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ABSTRACT

Within the framework of IEA wind Task 39 different
benchmark-tests are performed. Here we are presenting
a comparison of a particle-based model, a wave-based
model and a PE-model with respect to two different test
cases. They are of theoretical nature, addressing the influ-
ence of a simple meteorology in the first case and a simple
topography in the second case.

Some non-intuitive behaviour of the models can be ob-
served that is compared for the different models. We will
show in particular, how the source (physics or model) of
such a behaviour can be analysed and understood. This
is important, as some models can create non-physical be-
haviour — like caustics — whilst at the same time, not all
physical effects are captured by different models.

Keywords: sound propagation simulation, wind energy,
code comparison

1. INTRODUCTION

There are several models currently being used in sim-
ulating sound propagation of wind turbine noise, start-
ing from relatively simple standard engineering methods
which are also used throughout the planning process of
wind parks, up to computationally expensive high fidelity
models. Whilst they are all meant to model the same phys-
ical process, they can be very different in terms of their
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physical background, accuracy and computational cost.
Most of the models are falling in one of the following
categories, which are ray-tracing (or particle tracking),
parabolic equations (PE) or Linearized-Euler-Equations
(LEE). However, these models do not only differ in terms
of their accuracy, they also differ with respect to the sound
propagation effects, like refraction or diffraction, that they
are able to simulate. Furthermore, one might have to con-
sider peculiarities that come along with the model, like
caustic curves in Ray-tracing approaches and a limited
propagation angle like in the PE-model. DNS-simulations
like the solution to the LEEs on the other hand have the
drawback of easily becoming computationally very ex-
pensive as the grid width and time resolution have to be
adjusted to the wavelength of the highest frequency that is
to be modelled. In the following we are presenting three
different sound propagation models as well as two theo-
retical, wind energy related, test cases that were showing
interesting and unexpected results. We will then compare
the outcome of the simulations and analyse the origin of
the effects we are observing.

2. DESCRIPTION OF THE 3 MODELS
2.1 Wave-Based Model (AKU3D)

The sound propagation model AKU3D, described in
Blumrich et al [1] and Heimann et al [2], is based on
the governing equations of a compressible and adiabatic
gaseous medium in a non-rotating system, which are the
equation of motion, the equation of continuity and the first
law of thermodynamics for adiabatic processes (gravity is
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neglected), resulting in the following set of equations:

ou 1
E+(u~V)u-—;Vp, 1
dp B

a—i—u-Vp— kpV - u, 2)

with k = ¢,/c,. The atmospheric variables ¢ = (u, p, p)
are then split up into their meteorological, turbulent and
acoustic parts:

p=0+¢ +¢", 3)

where the overbar (¢) denotes the mean variables, a sin-
gle prime (¢’) indicates the turbulent deviations from the
mean meteorological values and the double prime (¢’) de-
scribes the deviations from the mean field according to
acoustic waves (in particular sound pressure p” and parti-
cle velocity u”).

The sound propagation model is based on prognostic
equations of u” and p”. The model equations are deduced
from (1) and (2) withu = a+u”, p = p + p” and
p~! = a = a+ o'. The equations are then linearized
with respect to the mean state where the turbulent parts
are disregarded as the atmosphere is seen to be stationary
in time. Finally a diffusion term was added in order to
simulate the effect of atmospheric absorption.

The prognostic model equations are numerically
solved on an orthogonal staggered grid. The numerical
scheme conforms to that of the flow model except that the
explicit forward-in-time scheme is also used for the diffu-
sion term. The spatial distribution of the meteorological
field is taken from the results of a flow model.

