edge is successfully predicted in the simulation, but the phenomenon of noise
increase observed at experiment is not captured by simulation - most likely ow-
ing to the roughness of porous material that is not modeled. Finally, the
spanwise correlation length (/) of the pressure fluctuations in the wall-normal
direction, is analyzed at various streamwise positions. It is observed that the
flow structures are not strongly influenced by the porous medium.
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