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wind tunnel measurements
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Roskilde
2 LM Wind Power A/S, Jupitervej 6, DK-6000 Kolding
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Abstract. A new CFD RANS based method to predict the far field sound pressure emitted
from an aerofoil with serrated trailing edge has been developed. The model was validated by
comparison to measurements conducted in the Virginia Tech Stability Wind Tunnel. The model
predicted 3 dB lower sound pressure levels, but the tendencies for the different configurations
were predicted correctly. Therefore the model can be used to optimise the serration geometry.
A disadvantage of the new model is that the computational costs are significantly higher than
for the Amiet model for a straight trailing edge. However, it is by decades faster than LES
methods.

1. Introduction
Public annoyance due to experienced or perceived noise from wind turbine is a significant barrier
for development of wind energy on land. The primary issue is aerodynamic noise. Decreasing
the aerodynamic noise will increase the public acceptance of wind energy and accelerate the
development of onshore wind energy. Trailing edge serrations have shown to reduce noise from
wind turbines significantly [1].
Even though the noise reduction potential of TE serrations for aerofoil sections [2] and wind
turbines is experimentally well documented, the mechanisms behind the noise reduction are not
fully understood.
Recently, Lyu et al. [3] published an analytical solution for the far field sound emitted from an
aerofoil with a serrated trailing edge which showed more promising results than the well known
analytical solution by Howe [4]. Using the analytical solution by Lyu et al. [3] we developed a
method to predict the noise emitted by an aerofoil with serrated trailing edge based on CFD
RANS computations. This method relies also on new advances in computing the convecting
surface pressure field as described by Fischer et al. [5].
An experiment in the aero acoustic wind tunnel of Virginia Tech was conducted. The
aerodynamic performance and the far field sound pressure emitted from an aerofoil developed
for wind turbine blades were measured simultaneously. Two different serration geometries
were tested on the aerofoil. The results of this model were compared to the wind tunnel
measurements.
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2. Wind Tunnel Measurements
2.1. Wind Tunnel Setup
The measurements were conducted in the Virginia Tech Stability Wind Tunnel [6]. It is a closed
loop subsonic wind tunnel with a 1.83 m x 1.83 m rectangular removable test section. The
length of the test section is 7.3 m. Turbulence intensities of less than 0.05% were reported
from measurements in the aerodynamic test section. An acoustic test section with Kevlar
walls was used. The acoustic test section is surrounded by anechoic chambers. The Kevlar
walls were designed to contain the flow and keep the same aerodynamic performance as with a
closed test section while sound waves are transmitted through the walls and can be measured
in the anechoic chamber. A microphone array consisting of 117 microphones was located in the
starboard anechoic chamber to measure the sound emitted from the aerofoil. The setup is shown
in figure 1. The microphone array was located at the position x1 = -0.627 m, x2 = -0.124 m

(a) top view

(b) starboard view

Figure 1. The wind tunnel test section, the aerofoil and the microphone array.

and x3 = 1.669 m in terms of the coordinate system located at the spanwise centre and at the
trailing edge of the aerofoil, figure 3. The aerofoil rotated around the quarter chord position
and therefore the observer position changed slightly when the angle of attack was changed. For
a detailed description of the experiment and data processing the reader is referred to Fischer et
al. [7].
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2.2. Aerofoil Model and Serrations
The model used in the experiment was a LN118 aerofoil [8]. The aerofoil model had a chord
length of 0.6 m and a span of 1.82 m. Two different types of saw-tooth shaped serrations were
tested. The serrations are owned by LM Wind Power A/S. The wave length to height ratio
of both serrations was h/λ = 1. The serration with the height 2h = 10 cm were denoted as
SER10 and the ones with the height 2h = 15 cm as SER15. The serrations were attached on
the pressure side of the aerofoil and bent towards the suction side with a flap angle of 5◦.

3. RANS based noise prediction method
The method consists of three steps. First the flow field for a 2D aerofoil configuration is computed
with a CFD RANS solver. The boundary layer flow profile and turbulence parameter obtained
from this computation are fed into an analytical model to predict the surface pressure. Then
the far field sound is computed as function of the convecting surface pressure field.

