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Experimental investigation of flow-induced sound of kite lines
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Abstract — In times of increasing importance of renewable energies, airborne wind energy (AWE) systems rep-
resent an emerging extension to conventional wind turbines. Many AWE systems use powerful kites to provide
tether traction to mechanically unwind the tether, generating electricity on the ground. In addition to the trac-
tion tether, a large number of kite lines spanning the kite are moved through the air at high speed. This can pro-
duce a loud unpleasant whistling noise on the ground, which is due to a superposition of the aeolian tones of the
many different lines. In the present work, differently structured kite lines were investigated in the aeroacoustic
wind tunnel with respect to their sound radiation when they were exposed to a flow at up to 34 ms™* resulting in
Re < 7300 and angles of attack (AOA) in the range of 90° = AOA = 45°. It was found that greater surface rough-
ness increases sound radiation while line tension has negligible influence. By weaving a single-helix-shaped pro-
trusion into the sheath of the kite line, the total radiated sound pressure level can be reduced by up to 9 dB. If the
line itself has a helical contour, even a reduction of up to 11.5 dB is reachable. For decreasing AOA the noise
suppression effect of helical surface protrusions and helical line shape is significantly reduced. The results provide
initial guidelines on how to effectively reduce sound radiation from aircraft kites. Further investigations should
consider the individual contributions of fluid and structural sounds to the total radiated sound of a flying kite.
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Nomenclature

AOA

angle of attack, °©

AWE airborne wind energy

\J kinematic air viscosity, m? s~

D test object diameter, mm

fst frequency of peak sound pressure level, Hz
h height of helical surface protrusion, mm
HMPE high-modulus polyethylene

L test object length, mm

A pitch of helical surface protrusion
OASPL overall sound pressure level, dB(A)
PSPL peak sound pressure level, dB(A)

Re Reynolds number

St Strouhal number

0 angle of attack, °

VIV vortex-induced vibrations

U free stream velocity, ms™'

1 Introduction

Fighting climate change is considered the greatest chal-
lenge in the 21st century. In order to reduce CO5 emissions,
it is crucial to replace fossil fuel energy sources with

*Corresponding author: lukas.saur@fau.de

renewable energy sources. Wind energy offers the greatest
expansion potential, especially at higher altitudes where
winds become steadier, stronger and more persistent [1].
AWE systems seek to harvest this resource.

Crosswind kite energy systems rely on periodic motions
of a tethered kite to obtain greater apparent wind speed
than the absolute wind relative to the ground. Such appar-
ent wind generates a high lift force on the kite, which can be
exploited to produce power by electric generators on the
ground [1, 2]. Currently available kite energy systems are
able to generate up to 200 kW electrical output and reach
kite speeds of up to 40 ms ™" [3].

A loud whistling tone may be heard around the operat-
ing area of the kite. This tonal noise is the flow-induced
sound resulting from the kite bridles (lines) travelling
through an air medium. Kite bridles connect the textile fab-
ric of the kite sail with the strong tether transmitting the
lift forces to the ground station. As an example, a 90 m kite
sail can have more than 600 m of kite bridles to support the
loads generated and to control its shape and stability. The
objective of the subject research is to evolve renewable
energy technology, specifically as related to AWE and kites,
and to increase acceptance and adoption by reducing the
audible footprint of kite systems.

In the 19th century, Strouhal [4] found that vortex shed-
ding on cross-flowed cylinders produces a tonal noise, the so
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called aeolian tone, whose frequency corresponds to the
Strouhal frequency. Lighthill [5] classified flow around cylin-
ders as a dipole sound source. Cylinder noise is primarly
generated by the unsteady vortex shedding phenomenon
causing large pressure fluctuations at the cylinder surface
[6, 7]. In the Reynolds number range of interest
800 < Re < 7300, a laminar boundary layer is present on
cross-flowed cylinders, which detaches shortly before the
thickest point of the body and rolls in to form a periodic
vortex formation [8]. Behind the cylindrical test object, a
fully turbulent vortex street is formed [9]. The thickness
of the laminar boundary layer increases with increasing sur-
face roughness [10]. Alomar et al. [11] showed that greater
surface roughness leads to higher sound pressure levels of
cross-flowed cylinders. Gerrard [12] carried out sound mea-
surements on circular cylinders in air flows and determined
an influence of cylinder vibrations on sound radiation.

The effect of the angle of attack between flow direction
and the cylinder axis on the vortex shedding noise can be
estimated by applying the independence principle [13].
It assumes that the incident flow speed for an inclined
cylinder is the component of the freestream flow speed
U, perpendicular to the inclined cylinder centreline
U, = U.sin(0).

Latorre Iglesias et al. [14] assessed the effect of the angle
of attack and flow speed on the aerodynamic cylinder noise
and compared his results to the experimental studies of
Yamada et al. for AOA up to 45° [15], Haramoto et al.
up to 40° [16] and King and Barsikow up to 30° [17]. In a
Reynolds range of 15500 < Re < 39.000 and for
30° £ AOA £ 90° he found that amplitude and frequency
of the aeolian tone and the overall sound pressure level
decrease with declining AOA while the bandwidth of the
spectral peak increases. The directivity of the vortex shed-
ding noise radiated by circular cylinders was found to be
close to that expected for a theoretical dipole source while
it is independent of the angle of attack.

