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ABSTRACT

The prediction capability of a RANS-based Statistical Noise Model (RSNM) is assessed by applying it to a sharp-
edged symmetric flat strut at a Reynolds number of Re = 500,000 and zero angle of attack. The method uses a rigid-
half-plane Green's function to calculate the far-field spectra generated by the turbulence in the vicinity of the trailing
edge. Because the exact form of the turbulent sources is in general not available, a model of the turbulent velocity
cross-spectrum must be assumed. The cross-spectrum model must accurately reflect the frequency and phase distribu-
tion in the boundary layer close to the trailing edge, but is otherwise arbitrary. The model used in this study is Gaus-
sian, containing velocity, time and length scales that are defined in terms of the turbulence statistics obtained from a
steady RANS solution. The predicted sound spectrum shows the correct slope and levels for frequencies ranging from

300 Hz to 2 kHz.

INTRODUCTION

Trailing edge (TE) noise is an issue in many engineering
applications such as fixed and rotary wing aircraft, fans, wind
turbines and submarines. Efficient prediction methods for
trailing edge noise are essential for enabling the design of
silent airfoils for these applications.

Trailing edge noise occurs when flow unsteadiness (turbu-
lence) in the boundary layer over an airfoil interacts with the
trailing edge. The edge acts as an abrupt change in acoustic
impedance, scattering the sound waves produced by the tur-
bulence and enhancing the sound radiation to the far field.
The edge effectively destroys some of the cancelations that
would normally occur between the individual monopole
components of the quadrupole sources (turbulent eddies) if
the edge were not present, transforming the near field pres-
sure fluctuations into propagating acoustic waves. A detailed
explanation of the trailing edge noise mechanism can be
found in Goldstein (1976, pp. 174-181).

There are three main methods generally used for calculating
TE noise; semi-empirical methods, direct methods and hybrid
methods.

Semi-empirical methods relate the far field noise to boundary
layer properties such as boundary layer thickness or dis-
placement thickness. The most widely used is the Brooks,
Pope and Marcolini (BPM) method, which provides an ex-
pression for the far field noise in 1/3 octave bands, based on a
spectral shape function that depends on the Strouhal number
and a scaling based on boundary layer displacement thick-
ness. While efficient and accurate, the range of application of
semi-empirical methods is limited, and they cannot take into
account the effect of trailing edge modifications such as ser-
rations.

Direct methods calculate the fluid dynamics and acoustics in
a single step. They do so by solving the compressible Navier
Stokes equations using either direct numerical simulation
(DNS) or large eddy simulation (LES). This approach has
been successfully used by several researchers (Marsden et al.,
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2008; Jones and Sandberg 2009; LeGarrec et al., 2008), but
the computational demands of DNS and LES are too large for
this approach to be practical for airfoil design applications.

Hybrid methods de-couple the flow calculation from the
sound calculation, as the latter can be done as a post process-
ing step. This separation of the sound generation and propa-
gation processes makes the hybrid approach more efficient,
as a fine mesh is only required in the region close to the air-
foil, where viscous effects are important. The sound sources
are generally obtained from LES or DNS and the far field
noise can be calculated by means of an acoustic analogy.
This approach has been shown to be as accurate as the direct
approach (Khalighi et al., 2010) at a fraction of the computa-
tional cost. Recent examples of TE noise calculations using
this approach include Christophe et al., (2009) and Winkler et
al., (2009).

While more computationally efficient than direct methods,
hybrid methods based on LES or DNS calculations are still
too computationally demanding to be of practical use in air-
foil design. Due to its more modest computational require-
ments, the solution of the steady Reynolds Averaged Navier
Stokes (RANS) equations presents itself as a more practical
approach to obtain the required flow data to perform TE
noise calculations. However, sound generation is inherently
time dependent, so the time averaged information available
from a RANS solution is not sufficient by itself to perform
noise calculations. To cope with this limitation, different
approaches based on statistical data provided using RANS
equations have been developed; namely stochastic noise gen-
eration and radiation (SNGR) and statistical modelling of the
turbulent sources.

The SNGR approach generates a synthetic turbulent source
field in the time domain, based on prescribed statistical in-
formation of the flow, which can be obtained from a RANS
solution. It has been succesfully applied to TE noise calcula-
tions (Ewert 2008; Ewert et al., 2009), and has also been used
successfully for a variety of aerodynamic noise problems,
such as landing gear noise (Dobrzynski et al., 2008), and jet
and cavity noise (Mesbah 2006). The drawback of this ap-
proach is that the computational requirements to generate and

1



2-4 November 2011, Gold Coast, Australia

store the turbulence time data, and to calculate the far field
noise, are of the same order or larger than the RANS calcula-
tions that provide the statistics to generate the turbulent sour-
ces.