3.1. CFD RANS Model
The in house code EllipSys2D [9–11] was used to perform the CFD RANS computations. It
solves the incompressible RANS equations. The pressure/velocity coupling is realised by using
the classical SIMPLE algorithm. Turbulence was modelled with the k-ω Shear Stress Transport
(SST) eddy viscosity model [12]. The model for transition was the γ-R̃eθ correlation based
model [13]. We ran the code in steady state mode for a 2 dimensional setup. The aerofoil was
embedded in a O mesh grid of 40 chord lengths diameter. We used 512 cells on the aerofoil
surface and 128 cells in the normal direction. The cell height on the surface was 10−6 chord
lengths.
The boundary layer flow parameters were computed at x/c = 0.98 on suction and pressure side.
The CFD RANS computation provides the mean velocity gradient dU

dz in the boundary layer, the
turbulent kinetic energy kt and the dissipation ε. The variance of vertical velocity is calculated
via w2 = 4

9kt (assuming the empirical relation u2 : v2 : w2 = 1 : 3
4 : 1

2 by [14]). For the length
scale of the von Karman spectrum was calculated by

Λ = αΛ
k

3/2
t

ε
(1)

with the value αΛ = 0.5188 as proposed by [15].

3.2. Surface Pressure Model
The analytical solution for the convecting surface pressure field was derived by Kraichnan [16].
He solved the Poisson equation for incompressible boundary layer flow on an infinite plane,
figure 2. The cross spectrum of the wall normal velocity has to be modelled in order to close
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Figure 2. Turbulent boundary layer flow on infinite plane.
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the equation. This approach has recently been revised by Fischer et al. [5]. The equation

Π = 4ρ2
0

∞∫
z=0

∞∫
z′=0

(k1/κ)2dU

dz
(z′)
√
w2(z′)

γ33(k1, k2, z, z
′)φm(ω − Uck1)e−κz

′
dz′

dU

dz
(z)
√
w2(z))φ33(k1, k2, y)e−κzdz

(2)

for the surface pressure frequency wave number spectrum Π was derived. The auto spectrum of
the vertical velocity fluctuations φ33 is given by

φ33 =
4

9π
Λ2β1β2

η2
1 + η2

2[
1 + η2

1 + η2
2

]7/3 . (3)

with

η1 = β1Λk1 (4)

η2 = β2Λk2 (5)

η3 = β3Λk3. (6)

It was derived from the classical von Karman spectrum [17] where the anisotropy parameters
β1, β2 and β3 as proposed by Panton and Linebarger [18] were introduced. We used the fixed
values β1 = 1, β2 = 0.9 and β3 = 0.74. The cross spectral function of the vertical velocity

γ33(k1, k2, z, z
′) =

9

4

1

24/3Γ(1/3)
ζ7/3K−7/3(ζ). (7)

was also derived from the von Karman spectrum. Kν (z) is the modified Bessel function of
second kind and ζ is defined as

ζ =
|z − z′|
β3Λ

√
1 + η2

1 + η2
2. (8)

Further, frozen turbulence was assumed and the moving axis spectrum can be described by the
delta function

φm =
1

Uc
δ(
ω

Uc
− k1). (9)

The convection velocity was assumed to be equal to the local flow velocity in the boundary layer

Uc(z) = U(z). (10)

3.3. Far Field Sound Model
Lyu et al. [3] applied Amiet’s method [19] for a serrated edge geometry, figure 3. The first
step is to solve for pressure scattered at the trailing edge with Schwartzschild’s technique. A
Fourier expansion in the spanwise direction is introduced. It leads to an inhomogeneous partial
differential equation. Lyu et al. [3] solve the inhomogeneous PDE with an iterative process.
The far field sound pressure is computed with Curle’s equation [19; 20]. Combining the surface
pressure presented in the previous section with the far field model yields the far field sound
pressure at the observer position X

S(X,ω) = A24πL
1

λ2
4ρ2

0

∞∑
q=−∞

∞∫
z=0

∞∫
z′=0

k2
c

k2
c + k2

2q

dU

dz
(z′)
√
w2(z′)γ33(kc, k2q, z, z

′)
1

Uc
e−κz

′
dz′

∣∣∣∣∣
∞∑

m=−∞
Θ(0)
m (kc, k2q) + Θ(1)

m (kc, k2q) + Θ(2)
m (kc, k2q)

∣∣∣∣∣
2
dU

dz
(z)
√
w2(z))φ33(kc, k2q, y)e−κzdz

(11)
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Figure 3. The serration geometry.

where
A =

ωx3

4πc0S0
(12)

is a far field directivity factor,

kc =
ω

Uc
(13)

is the convective wave number in streamwise direction and

k2q = k
x2

S0
+ q

2π

λ
(14)

is the wave number in spanwise direction of Fourier mode q.

k =
ω

c0
(15)

is the acoustic wave number and c0 is the speed of sound.
The radiation function of order 0 is defined as

Θ(0)
m = amQmm (16)

and the radiation function of order 1 as

Θ(1)
m =

∞∑
n=−∞

vmnan (ikc [Qmm −Qmn]−√µn [Smm − Smn]) . (17)

For the second order radiation function and the definition of the subfunctions the reader is
referred to the paper of Lyu et al. [21]. The solution for the straight trailing edge according to
the model of Amiet [19] is