A great number of passive noise control methods for
circular cylinders were proposed in the past decades, aiming
at eliminating or suppressing the vortex shedding phe-
nomenon to reduce cylinder noise. These methods are based
on changes in the cylinder surface and include, among
others, porous coatings and helical cables wrapped around
the cylinder. For kite lines omnidirectional measures are
preferred, as lines can twist.

Sueki et al. [18] measured a reduction in radiated sound
by applying porous cylinder coatings that can suppress
unsteady motion of vortices.

The technique of wrapping helical cables on circular
cylinders generates helical surface protrusions (Helix) and
functions similar to other 3-D control methods. 3-D near-
field flow features caused by the variational cross-section
along the cylinder span are preventing the two-dimensional
(2-D) nature of the vortex shedding process, leading to
weaker vortices in farther distance to cylinder surface [19,
20]. Decreasing pressure fluctuations at the cylinder surface
result in lower sound radiation of tonal frequencies while
broadband flow noise is reduced due the decrease in velocity
fluctuations in the wake [21].

Razali et al. [22] achieved a reduction of vortex-induced
vibrations of 98% by wrapping a cylinder with three wires
(pitch A = 10D, height h = 0.12D). The correlation length
of the vortices along the cylinder axis is reduced by 75%
with respect to the helix. Xing et al. [23] varied pitch and
number N of helical cables wrapping along cylinder span,
aiming at optimal farfield noise reduction. Helix configura-
tions with 2 £ N < 4 cable threads wrapped with pitch
1D £ 1 £ 4D effectivly suppressed both tonal and broad-
band noise leading to 17 dB reduction of the overall sound
pressure level.

Helical surface protrusions for aerodynamic noise reduc-
tion were also successfully applied on transmission lines.
Tsujimoto et al. [24] performed an experimental study to
find the optimum cross section shape for suppression of
the aeolian tone of transmission lines. Aeolian noise levels
could be sufficiently reduced if the transmission line surface
is smoothened and the two helical surface protrusion have a
height of A = 0.028D. With a protrusion height of
h = 0.07D a peak sound pressure level reduction of 10 dB
was achieved.

Flexible, tensioned kite lines in cross-flow are susceptible
to vibrations with the vortex shedding frequency. First
investigations of the influence of helical surface protrusions
on the aerodynamic behaviour on long flexible structures
like kite lines have been conducted by Dunker et al. [25].
Kite lines with helical surface protrusions were developed
to reduce vortex-induced line vibrations with the objective
to lower drag. During line drag measurements in the wind
tunnel of the University of Graz, a tonal, flow-induced
sound was observed. The tone was noticed to be associated
with elevated drag regimes of the kite lines.

The phenomenon of flow-induced sound of flexible teth-
ers was already known in the 17th century and used for the
building of aeolian harps, a musical instrument played
solely by the wind [26]. Despite this fact there are very lim-
ited investigations including data concerning the flow-
induced sound of lightweight ropes or kite lines nor are
there methods to specifically reduce flow-induced kite line
noise. The object of our investigations was to understand
the generation of flow-induced sound of kite lines and to
develop an effective noise control method.

The major part of the paper is organized as follows: In
Section 2, the general measurement setup and the investi-
gated kite lines are described. Section 3 presents the exper-
imental results and in Section 4 the sound radiation of kite
lines in comparison to fixed cylinders is discussed.

2 Experimental design

2.1 Measurement setup

All of the investigations conducted were carried out in
the aeroacoustic wind tunnel at the University of Erlan-
gen-Nuremberg in Germany (Department of Sensor Tech-
nology and Institute of Fluid Mechanics). This closed-
return type wind tunnel has an open working section of
4 m length surrounded by an anechoic chamber with 9 m
by 6 m and a height of 3.6 m. The chamber itself has an
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absorption coefficient of 0.9 for a frequency of 300 Hz and
allows free-field acoustic measurements without reflections
from the surrounding walls. The wind tunnel is provided
with silencers to damp out fan noise and to make for a
low noise level in the test section. Using an outlet nozzle
with 0.2 m by 0.26 m (contraction ratio 6.3:1) the wind
speed can be continuously controlled up to U < 50 ms ™.
The flow velocity is determined by measuring the static
pressure difference between the nozzle inlet and outlet
and the current air density and the given contraction ratio
of the nozzle. Several turbulence grids and a honeycomb
decrease turbulence intensity down to 0.22% in the core
of the jet [27]. Measurements have been performed at a
room temperature of 21 °C and ambient pressure of approx-
imately 1000 mbar.

As shown in Figure 1, the test object is attached to a
mounting frame placed around the wind nozzle. Kite lines
are placed centrally in the free jet and tensioned with
weights to simulate the traction force produced by the kite.
The distance between nozzle outlet and the vertically
placed test object corresponds to the hydraulic nozzle diam-
eter d, = 0.226 m. The line length between the upper and
lower fixing point is 0.73 m.