2.2 Particle-Based Model (AKUMET)

The idea behind the particle-model AKUMET, described
in Heimann et al [3], is distributing the sound energy on
a given number of sound particles and propagating those
particles through the atmosphere. The paths of the par-
ticles are hereby describing the propagation of the wave-
front. AKUMET was designed to simulate the propaga-
tion of sound over hilly terrain in an inhomogeneous at-
mosphere. Therefore a frequency-dependent fraction of
sound pressure amplitude:

pilf) = 3 V2psao () @

is assigned to each particle j(j = 1,...,N), where p,
and c, are the air density and sound speed at the source,

10™ Convention of the European Acoustics Association
Turin, Ttaly « 11" — 15" September 2023 « Politecnico di Torino

respectively. The sound intensity at the distance sy from
the source is given by:

PS(f)

Jo(f) = e Apsal

4)
Depending on the type of source, a; is set to 2 (point
source) or 1 (line source).

The path of the j-th particle is given by the ray vector
#;(t) and the unit vector normal to the wavefront 77;(t).

Differential equations for both vectors are given by Pierce
et al [4]:

dz; .,

—dtj =7+ ciiy, (6)
dit; >

2y _2: vy

dt c i=1n]z Vi, (7)

with the speed of sound ¢ = /kRpT. ¥ is the three di-
mensional wind vector, whereas x and Ry, are the ratio
of specific heat capacities and the gas constant of dry air,
respectively. Equations (6) and (7) are numerically inte-
grated for all particles using forward time integration until
the particle has left the computational domain.

At the end of the simulation a sound pressure level is
computed, based on the particles that have passed through
a grid cell during the simulation. The model considers
reflection on the ground, air absorption, refraction and ob-
stacles of arbitrary shape. The spatial distribution of the
meteorological field is taken from the results of a flow
model. The model has already been used in several wind
turbine noise applications (e.g. Heimann et at [5]).

2.3 Parabolic Equation (PE) Model

The WindStar-Pro model implements the Generalized Ter-
rain Parabolic Equation (GTPE) as described and tested
in Barlas et al [6]. The Helmholtz wave equation is
solved for the acoustic pressure in the frequency do-
main (i.e. independently for each frequency). In the
present study, the two-dimensional, wide-angle, Crank-
Nicholson, parabolic equation is used with a starter func-
tion for modelling a point source. An effective speed of
sound, which is the parameter driving sound wave refrac-
tion, is used to account for temperature and wind velocity
gradients in the atmosphere. The ground impedance is cal-
culated using the classical Delany-Bazley model, which
uses the ground flow resistivity as an input. Further im-
plementation details about the PE and GTPE methods are
provided in West et al [7] and Salomons [8], respectively.
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3. DESCRIPTION OF THE TEST CASES

All together three test cases with different topography and
meteorology are studied. These are introduced in the fol-
lowing, in order of their overall complexity.

3.1 Test case 1: Flat topography with generic
meteorology

The first test case is characterised by a flat topography and
a simple meteorological profile as shown in Fig. 1.

(-1004, ¥04)

(1204, €04)

%/? [

(1004, -204) 1204, -204)

Figure 1. Sketch of computational domain, wind
profile and wind turbine position for test case 1.

3.1.1 Topography:

The domain is defined as [Zmin, Tmaz] X [Ymin, Ymaz] =
[—-1004 m, 1204 m] x [—804 m, 804 m| and z ranges from
0 m to 700 m. The grid width z/y-direction is given by
d; = dy, = 8 m and is variable in z-direction (increasing
with height).

3.1.2 Meteorology

The parameters of the meteorological profile are given in
table 1. The profile is assumed to be constant for all x/y
and thus only varies in z. To retrieve the logarithmic wind
profile, given a roughness length zy, the wind speed u(h)
for any given height i > 0 is calculated from the reference
height /i, > 0 and reference wind speed u,- as follows:

o2
u(h) :uTl (ZO)

In (’ZL—;)

®)
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3.1.3 Source:

The wind turbine is located at (xq, yo) = (0, 0) and is de-
fined as a single point source at 78 m over ground, with
a sound power level of 107 dB. Simulations with a spec-
trum of frequencies from 20 H z to 20 kH z as well as sin-
gle frequency simulations were performed. For this paper,
frequencies of 16 Hz and 100 Hz are used.