Most other RANS based methods for TE noise modelling
rely on an estimation of the surface pressure spectrum, which
is then converted to a far field acoustic spectrum using a
diffraction analogy technique (Chandiramani 1974). Recent
examples of TE noise calculations using this approach in-
clude the work of Kamruzzaman et al., (2007, 2008) and
Glegg et al., (2010).

A limitation of surface pressure models is the assumption of
homogeneous turbulence in the spanwise and streamwise
directions, a condition that is unlikely to hold in many trail-
ing edge configurations, particularly when serrations or other
spanwise modifications are used.

A RANS-based statistical noise model (RSNM) has been
proposed by Doolan et al., (2010), that does not require the
assumption of homogeneous turbulence. This method uses a
semi-infinite hard-plane Green’s function to calculate the
acoustic far field directly, using a statistical model of the
turbulent sources in the boundary layer in the vicinity of the
trailing edge. The method requires a model of the turbulent
velocity cross-spectrum, which must accurately represent the
frequency and phase distribution in the boundary layer. This
approach is based on the work of Tam and Auriault (1999)
and Morris and Farassat (2002), who developed a similar
model for jet noise applications.

In this paper, the prediction capability RSNM is assessed by
applying it to a sharp-edged symmetric flat strut at a Rey-
nolds number based onchord of Re = 500,000 at zero angle of
attack.

NOISE PREDICTION METHOD

The acoustic spectrum S(x,w) at a point x in the far field as a
function of frequency is given by
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where o is the angular frequency, 6 is the angle between the
observer and the chord plane with the origin located at the
trailing edge plane (see figure 1), c is the speed of sound, R is
the distance between the observer and the fluid element, 7, is
the distance from the edge to the fluid element,V is the vol-
ume of fluid considered in the noise summation, y is the vec-
tor location of the fluid element (source) and the subscripts 1
and 2 refer to the fluid elements used in each summation step.
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In this article, the following notation is used: «" is the Fourier
transform of u, i is the complex conjugate of u.

F is a mean flow function defined by

F(y) = {(U —faUg)cos(gzoj
@)%

Where 6, is the angle between a turbulent source and the
trailing edge plane, U is the time averaged component of
velocity and u' is the fluctuating component of velocity (v =
U + u') and the subscripts r and § ndicate radial and tangen-
tial components respectively. The quantity f; is an anisotropy
factor. For isotropic turbulence, f,= 1.

“4)

Far field point

Flow direction

~ \

Semi-infinite plane TE

Figure 1. The Coordinate system used in the definition of
equations 1, 2, 3 and 4.

With the exception of the velocity cross spectrum (the term in
square brackets in Equation 1), all elements in equation 1 can
be calculated directly from the RANS solution. In order to
perform a noise calculation, a model for the velocity cross
spectrum is required,
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Cross spectrum model
The cross spectrum model used in this paper is given by
2 2 2
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where M, is the convection Mach number and 4 is an empiri-
cal constant that determines the strength of the correlation.
The remaining variables are defined as
E=n-M_,c(i, cos 6, +i, sin )z,
Q)
n= yz - yl s

and the turbulent scales are defined by
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where k (turbulent kinetic energy) and ¢ (dissipation rate of
turbulent kinetic energy) are obtained from a RANS simula-
tion and ¢, ¢, and 4 are empirical constants determined by
best fit to data. The constants ¢, and ¢, affect the time and
length scales of the turbulence, respectively. This has the
effect of modifying the frequency content of the resulting
noise spectrum.

RANS SIMULATIONS

The mean flow data required for the calculation of the turbu-
lent scales (k and ¢) is obtained by means of a steady state
RANS simulation, using the semi-implicit method for pres-
sure-linked equations (SIMPLE) algorithm (Ferziger and
Peric 1999), with a tolerance level set to 10°. Closure for the
RANS equations was provided by the k- SST turbulence
model (Menter 1992). The OpenFOAM (Weller et al., 1998)
software package was used for all flow calculations.

Test case: symmetric strut

The test case studied was a 200 mm chord symmetric strut of
5 mm thickness, with a circular leading edge and a sharp
trailing edge with a 12 degree apex angle and a span of 450
mm. In this study, two dimensional RANS simuations were
performed, so the span of the airfoil was taken into account
by means of an empirical spanwise correlation length in the
noise calculations (Corcos 1964). The Reynolds number was
set at Re, = 500,000. A free stream turbulence intensity of 1.6
% was set for the simulations. The observer position was set
at 0.585 m directly above the trailing edge. Moreau et al.
(2011) provides the reference experimental data for this pa-
per. A diagram of the strut is shown in Figure 2.