Test objects are affected by two forces; the wind load in
the flow direction and the tensile load that is adjusted to
the specific line operating range. The tensile load provides
the necessary force to hold the kite line straight and to pre-
vent bowing deformation in the flow direction. In operation,
the wind flow hits kite bridle lines at angles of attack of
45° < AOA < 90°. Sound measurements of kite lines were
made for these flow angles to gain information on the sound
radiation of the complete set of kite bridle lines. The lower
fixing point (see Fig. 1) has been moved downstream along
the mounting rail (in positive a-direction) in order to reduce
the AOA. Microphones have been positioned further down-
stream to keep exactly 1 m measuring distance.

The flow field to which the line length is exposed corre-
sponds approximately to the nozzle height of 0.260 m. With
a maximum line diameter of D < 3.3 mm, the aspect ratio
L/D is a minimum of 79, which exceeds the minimum rec-
ommended value of 50 to ensure two-dimensional flow con-
dition [28]. The Reynolds number of the flow around the
test object is determined by diameter and wind speed,
changes of the kinematic air viscosity are negligible:

UD

Re = - (1)
The flow-induced noise is recorded in the anechoic chamber
by four Briiel & Kjer type 4189 é inch free field micro-
phones. Figure 2 shows the microphone positions that are
located at 1 m distance of the test object location indicated
by the green dot. Microphones nr. 2 & 4 are positioned in
the direction of the maximum sound radiation of a circular
cylinder, perpendicular to flow direction and the cylin-
der/line axis [29]. Microphone nr. 1 & 3 are displaced by
22.5° from the main sound radiation direction to determine
deviations in the directivity of the radiated sound and to
investigate the dipolelike behaviour of tensioned kite lines.
These acoustic measurements are carried out with no

wind nozzle . .
upper fixing point

test object
mounting
frame lower fixing point
mounting rail
weight

Figure 1. Mounting frame, isometric view.
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Figure 2. Measurement setup, top view.

obstructions other than the kite line itself present in the
flow. Figure 3 displays the complete test rig. Frame compo-
nents are covered with foam to avoid sound reflections in
main sound propagation direction. At the lower fixing
point, foam is pinched between test object and frame to pre-
vent the transmission of vortex-induced vibrations (VIV)
on to the steel frame.

Signals are amplified by a Nexus Conditioning
Amplifier Type 2691 and recorded simultaneously with
a PC using a LabView environment and a National
Instruments PXIe 4497 data acquisition card. Measur-
ing time is 30 s with a sampling frequency of 48 000 Hz. A
Matlab routine is used to perform a fast Fourier transfor-
mation to compile the narrow band spectra with a Hanning
window over 48 000 RMS values and 50% overlap. Subse-
quently an A-weighting filter is applied.

The overall sound pressure level (OASPL) is obtained
by integrating the displayed noise spectrum from 100 Hz
to 10 000 Hz. The length of the cylinder inside the flow
increased with declining AOA, which according to Fujita
et al. [30] among others will increase the radiated sound
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Figure 3. Test rig, side view, AOA = 90°.

pressure level. This was corrected for by applying a factor as
used by Latorre Iglesias et al. [14]:

ASPLa; = —10logy,(AL) = 10log;y(sin (0)).  (2)

Here AL is the ratio between the cylinder effective length for
angle of attack 0 and the length at AOA 90°. The increasing
aspect L/D for declining AOA can be neglected since two
dimensional flow conditions are already ensured at 6 = 90°.

The Strouhal number St is calculated based on the fre-
quency fg; corresponding to the peak sound pressure level
(PSPL). The vortex shedding frequency and therefore the
St-number is for AOA 6 = 45° directly proportional to
the flow velocity component perpendicular to the cylinder
axis according to the independence principle [13]:

-D
St — Sst

- U-sin(0)’ 3)

2.2 Test objects

A principal test was conducted to compare the noise
generated by a 3 mm wire rod, a kite line of the same diam-
eter (Ref 1) and a M3 threaded rod. Table 1 shows the
related test objects. The radiated sound of the wire rod is
measured in order to gain basic knowledge about the sound
radiation of rigid cylindrical objects under the given test
conditions. In addition, the sound radiation of a threaded
rod with M3 thread is measured to consider the effect of

Table 1. Characteristics of principal test objects.

Image "
M3
Name Wire Rod | Threaded Ref 1
Rod
Ave. 30mm | 2.675mm | 3.0mm
Diam.
HMPE
Material, Steel, Steel, ij?tlhc;)ge
Construc- Cold- Cold-
. HMPE
tion drawn drawn .
carrier
sheath
Cross
section

greater surface roughness. All the investigated kite lines
are made of high-modulus polyethylene (HMPE) fibres
offering great yield strength at low density. The Ref 1 test
item is constructed of a HMPE fibre core wrapped by a car-
rier sheath of 16 HMPE strands to protect the load-bearing
fibre core. The kite line has a similar diameter of 3.0 mm
under 50 kg tensile load. The 50 kg weight is attached to
the line to simulate the tensile load of kite lines in operation.