3.1.4 Model setup:

The simulation was performed without turbulence, us-
ing standard air absorption (ISO 9613) and totally even
ground. The ground itself was considered using complex
impedance and diffraction at the ground was enabled.

3.2 Test case 2: Single hill with meteorology

The second test case is a 2D-domain characterised by a
hill and a simple meteorological profile as shown in Fig. 2.

Figure 2. Sketch of topography, wind profile and
wind turbine position for test case 2.

3.2.1 Topography:

The domain is defined by [Zmin, Tmaz] = [0 m, 5000 m]
and z ranges from 0 m to 1500 m. The height of the hill
itself is defined in (9).

2
h(z) = 84.9 - exp ( (x;o5000> ) )

The grid width depends on the model. In case of the
particle-model d, = 8 m was sufficient, whereas it is
variable in z-direction (increasing with height). For the
wave-based-model d, = d, = 1.5 was chosen.

3.2.2 Meteorology

The parameters of the meteorological profile are given in
table 1 on the right. The profile is assumed to be constant
for all x and thus only varies in z. The wind profile with
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Table 1. Meteorology for test cases 1 (left) and 2 (right).

Case 1 Case 2

parameter value

sound speed [m/s] 340.0 sound speed [m/s] 340.0
temperature [°C] 20.0 temperature [°C] 15.0
vertical temp. grad. [K/100m)] 0.0 vertical temp. grad.  [K/100m] 0.0
humidity (%] 70.0  humidity (%] 70.0
wind speed in 10 m  [m/s] (0.0/2.5/)5.0 wind speed in 100 m  [m/s] 8.0
wind profile log. prof. wind profile power law
roughness length [m)] 0.2 power coefficient 0.143
wind direction °] 270.0 wind direction [°] 270.0
ground resistivity [kPas/m?] absorption  ground resistivity [kPas/m? 250.0

wind speed u(h) at a given height h was calculated using
the power law:

(10)

with power coefficient 3, reference height h, > 0 and
reference wind speed u,..

3.2.3 Source:

The source is located at o = 0 and is defined as a sin-
gle point source. Three simulations where performed with
the respective height of the source at z = 30, 100, 300 m.
Several frequencies have been tested, here we will con-
centrate on 16 Hz.

3.2.4 Model Setup:
4. SIMULATION RESULTS

In the following three subsections we are showing the
simulation results of the test cases described above, i.e.
describing the initial problem, explaining the thought-
process to narrow down the problem and finally compar-
ing the results obtained using the different models.

4.1 Flat topography with generic meteorology
4.1.1 Description of the problem

The Problem was initially found during AKUMET-
Simulations for wind-turbine noise. A 2D-plot of the
associated sound pressure level on the ground is shown
in Fig. 3. The wind direction is 270°, i.e. the wind is
blowing in positive z-direction. As can be expected, the
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Figure 3. 2D-plot of the sound pressure level simu-
lated on the ground using AKUMET for the first test
case.

sound pressure level in the downwind-domain is gener-
ally higher than in the upwind-domain. The shadow-zone
in the upwind-domain is clearly visible. However, there
is also a strong increase in sound pressure level visible
directly before the beginning of the shadow zone whose
origin is not obvious.

4.1.2 Solution strategies

To narrow down the problem, we first reduced it to the
2D-domain and disabled several subroutines connected to
weighting and smoothing the sound pressure level. Fur-
ther we switched to fully absorbing ground conditions to
eliminate reflections. As the problem is obviously depen-
dent on the wind field, we then performed simulations
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Figure 4. Results for test case 1, computed us-
ing AKUMET for three different wind speeds (top:
0 m/s, middle: 2.5 m/s, bottom: 5/s) with a grid width
of 8 m for a frequency of 100 Hz. Sound pressure
level is given in blue, sound rays are shown in red.

with different wind speeds. The main goal was to un-
derstand whether the origin of the effect was physical,
numerical or model-related. As AKUMET is basically a
Ray-tracing-model, we were able to plot those rays, which
are essentially the paths that the particles are travelling.
The results, restricted to the upwind-domain, for different
wind speeds are shown in Fig. 4. The sound pressure level
is shown in blue whereas selected sound rays are plotted
in red. No wind speed is given in the top figure, lower
wind speed (2.5 m/s) was chosen in the middle figure and
the original wind speed (comp. table 1) was used for the
bottom figure.

