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Abstract. Ultrasonic anemometers mounted on rotary-wing drones have the potential to provide a cost-efficient alternative

to the classical meteorological mast-mounted counterpart for wind-energy-applicationsatmospheric boundary layer research.
However, the propeller-induced flow may deteriorate the accuracy of free-free-stream wind velocity measurements by wind sen-
sors mounted on the-dronedrones, which needs to be investigated for optimal sensor placement. Computational fluid dynamics
(CED) simulations are an alternative to experiments for studying characteristics of the propeller-induced flow, but require

validation. Therefore, we performed an experiment using three short-range continuous-wave Doppler lidars (DTU WindScan-

ners) to measure the complex and turbulent three-dimensional wind field around a hovering drone at low ambient wind speeds.

i i greementA good
agreement is found between experimental results and those obtained by CFD simulations under similar conditions. Both meth-

ods conclude that the disturbance zone (defined by a relative deviation from the mean free-stream velocity by more than 1%
on a horizontal plane 0-7meters-located at 1 D (rotor diameter D of 0.71 m) below the drone, extends about 2-meters-2.8 D

upstream from the drone center for the horizontal wind velocity, and more than 5-meters-7 D for the vertical wind velocity.

By comparing wind velocities along horizontal lines in the upstream direction, we find that the velocity difference between
the two methods is fess-than-0-+-ms—-< 0.1 ms ' (less than 4% difference relative to the free-stream velocity) in most cases.
Both the plane and line scan results validate the reliability of the simulations. Furthermore, simulations of flow patterns in a
vertical plane at low-ambientspeed-ambient speed of 1.30 ms ! indicate that it is difficult to accurately measure the vertical

wind component with less than 1% distortion by drone-mounted sonic anemometers.

1 Introduction
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tsonies)-have-beenused-widely-in-wind-energyThe proper characterization of atmospheric flow velocities and turbulence is
essential to understand the structure and dynamics of the atmospheric boundary layer (ABL) (Stull, 1988; Wyngaard, 2010).
It is therefore crucial to obtain accurate wind and temperature measurements with high spatial and temporal resolutions for a
variety of basic and applied ABL research topics, such as weather and climate prediction (Teixeira et al., 2008), wind energy.
meteorology (Emeis, 2010; Albornoz et al., 2022), and atmospheric modelling (Etling, 1996). Historically, sonic anemometers
have been the most common instrument for measuring atmospheric flow and turbulence since they were introduced in the
1950s (Suomi, 1957). Compared to cup anemometers, which measure only the magnitude of the horizontal wind vector, sonic

anemometers can determine all three components of the turbulent wind velocity with high accuracy (MacCready, 1966; Izumi

and Barad, 1970), by measuring the ultrasonic waves’ flight time along a path between two transducers (Kaimal et al., 1968).
Additionally, compared to wind-Deppler-Doppler wind lidars (LIght Detection and Ranging), sonic anemometers are-capable
of respending-to-have a smaller measurement volume, making them more suitable for studying turbulent fluctuations of higher
frequency (Bowen;2007)(Held and Mann, 2018).

Traditionally, sonic anemometers are mounted on eestly-meteorological masts (met masts), providing single-point measure-

understanding of atmospheric turbulence comes from measurements performed with mast-mounted sonic anemometers, masts
or towers as sensor carriers limit the measurement flexibility considerably. Aside from this, mast-mounted sonic anemometers
may suffer from flow distortion caused by the tower itself (Dyer, 1981; McCaffrey et al., 2017), deteriorating measurement
accuracy. Consequently, sonic anemometers can underestimate wind velocity and overestimate turbulent fluctuation if they
measure the deficit velocity in the wake of support structures. These limitations necessitate the advancement of measurement
techniques beyond the traditional mast-based approach. Bes ' tbiti

Since the tura-beginning of the 21st century, rotary-wing—drenes-uncrewed aerial vehicles (UAVs) have become more
WW% atmospheric measurements (Hemmgway etal., 2017; Leuenberger et al., 2020; Tikhomirov
et al., 2021). i i i i

whfehﬁakeﬁhem—dﬁu{ab}ephﬁemﬁe%wmgThe are suitable platforms for various meteorologlcal sensors{Abiehﬁ%damM—LlQ%(—)}

, including anemometersP

flow thateannot be negleeted when-measuring-wind-, due to their flexibility in orienting, precise hovering capabilities and ease
of deployment. In the past few years, new, compact and lightweight anemometers have been developed and used on rotary-wing.
UAVs, mainly to measure mean wind speeds in the horizontal direction or vertical ABL wind profiles
- Compared to their full-size counterparts, these smaller sensors may have limitations in sampling capabilities, especially
in_measuring vertical velocity. However, the potential of UAVs equipped with full-size sonic anemometers has not been