A set of exploratory tests were carried out on test sub-
jects constructed with braided sheath around core fibres to
measure the influence of helical surface protrusions on radi-
ated sound (Table 2). These kite lines are constructed of a
HMPE fibre core wrapped by a braided HMPE carrier
sheath. The Ref 2 test item is a heavy duty kite line with
a bigger diameter and a tightly woven 32 HMPE carrier
sheath. The sheath of the other kite lines is braided of
16 HMPE strands and a urethane coating is applied to
reduce abrasive wear. The Helix lines are based on the con-
cept where one of the strands of the braid has a greater
diameter than the other carrier strands, whereby the resul-
tant braid is one resembling a helical strake. The ratio of
strake height to line diameter (h/D) is approximately 0.1,
similar to strake sizes recommended in the literature [31].

The Helix lines are distinguished by number and width
of the helical surface protrusion. The HMPE yarn core of
the Ref 3 reference line is wrapped by 16 HMPE strands
of similar denier and has a smooth surface.
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Table 2. Characteristics of kite lines with yarn core; reference lines and kite lines with helical surface protrusions.

Image 4 “
Name Ref 2 Ref 3 Helix A Helix B Helix C
Average 3.3 mm 1.65 mm 1.85 mm 1.87 mm 1.87 mm
Diameter
Material HMPE yarn HMPE yarn HMPE yarn HMPE yarn HMPE yarn
C a etrla ’ core with 32 core with 16 core with 16 core with 16 core with 16
ti(()):lls ruc- HMPE carrier HMPE carrier HMPE carrier HMPE carrier HMPE carrier
sheath sheath sheath sheath sheath
. 1 start; 1 wide start; 2 start;
Helix . . .
Design - - pitch A =2D pitch A =2D pitch A = 2D
height h=0.1D | heighth=0.1D | heighth=0.1D
[y o
Cross
. [
section

Another set of exploratory tests were carried out for test
items that were of a simple braid construction (no core). In
Table 3, braided kite lines with 8 HMPE strands are dis-
played. The Ref 4 test item has a slightly larger diameter
and is used as reference. The dissimilar trait of the Spiral
is the double denier of one of its strands. The resultant
braid forms a helical shaped line, like a stretched cork screw.
The braiding of kite lines without yarn core allows greater
helical strake pitch in comparison to the Helix lines shown
in Table 2.

3 Results

This section summarizes the flow-induced sound radia-
tion of tensioned lines and the effect of helical surface pro-
trusions on kite line noise control. Measurements are
carried out at free stream velocities of U = 10 ms !,
22 ms ' and 34 ms ', resulting in Reynolds numbers of
800 £ Re £ 7270, depending on line diameter. These three
different wind speeds should allow a conclusion to be
formed about the sound radiation of kite lines in the entire

working range of crosswind kite generators.

The sound spectra depicted in this chapter are com-
puted from the signal measured by microphone nr. 2 (see
Fig. 2). The given sound pressure levels (PSPL and
OASPL) are mean values computed from the signals of
microphone nr. 2 and 4 which are placed in the main sound
propagation direction. The presented Strouhal numbers are
mean values calculated from all four microphone signals to
reduce the influence of measurement deviations.

3.1 Comparison of flow-induced sounds of stiff cylinders
and a tensioned tether

The far-field noise spectra of a smooth wire rod, a kite
line of the same diameter and a threaded rod are compared
to assess to what extent the aeroacoustic characteristics of
stiff circular cylinders and a tensioned flexible tether corre-
spond. The Ref 1 test item is tensioned with a 50 kg mass
during measurements to hold the line and orient it perpen-
dicular to the flow direction resulting in an angle of attack
of 90°. Figure 4 shows the A-weighted sound pressure level
of a 3 mm wire rod, a M3 threaded rod and the Ref 1 test
item over a frequency range of 100 Hz to 10 000 Hz at dif-
ferent wind speeds. In all the following narrowband spectra,
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Table 3. Characteristics of braided kite lines; reference line and
kite line with helical shape.

]
Image 1‘ ! pocsopudprssiosss |
i
i‘; {
Name Ref 4 Spiral
Avg. Diam. 1.4 mm 1.2 mm
8 HMPE
Material, 8 HMPE carrier,
Construction carrier 1 strand of
double denier
1 start;
. . ) pitch A =9D
Helix Design height h =
0.15D
Cross
section

the inherent wind tunnel noise measured at these wind
speeds is depicted in black since this is the lower limit for
the acoustic measurements of objects in the free stream.
Wind tunnel noise level increases with increasing flow veloc-
ity, mainly due to the sound generated by the mixing of the
free jet and the static ambient air in the broadband region.

The narrowband spectra of the three test objects are
similar and show one dominating peak representing the aeo-
lian tone connected to air flow around cylindrical objects.
This aeolian tone is perceptible as whistling with increasing
volume and frequency for higher wind speeds. For higher
wind speeds U > 22 ms™ " small side peaks occur at double
and triple Strouhal frequency. For f> fs; the sound pressure
level decreases with 20 dB per order of frequency magni-
tude. The threaded rod generates significantly more aerody-
namic sound as shown by the greater amplitude of its main
and side peaks. The aeolian tone of the threaded rod has a
higher frequency as the wire rod due to the smaller average
diameter. The thread provides a higher surface roughness
than the smooth cold-drawn wire rod, leading to greater
boundary layer thickness [10]. The thicker boundary layer
increases the diameter of the cylinder object in the flow
and leads to the shedding of greater vortices at a lower fre-
quency. This results in greater flow disturbance hence more
aerodynamic sound (tonal and broadband noise) is
generated.