4.1.3 Explanation of the effect

From Fig. 4 can be seen that the increase of sound pres-
sure level is preceded by a sudden drop of it. The ef-
fect, including the depth of the drop, clearly increases with
the wind speed and it occurs earlier on in the domain the
higher the wind speed is while it is absent in the absence
of wind. This is easily explained by the stronger down-
wards refraction of the sound rays in higher wind speeds.
It shall however been mentioned that the effect is not ex-
actly related to the wind speed itself but to the wind speed
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Figure 5. Results for test case 1, computed using
AKUMET with a grid width of 8 m for a frequency
of 100 Hz. Sound pressure level is given in blue,
sound rays are shown in purple and the number of
particles per grid cell in white.

00 %0
250 -
20 | — - 60 2
~ 150 -
100 = - ]

50

Figure 6. Sound pressure level field for test case 1,
computed using AKU3D for a frequency of 100 Hz
and a wind speed of 5 m/s.

gradient.

Looking more closely at the sound rays we find that
the drop occurs in the area where the first sound rays,
those still moving downwards and those already been re-
fracted upwards, are intersecting. This leads, on one hand,
to a higher number of particles in that area, and on the
other hand, to destructive interference (resulting in the
sound pressure level to drop, blue curve). This can be
seen in Fig. 5 (sound rays are shown in purple to indicate
the beginning of the shadow zone), where the number of
particles is indicated by the white curve, the sound pres-
sure level is again shown in blue. Further downwind the
number of particles decreases again but so do the effects
of interference, leading to an increase in sound pressure
level. The number of particles is, due to the additional,
upwards refracted sound rays in that area, still higher than
it was before the drop, and therefore is the sound pres-
sure level. Finally, the maximum in sound pressure level
(around x=-700 in Fig. 4, bottom) is caused by construc-
tive interference. These results are obtained under the as-
sumption of a coherent source.

4.1.4 Comparison with other model results

The input parameters of AKUMET cannot be matched ex-
actly on the wave-based model AKU3D, as, one being a
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Absorbing Ground Conditions
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Figure 7. Test Case 1, absorbing ground conditions: left: Aku3d, middle: Akumet, right: PE; from top to
bottom: 4m, 12m and 20m above ground; dashed and solid line: 16 Hz and 100Hz respectively; green, blue
and red: Om/s, 2.5m/s and 5m/s wind speed

Impedance Ground Conditions
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Figure 8. Test Case 1, impedance ground conditions: left: Aku3d, middle: Akumet, right: PE; from top to
bottom: 4m, 12m and 20m above ground; dashed and solid line: 16 Hz and 100Hz respectively; green, blue
and red: Om/s, 2.5m/s and Sm/s wind speed
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Lagrangian approach and the other a Eulerian approach
that directly simulates the wave propagation, they have
different requirements concerning e.g. grid width and
time stepping. The same holds for the PE-model. There-
fore the input parameters were adapted to fit the model.
Due to the high computational cost the domain was re-
stricted to 2D. The resulting sound pressure level field of
the AKU3D-simulation is shown in Fig. 6. One can nicely
see the interference pattern, as well as the formation of a
shadow zone in the upwind domain. Fig. 7 shows the be-
haviour for 3 different wind speeds (0 m/s, 2.5 m/s and
5 m/s) and two different frequencies (16 Hz and 100 Hz)
for all three models using absorbing boundary conditions.
Fig. 8 shows the same test case for impedance bound-
ary conditions. Clear differences can be observed be-
tween the models, for different frequencies, but also be-
tween impedance and absorbing ground conditions. Gen-
erally, the results of AKU3D and PE-DTU are more sim-
ilar to each other, while in case of AKUMET the wave
can be observed more clearly. Simulations with absorbing
ground are strongly helping in understanding the origin
of the problem, as in case of impedance boundary con-
ditions — due to the single frequency — reflection patterns
can be observed. Nonetheless, the wave can be observed
with all three models. The reason why the wave is more
pronounced in case of the AKUMET-simulation is most
likely explained by the formation of a shadow zone, lead-
ing to sharper edges (comp. Fig. 4).