450 mm
2 5mm 12

200 mm

Figure 2. Diagram of symmetric strut.
Grid refinement study

The grid used for this study is shown in Figure 3. It was com-
posed of four structured blocks and the necessary grid spac-
ing was determined by comparing the results from a series of
meshes that were successively refined. The initial mesh had
a resolution of 117000 cells, which was increased by dou-
bling the number of cells in both x and y directions for each
refinement step. The resolution was increased until no change
was observed in the mean velocity and turbulence intensity
profiles at the near wake (0.6 mm from the TE). The mean
velocity and turbulence intensity profiles are plotted against
the experimental data from Moreau et al. (2011) in Figures 4
and 5 respectively. It is clear that there is no change in the
results between the second and third refinement steps. There-
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fore, a resolution of 426000 cells was deemed sufficient to
provide a grid independent solution. The RANS model calcu-
lates the velocity profile very well for most of the boundary
layer, but underpredicts the velocity for y* < 30. It does not
perform so well in predicting the turbulence intensity, where
it is unable to resolve two distinct features of the experimen-
tally measured profile; namely the peak at y'= 60 and the
broad hump located in the region 400 < y* < 700. This may
be caused by the assumption of isotropic turbulence inherent
in the k- SST turbulence model. It is expected that the use of
a more complex anisotropic turbulence model like the Rey-
nolds Stress Model (RSM) will provide better results in the
calculation of the turbulence intensity profiles. This possibil-
ity will be investigated in future work. Contour plots of the
turbulence intensity and mean velocity in the region near the
trailing edge are shown in Figures 6 and 7, respectively.

Figure 3. Mesh used for the RANS calculations. Flow direc-
tion from left to right.
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Figure 4. Mean velocity profiles calculated using the k-w
SST model and three mesh resolutions compared to experi-
mental hot wire measurements at 0.003 chords downstream
from the trailing edge.

ACOUSTIC RESULTS
Acoustic grid refinement

Once the flow data were obtained from a RANS calculation,
the data were sampled onto an acoustic grid in order to per-
form the noise calculations. This grid extended over the
boundary layer thickness J in both wall normal and upstream
directions, as shown in Figure 8. A grid refinement study was
conducted in order to determine a grid independent solution.
The results are shown in Figure 9. A resolution of 50 x 50
was deemed sufficient, since a further increase in resolution
had no apparent effect on the predicted sound levels
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Figure 5. Turbulent intensity profiles calculated using the k-
 SST model for three mesh resolutions compared to experi-
mental hot wire measurements at 0.003 chords downstream
from the trailing edge.
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Figure 6. Turbulence intensity contours near the trailing
edge. The region in white is part of the inner volume of the
airfoil. The trailing edge is located at y/c = x/c = 0.
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Figure 7. Mean velocity contours near the trailing edge. The
region in white is part of the inner volume of the airfoil. The
trailing edge is located at y/c =x/c = 0.

Comparison with experimental results

The spectral density calculated with RSNM is plotted against
the experimental data obtained in the anechoic wind tunnel at
the University of Adelaide (Moreau et al., 2011) in Figure 10.
The values used for the empirical constants are 4 = 10, ¢, =1
and ¢, =10.5. The model predicts the correct slope and levels
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for frequencies between 300 and 2000 Hz, but the frequency
roll off is too steep and severely under-predicts the sound
levels for higher frequencies. The spectral hump in the ex-
perimental data close to 1.5 kHz corresponds to the interac-
tion of the sound radiated from the trailing edge and two
extension plates, placed at the contraction outlet of the wind
tunnel in order to extend the potential core region (Moreau et
al., 2011). It is therefore not surprising that the model is not
able to predict this feature of the noise spectrum.
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Figure 8. Diagram of the grid used for the acoustic calcula-
tions. The symbol J represents the boundary layer thickness
at the trailing edge.
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Figure 9. Spectral density at the observer position calculated
using RSNM with four different acoustic grid resolutions.
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Figure 10. Spectral density in the far field calculated using a
RSNM simulation, plotted against experimental data of
Moreau et al., (2011).

CONCLUSIONS

The RSNM method has been applied to a symmetric flat strut

at zero angle of attack and a Reynolds number of
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Re=500,000. The predicted spectrum shows the correct slope
and levels for frequencies between 300 Hz and 2 kHz, but the
prediction deteriorates significantly for higher frequencies.
The under prediction of the radiated sound at higher frequen-
cies is most likely due to a poor prediction of the turbulent
kinetic energy by the RANS model, which is used to calcu-
late the turbulent scales in the cross spectrum model. It is also
possible that the form of the cross spectrum model used in
this work is not the most appropriate for boundary layer
flows, since it is based on a two-point velocity correlation
model derived for jets. This will be investigated in future
work. The values chosen in this paper for the empirical con-
stants 4, ¢, and ¢, might not be suited for all of flow condi-
tions, and a study of their range of application will be con-
ducted in the future, when RSNM is applied to other airfoil
shapes.
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