70 ]
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60 _ st
-1
2 50 b 34ms 0
E .......... M3 Rod, 10ms
T 40|~ — ~M3Rod, 22ms’
= M3 Rod, 34ms™
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Figure 4. Flow-induced sound of the kite line Ref 1, a threaded
rod and a wire rod in the narrowband spectrum.
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Figure 5. Strouhal number and Overall Sound Pressure Level
of the kite line Ref 1, a threaded rod and a wire rod.

The aeolian tone of the Ref 1 test item has a lower fre-
quency as the same diameter wire rod resulting in a smaller
Strouhal number according to Formula (3). The peaks of
the kite line are wider and have a greater amplitude com-
pared to the peaks of the wire rod. Similarly as the wire
rod, the kite line generates more aerodynamic sound due
to its greater surface roughness. Unlike the stiff rods, the
flexible line is excited to vibrate by the alternating pressures
acting on the line during vortex shedding. The line vibra-
tion increases for higher wind speeds and causes vortex
shedding with varying frequency resulting in wider main
and side peaks in the sound spectra. The sharp peaks of
the stiff rods are caused by the vortex shedding at constant
Strouhal frequency.

Figure 5 shows the Strouhal number and the overall
sound pressure level of the rods and the Ref 1 test item
according to the Reynolds number. The measured Strouhal
numbers of the wire rod correspond with literature values
for smooth, round cylinders (St ~ 0.21) in this Reynolds
range [32, 33]. As described above, a thicker boundary layer
caused by greater surface roughness leads to the shedding of
greater vortices with higher turbulence intensity [34] at a
lower frequency [11]. This results in a averagely 6.5%
smaller St value of the threaded rod and 13.5% lower
Strouhal number of the kite line. For higher Reynolds num-
bers the Strouhal number of the test objects declines
accordingly to published measurements of fixed, cross-
flowed cylinders [35]. The greater surface roughness of the
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Figure 6. Flow-induced sound of a kite line Ref 2 tensioned
with different line loads in the narrowband spectrum.

flexible kite line and the threaded rod lead to the generation
of significantly more flow-induced sound compared to the
rigid smooth wire rod. For increasing Re the OASPL rises
to the same extent for these test objects. In general, fixed
cylinders and tensioned kite lines show comparable aeroa-
coustic properties.

3.2 Influence of tensile load on flow-induced kite line
noise

To investigate the influence of tensile load on the sound
radiation of kite lines, the weight attached to the end of the
line was varied. For this purpose, the radiated sound pres-
sure of the test item Ref 2 was measured at a line tension
load of 10, 25 and 50 kg at an AOA of 90°. Figure 6 shows
that the narrowband spectra of the A-leveled sound pres-
sure level does not change with varying tensile load. There
is no measurable influence of the line tension load on the
emitted sound pressure at any of the three flow velocities
examined. The flow-induced sound radiation of the Ref 2
line is similar to the noise generated by the Ref 1 line.

Figure 7 shows the Strouhal number and the overall
sound pressure level of the Ref 2 test item under different
line loads according to the Reynolds number. The displayed
values show, that the influence of the line tension load is
negligibly small and has therefore not been considered
further.

3.3 Influence of helical surface protrusions on flow-
induced kite line noise

The flow-induced sound of the HMPE core kite lines
with braided sheath and helical surface protrusions (see
Table 2) developed by Dunker et al. [25] was measured
and compared to the sound spectra of a reference line with
similar construction and smooth surface (Ref 3). Figure 8
shows the A-leveled sound pressure level of these lines over
a frequency of 100 Hz to 10 000 Hz at different wind speeds
and various angles of attack. For low wind speeds
(U= 10ms™ ") at AOA 6 = 90° the tonal peak of the kite

80 £
0.21 P
£ z 0~
E o2 2 60 7
g £ ﬁ&’
£ o1 *\\\ B ‘4
i R ) / Ref 2, 10kg
Z §§:¢ S O |— — —Ref2, 25kg
0.18 — — —Ref2,50kg
20
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Reynolds number Reynolds number

Figure 7. Strouhal number and Overall Sound Pressure Level
of the kite line Ref 2 under different line loads.

lines with one helical surface protrusion (Helix A, Helix B)
is suppressed and the radiated sound of these kite lines does
hardly distinguish itself from the wind tunnel noise.

In comparison, the Ref 3 reference line and the Helix C
with two helical surface protrusions, show a peak at their
Strouhal frequency. For increasing wind speeds
(U = 22 ms™ '), more aeroacoustic sound is generated by
all four core lines and the tonal peak of the Helix A and
Helix B is not completely suppressed but amplitude and
width of their tonal peak are significantly smaller compared
to the Helix C and the reference line. The Helix C with two
helical surface protrusions has a tonal peak at fs; and side
peaks at double and triple Strouhal frequency and its sound
spectra are comparable to the sound spectra of standard
kite lines without spiral surface elevations.