4.2 Single hill with simple meteorology

In Fig. 9 the original findings of test Case 2 for 16Hz and
a source in 30m of height are shown for different mod-
els (PE, Nord2000) as well as for different turbulence set-
tings, geometric spreading is shown in grey (solid). No
legend is given in this plot as we only want to point out the
initial problem, which is the second drop in sound pres-
sure level, followed by a rise in the sound pressure level.
Whilst the first drop is easily explained by the shadow
zone, formed by the hill (shown in light grey), the explana-
tion of the second drop is less obvious. There are also sig-
nificant differences between the different models. Fig. 10
shows a comparison of the simulations results for the three
models compared in this paper. From left to right we find
the results of AKU3D AKUMET and PE-DTU each for
three different source heights, 30m (dashed, green), 100m
(solid, blue) and 300m (dotted, red) and all for a frequency
of 16 Hz. It shall be noted that the results are still pre-
liminary and only a qualitative comparison can be made
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between the models. The three models are showing sig-
nificant differences but also some similarities. The largest
differences are found for the 30m source, as here the in-
fluence of the hill is strongest, due to the formation of
a shadow zone. Due to computational limitations, only
the domain up to 1350m is shown here, however, this in-
cludes the area of the second drop of the PE-DTU-model.
Such a drop could not be found in case of AKU3D for nei-
ther of the source heights. In case of AKUMET we find
some oscillations in the far field of the 100m source that
result from numerical limitations. Only the AKUMET-
simulation is showing the building of a sharp shadow-zone
in case of the 30m source. Comparing the results to test
case 1, one could assume that the drops in the PE-DTU-
simulation result from interference-effects. Also in test
case 1, interference and reflection effects where varying
significantly in all three simulations. However, we can
not yet prove this assumption and further analysis has to
be done to fully explain the effect.

2016 Hz - Single Hill (PE averaged - Okm) - Hsrc=30m

Propagation Loss [dB]

-120 T T T T T
—1000 0 1000 2000 3000 4000 5000

Distance [m]

Figure 9. Test Case 2, 16Hz, original findings: com-
parison of the results of the 30m source height for
different models (PE, Nord2000) and different turbu-
lence settings, geometric spreading is shown in grey
(solid)

5. SUMMARY

We were presenting two theoretical test cases and com-
paring the according simulation results of three different
sound propagation models. In particular in test case 1,
the questionable behaviour could be observed — from a
qualitative point of view — in all three models, also sig-
nificant differences were found among the respective sim-
ulations. It was shown how the origin of a specific be-
haviour can be traced down using the specific character-
istics (i.e. sound rays) of the different sound propagation
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Figure 10. Test Case 2, impedance ground conditions, 16Hz: left: Aku3d, middle: Akumet, right: PE; dashed
(green), solid (blue) and dotted (red) line: source height of 30m, 100m, and 300m respectively

models. With respect to the second test case more detailed
analysis of the problem has to be done to fully understand
the origin of the problem. Generally speaking, all models
do have their advantages and disadvantages and our find-
ings are showing that it can be beneficial to use different
model-approaches to simulate a specific problem. This
can strongly help the investigation whether a problem is
really physical or model related.
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