S(X,ω) = A24πL4ρ2
0

∞∫
z=0

∞∫
z′=0

k2
c

k2
c + k2

2

dU

dz
(z′)
√
w2(z′)γ33(kc, k2, z, z

′)
1

Uc
e−κz

′
dz′

|Θ(kc, k2)|2 dU
dz

(z)
√
w2(z))φ33(kc, k2, z)e

−κzdz

(18)
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where

Θ =
Γ

ν
(19)

is the radiation function. The function

Γ(c, µ, ν) = e−iνcE(µc)−
√

µ

µ− ν
E((µ− ν)c)− e−iνc

1− i
(20)

was defined by Lyu et al. [3]. The incident pressure is included. c is the chord length of the
aerofoil. The derived wave numbers are

µ =

√
k2 − β2k2

2

β2
+ kc + k

M0

β2
(21)

and

ν = kc − k
x1 −M0S0

β2S0
. (22)

where β2 = 1−M2
0 . The spanwise wave number is

k2 = k
x2

S0
. (23)

If the summation over q, m and n of eq. 11 is truncated at M then the serration model is
(2M + 1)3 times more computationally expensive as the model for the straight edge.

4. Results
The far field sound pressure level measured with the microphone array was compared to the
sound pressure level predicted by the presented model for the test conditions of a Reynolds
number 1.6 million in figure 4. Comparing the measurements for the baseline configuration with
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Figure 4. Far field sound pressure level for the LN118 aerofoil at Reynolds number 1.6 million.

Amiet’s model we find a difference in slope and level, especially for the high angle of attack,
α = 2.3◦. The model was recently validated extensively in the BANC IV workshop [22] and
showed much better agreement with measurements. The reason for the difference could be the
array centre location above the leading edge of the aerofoil. The validation test cases were all
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measured directly above the trailing edge. The directivity model might not be correct and needs
to be investigated further.
The first order solution of the serration model was used. The sum over q, m and n was truncated
at M = 50 for the lower frequencies. It was necessary to increase M gradually to 80 for the high
frequencies. The model got computationally more expensive with increasing frequency. The
first order serration model underestimated the measurements by about 3 dB, but the tendency
between the different serration geometries was predicted correctly. I.e. the model predicted
that SER10 is louder than SER15 which was confirmed by the measurements. Furthermore,
the relative difference between the baseline computation and the computation for serrations
was in good agreement with the difference between the baseline measurements compared to the
measurements with serrated trailing edge.
The baseline model predicted a wavy pattern of the sound pressure level as function of the
frequency. The serration model doesn’t predict such a wavy pattern. This was probably because
of the interference of the coupled modes at the serrated trailing edge. The measurements were
too scattered to confirm or contradict this pattern.
Comparing the pressure and suction side contribution to the far field sound as predicted by the
model for the angle of attack of 2.3◦ (figure 5) the baseline configuration was dominated by the
suction side contribution in the low frequency range and by the pressure side contribution in the
high frequency range. In the high frequency range the model overpredicted the measurements
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Figure 5. Suction and pressure side contribution to the far field sound pressure level for the
LN118 aerofoil at Reynolds number 1.6 million and angle of attack 2.3◦.

significantly. Hence, the difference could be attributed to the pressure side calculation. The
far field sound computation for the serrated trailing edge was dominated by the suction side
contribution. The level had decreased to an insignificant value in the high frequency where the
pressure side normally dominates. Therefore the pressure side contribution did not introduce
errors in the computations for the serrated geometries.

5. Discussion
A new RANS based method to predict the noise emitted from an aerofoil with serrated trailing
edge was developed based on the method to compute the surface pressure developed by Fischer
et al. [5] and the model for the far field sound pressure emitted by serrated trailing edges
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developed by Lyu et al. [3]. The model was compared to noise measurements conducted in
the Virginia Tech Stability Wind Tunnel for the DTU-CQU LN 118 aerofoil. The computed
sound pressure levels were about 3 dB below the measured ones. However, the model predicted
correctly the difference between the tested configurations. It can be used for optimisation of the
serration geometry.
A disadvantage of the serration model was the high computational costs. The solution procedure
involves a spanwise Fourier decomposition of the modes. Summing up the modes increases the
computational costs significantly, especially in the high frequency range. The model for the
straight trailing edge runs on one CPU in less than one second if the CFD RANS computation
is already provided. The model for the serrated trailing edge runs for several hours. The
computational costs should be reduced to make the model applicable to optimisation frame
works and full rotor computations. However, the RANS based model is still by decades faster
than LES methods which are usually used to solve these kind of problems.
The results are very promising and it is planned to further validate the model. The next step
is to implement the second order solution. We will try to simplify the model in order to reduce
computational costs and integrate it in the rotor noise frame work at DTU Wind Energy.
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