The bigger diameter and the coarser surface of the Helix
C lead to greater sound radiation at all investigated wind
speeds compared to the smooth reference line Ref 3. Due
to the small diameter of 1.87 mm, the Helix structure covers
more than 50% of the Helix C surface, the gap between the
surface protrusions is only 0.9 mm. It might be, that due to
the small gap between the surface protrusions the upstream
protrusion interfere with the flow of the second protrusion
as observed by Nebres [36] and therefore generates signifi-
cantly more aerodynamic sound than the Helix A line.
Further investigations including boundary layer measure-
ments are required to understand this phenomenon.

Sound measurements at AOA = 75°, 60° and 45° were
conducted to examine the influence of the angle of attack
on aeroacoustic noise of kite lines with helical surface pro-
trusions. At 0 < 75° the sound spectra of all four core lines
present a dominant, sharp peak at their Strouhal frequency.
At 0 = 90° the tip of the peak is missing as in this case the
lines with the attached weight hang straight down and are
only slightly pressed against the notch in the mounting rail
by the air flow. At smaller angles, the kite line is bent at the
notch and presses against the mounting rail with greater
force, thus the lower fixing point of the line is fastened much
more tightly.

At 0 = 75° the 1-Start-Helix lines show significantly
lower amplitude and width of the tonal peak than the Helix
C and Ref 3. At U < 22 ms™! the Helix A with its thinner
spiral surface protrusion provides greater sound reduction
compared to the Helix B. At 8 = 60° the 1-Start-Helix lines
reduce tonal noise at U = 10 ms ", for higher wind speeds
only the side peaks are suppressed. At 0 = 45° there is no
difference in the sound spectra of the three Helix lines
and they show greater PSPL as the reference line at every
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Figure 8. Flow-induced sound of kite lines with one (A & B) and two (C) helical surface protrusions and a reference line (Ref 3) in
the narrowband spectrum at different wind speeds and angles of attack.

investigated wind speed. In Figures 8a—8d the decrease of
the Strouhal frequency for smaller angles of attack accord-
ing to Formula (3) is clearly visible.

Figure 9a shows the Strouhal number according to the
angle of attack for the three different wind speeds. At
34 ms~' the Strouhal numbers of all four core lines are
constant for varying AOA. The Helix lines show generally
smaller St values than the reference line because their coar-
ser surface and the surface protrusions lead to a greater
boundary layer thickness resulting in a bigger cylindrical
object obstructing the wind flow and an eventual lower
vortex shedding frequency. At 22 ms™' and 10 ms ' the
effective noise suppression by the 1-Start-helix lines shows
in lower Strouhal numbers for 0 = 75° as a result of the
reduction of the tonal peak. Helix C and the Ref 3 have
lower St values for increasing wind speeds as the Strouhal
number of cylindrical objects decreases with increasing
Reynolds number [35].

Figure 9b shows the overall sound pressure level accord-
ing to the angle of attack for the three tested wind speeds.
These are shown normalized to the case of the kite lines

normal to the flow as the length correction shown in
Formula (2) has been applied. For 6 = 60° the Helix C
and the smooth reference line Ref 3 generate maximum
aerodynamic sound, higher and lower AOA result in lower
noise generation. Helix A with its thinner surface protrusion
shows slightly lower OASPL than the Helix B. In this dia-
gram it is clearly visible how the noise reduction effect of
the 1-Start-Helix is best at 0 = 90° and declines for decreas-
ing AOA.

The reason for the decline in the sound-reducing effect
lies in the geometric shape of the helical elevation. If the
helix line is not placed exactly perpendicular to the flow
direction, the pitch of the helical surface protrusion deviates
on the opposite sides. As the angle of attack increases, the
pitch becomes steeper on one side and flatter on the other.
At an angle of attack of 45°, for the investigated pitch of
2D, the surface protrusions run vertically on one side and
horizontally on the right side (see Fig. 10). The helix should
lead to a flow separation at different points of the line by
means of its spiral-shaped elevations, so that the separation
does not occur over the entire length shortly before the
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Figure 9. Strouhal number and overall sound pressure level of kite lines with one (A & B) and two (C) helical surface protrusions and
a reference line (Ref 3) at different wind speeds and angles of attack.

thickest point of the line. This effect can obviously not be
produced by an elevation that is perpendicular or horizontal
to the flow, on the contrary this increases flow resistance
and creates more flow disturbance.

3.4 Influence of helical line shape on flow-induced kite
line noise

Sound measurements of the braided lines Spiral and Ref
4 were performed to investigate the influence of helical kite
line shape on flow-induced sound of simple braid lines. Line
load was reduced to 25 kg due to lower tensile strength of
these lines. Figure 11 shows the A-weighted sound pressure
level of the Spiral and the reference line in the range of
100 Hz to 10 000 Hz at different wind speeds (U = 10,
22, 34 ms ) and various angles of attack.

If the Spiral is aligned perpendicular to the wind flow at
0 = 90°, it generates broad band noise but does not create
the typical aeolian tone. The helical line shape leads to a
suppression of the tonal peak even at high wind speeds
(U = 34 ms ', Re = 2650) leading to 20 dB lower peak
sound pressure level. The smooth reference line shows the
typical sound spectra of a crossed-flown cylinder with a
tonal peak at f, and for U= 22 ms™" additional side peaks
at double and triple Strouhal frequency. For decreasing
AOA the Spiral generates more tonal noise and the sound
spectra assimilates to the sound spectra of the Ref 4. The
noise suppression effect achieved through the helical line
shape is reduced for decreasing AOA although on 0 = 45°
the Spiral still radiates significantly less sound than the
smooth reference line. The design of the Spiral shows the
best results in reducing flow-induced sound of all investi-
gated kite lines.

Figure 12a shows the Strouhal number of the Spiral and
the Ref 4 according to the angle of attack for U= 10 ms ",
22 ms ' and 34 ms . At 0 = 90° there is no detectable
peak in the sound spectra of the Spiral and therefore no
Strouhal number given. For 75° 2> 6 > 45° the Spiral has

AOA=90° AOA=90°
Left Right
U U
— —>
| AOA=45°
l Left

Figure 10. Path of a single helical surface protrusion of pitch
A = 2D at an angle of attack of 90° and 45°.

an averagely 16% smaller Strouhal number compared to
the Ref 4 due to the helical shape leading to a reduced
vortex shedding frequency. Consistent with the results of
Nebres and Batill [37], the greatest surface protrusion
height leads to the lowest Strouhal number. Since the spiral
has a 14% smaller diameter than Ref 4, the frequencies of
the tonal peaks in Figures 11b-11d match. The sound
reducing effect of the helical line shape decreases for lower
AOA as can be seen in Figure 12b showing the overall
sound pressure level according to the angle of attack for
U=10ms ', 22 ms ' and 34 ms™". The results have been
corrected for the different line lengths using the factor
shown in Formula (2). The Spiral generates most aerody-
namic sound at 8 = 45°. The smooth reference line has
the highest sound radiation at 0 = 60°.
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Figure 11. Flow-induced sound of a helical shaped kite line (Spiral) and a reference line (Ref 4) in the narrowband spectrum at

different wind speeds and angles of attack.

4 Discussion

The kite lines without surface protrusions (Ref 1-4)
show for AOA = 90° consistent Strouhal numbers in the
range of 0.177 £ St < 0.197. The Strouhal number of
cross-flowed lines as tensioned herein, is therefore about
10% smaller than the Strouhal number of circular cylinders
in this Reynolds range, 0.20 < St < 0.21 (AOA = 90°)
[32, 33, 35]). The aeroacoustic properties of rigid cylinders
and tensioned lines also differ in the angle of attack at
which the maximum sound radiation occurs. In the case
of rigid smooth cylinders, sound radiation is at a maximum
for 0 = 90° [14], while in the case of smooth kite lines this
occurs around 6 = 60° although OASPL values are nor-
malised accordingly to line length.

The threaded rod and the kite lines provide a higher sur-
face roughness than the smooth cold-drawn wire rod lead-
ing to greater boundary layer thickness [10]. This leads to
the shedding of larger vortices with higher turbulence inten-
sity at lower frequency compared to fixed smooth cylinders
with similar diameter [11, 34]. Accordingly the lower vortex
shedding frequency results in lower Strouhal numbers and a

higher vorticity leads to greater sound radiation. Addition-
ally the flow around the kite line is thought to interact with
the vibrating line’s surface causing varying vortex shedding
frequencies and higher flow friction compared to smooth
cylinders. The increased flow friction leads to even smaller
Strouhal numbers compared to the threaded rod although
the M3 thread provides the highest surface roughness of
all investigated test objects. The Ref 2 test item has the
highest bending stiffness due to its tightly woven sheath.
This may contribute to a stronger resistance to VIV and
could be a reason why it resulted in the highest St value
of the tested kite lines. This corresponds to the findings of
Dunker et al. [25].

Figure 13 illustrates the fundamental difference in the
spreading wake area of smooth and helically-straked kite
lines. The colours blue and red illustrate the different rota-
tional direction of the vortices. The smooth kite line in the
upper section of the image shows flow separation shortly
before the thickest point of the body and a classic vortex
street is formed in the wake area. The vortex formation
zone starts shortly after the kite line and the width of the
wake area exceeds the cylinder diameter by a factor of
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Figure 12. Strouhal number and overall sound pressure level of kite lines of a helical shaped kite line (Spiral) and a reference line

(Ref 4) at different wind speeds and angles of attack.

several [8]. Spiral-shaped elevations cause a variation of the
separation angle of the flow leading to pressure differences
behind the test object. The resulting pressure field generates
a secondary flow in the direction of the line axis behind
cylindrical test object which shifts the vortex formation
zone further downstream [19]. Additionally the variation
of the separation angle reduces the vortex coherence along
the cylinder axis, leading to a reduction in vortex size and
intensity [20]. This results in decreasing pressure fluctua-
tions on the line surface and in the wake area and therefore
minimises tonal sound radiation [21].

The investigated lines are much thinner and more flex-
ible compared to the rigid cylinders [21-23] considered in
the literature. Therefore, the formation of a secondary flow
behind the kite line is only possible to a limited extent. For
increases in flow velocities, increases in line vibrations were
observed. The increasing tonal noise of the helical straked
kite lines at high flow velocities (see Figs. 8 and 9b) indicate
that the line vibrations impact flow separation and impede
the formation of the secondary flow.

The conducted experiments show that the aeroacoustic
characteristics of fixed cylinders and tensioned lines are
comparable. So the application of sound reduction measures
that have been successfully tested on rigid cylinders are con-
sidered promising. Xing et al. [23] completely suppressed
tonal cylinder noise using a helix with two spiral elevations
of A = 2D pitch. In contrast, the kite line Helix C with two
helical surface protrusions of similar pitch generated loud
tonal noise. The surface protrusions cover more than 50%
of the Helix C surface, the gap between the surface protru-
sions is only 0.9 mm. Due to the manufacturing process of
the Helix lines the surface ratio of cylindrical base to helical
protrusion as well as the curvature of the protrusions devi-
ate strongly from the cylinders studied in the literature.
Nigim and Batill [38] found that larger curvature of the
surface protrusion lead to greater effect on flow disturbance.
It can be concluded that the high surface proportion of the
spiral-shaped elevations and the smooth transition between

Figure 13. Schematic visualisation of the spreading wake area
of cross-flown kite lines in top view [22, 37]. Top: Kite line
without surface protrusion. Bottom: Kite line with 2 helical
surface protrusions.

cylindrical core and the elevations lead to an insufficient
influence on the flow separation. The sound spectra of the
Helix C resembles the sound spectra of thicker kite lines
without helical surface protrusion. In order to reduce line
noise with the help of surface protrusions, the authors sug-
gest to explore a relatively small portion of surface area,
such as a 2D pitch and a sharp transition between line sur-
face and protrusion.

No published results were found for the influence of
varying angles of attack on the sound radiation of helical
straked cylinders in cross-flow. Decreasing AOA lead to a
reduction of the noise suppression effect of helical surface
protrusions. Is the cylinder axis not aligned perpendicular
to the flow direction, the helix pitch deviates on opposite
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sides (see Fig. 10). A greater helix pitch might alleviate this
issue, since the case that surface protrusions run vertically
or horizontally is reached for lower AOA 0 < 45°. With a
greater helix pitch, however, the proportion of the line
length where the detachment point is changed by the sur-
face elevation also decreases. This in turn can lead to a
reduction in the noise suppression effect and requires an
additional surface elevation as seen in [23]. This geometric
problem might be solved using a non-constant pitch
adapted for the specific AOA. A varying helix pitch might
be a good solution for fixed cylinders. For kite lines, omni-
directional measures are preferred since flexible lines can
twist and their orientation to the incoming flow can vary.
Helical shaped kite lines show generally better noise sup-
pression than lines with helical surface protrusions. Similar
to the helix lines, a decrease of the noise suppression is
observed for lower AOA, although the aeolian tone of the
helical line is significantly reduced even at 6 = 45°.
Statements on the flow around and vibrational beha-
viour of kite lines can only be derived to a limited extent
on the basis of the available measurement data and obser-
vations. Measurements of the line boundary layer by using
a boundary layer probe and an investigation of the wake-
velocity-field with particle image velocimetry or hot-wire
anemometer can additionally verify the assumed correla-
tions. Based on line vibration measurements the different
source mechanisms of the sound radiation can be separated.

5 Conclusion

The sound radiation of kite lines has been investigated
to develop an effective noise control method for crosswind
kite energy systems. The experimental study extends the
vast body of knowledge of flow about circular cylinders
for Reynolds numbers 550 < Re < 7300. The investigations
carried out show that tensioned lines and rigid, thin cylin-
ders have comparable aeroacoustic properties. Both radiate
tonal sound and show a dominating peak in the sound spec-
trum at the specific Strouhal frequency. The study shows
that helical surface protrusions also reduce aerodynamic
sound of flexible cylindrical structures with small diameters.

Greater surface roughness causes higher sound radiation
of cross-flown cylindrical objects and decreasing Strouhal
numbers. Flexible lines generate more aerodynamic noise
than rigid cylinders because lines are exited to vibrate by
vortex shedding. Line tension has negligible influence on
the sound radiation of kite lines in cross-flow.

If the kite line is aligned perpendicular to the flow direc-
tion (AOA = 90°) the sound radiation of kite lines with
yarn core and braided sheath can be significantly reduced
by a single helical surface protrusion. A single helix with
0.1D height and 2.6D pitch reduced the peak sound pres-
sure level by up to 15 dB and the overall sound pressure
level by up to 9 dB. For lower angles of attack, the noise
suppression effect of helical surface protrusions with con-
stant pitch decreases due to their geometrical shape.

Helical shaped kite lines show the best aeroacoustic
properties of the tested cylindrical objects, since they enable

complete suppression of tonal kite line noise at AOA = 90°.
In comparison to the straight reference line, the helical
shape, of simple braid construction, reduces peak sound
pressure level by up to 20 dB and overall sound pressure
level by up to 11.5 dB. Even at AOA = 45° the helical line
shape provides significant reduction of the aerodynamic
noise although more sound is radiated for lower angles of
attack similarly to lines with helical surface protrusions.
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