Palomaki et al., 2017; Shimura et al.
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r away from theenterof-gravity-of-the dronedeteriorateissight-—stability.

rone'sfuselage the

wherethey suggested thatv@rticalseparation distance 6f3 rotor diameters$:355;3 D) should be suf cient to minimizéhe

propeller-inducedow—PIF when placing the sonic anemometer centered above the drone. Vagili@i (2020) presented a
. . N ) 1

proof-of-concept drone—lidar syst ontaiwindvelocitywith-anagreementiownto-abouto: 1

te-sonicanememetetiata-Theyalseand concluded that the lidar should be placed out of the drone's disturbance zone stretching
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Consequently, CW lidars are extensively applied to
detectwind pro les (Kopp et al., 1984; Pefia et al., 2008sess wind resourcg&ngé = : [ = Vi

a suspension bridge (Cheynet et al., 20H8)] in the near-wake region of a tree (Angelou et al., 2022), with good spatial and

temporal resolutions. Recently, two CW lidars were applied to measure the two-dimensional downwash wind elds in a hori-

zontal and a vertical plane below a hovering search and rescue helicopter (Sjoholm et al., 2014).

tidarswerecomparednith-theseresuttingfrem-theandbelowa drone, The goalis to validate CFD simulations based on the

best of the authors' knowledge, this is the rst study to use three CW lidars to investigate the turbulent three-dimensional ow
around a rotary-wing drone.

In Section 2, the instruments and CFD simulations employed are elaborately described. Section 3 introduces the eld mea-
surement campaign and the wind characteristics obtained by a tower-mounted sonic anemometer nearby. The principle of
Doppler spectral processing to retrieve wind vectors is presented in detail in Section 4 and the comparison of wind elds re-
trieved by the lidar measurements and CFD simulations is shown in Section 5. The most important ndings of our study are



125

130

135

140

Figure 1. The Foxtech D130 x8, rotary-wing drone used in the experiment.

2 Instrumentation and model
2.1 The rotary-wing drone

The drone utilized in this study is the Foxtech D130 x8, a rotary-wing drone equipped with eight propellers arranged in four

The system incorporates a Cube Orange autopilot unit that is connected to two Here3 GNSS antennas, which enables real-tim

kinematic navigation capabilities when paired with a Here+ GNSS base station. The autopilot operates under the open-source

ArduCopter ight controller and provides position and attitude data with a sampling frequereytzs Hz.
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extensively described. The in ow wind speeds for this comparison were carefully adjusted to match the eld experiment. The
actual geometry of the drone is simpli ed according to the actuator disc theory (Rankine, 1865; Froude, 1889; Sayigh, 2012).
The drone is treated as eight two-dimensional discs (Fig. 2a) that apply an instantaneous pressure jump iniiehamrd

compensatéor thewind drag(Anderson, 2011xhe meanrotor planewherethe actuatodiscslie hasbeentilted accordingio

the top and:3B-13D. from the bottom. This disposition ensures that the in uence between the propeller-induced ow and the
bottom wall is reduced. The wind speedept constant over the in ow plane.

The computational grid for the CFD simulations was automatically generated using Ansys Fluent Meshing with the Water-
tight Geometry work ow. This method simpli es mesh generation for CFD simulations, allowing users to perform all stages
of the simulation, including meshing and post-processing, within a single software session and user interface (Ansys Fluent,

is commonly used in CFD simulations for turbulent ows, especially in free-shear layer scenarios. It assumes fully turbulent
ow and does not consider molecular viscosity effects. The selection of thekeel, instead of the k-omega and k-omega
SST models, was based on the study's emphasis on non-wall ow charactefisties.
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Figure 2. Schematic diagram of the computational domain with the ow entering through the inlet (red arrows), exiting through the outlet
(blue arrows), and the remaining external faces considered as (@ght actuator discgb) A three-dimensional isometric projection of

the domain(c) Side view.

Table 1. Summary of setup parameters of the CFD simulations and relative heights of the lidar scans. Flow above the drone is signi ed by
positive h and vice versa ow below the drone by negativér. The yaw and tilt positions are also input to the simulation.

Measurement  Inlet Velocityo{mido (ms 1) h (mm) h=D.  Yaw Angle () Tilt Angle ()

Plane Scans: 4.09 -0+, 0.7 .1 21.2 2.7
3.53 21 211 .3 26.4 2.8
3.54 37.37 52 14.0 2.9
3.92 45 45 63 34.4 3.3
Line Scans: 1.34 3.0 4:2 174.3 15
151 2.2 31 174.2 1.6
1.77 16 16 23 354.3 1.4
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frequencybins. Consequentlythe ling-of-sightvelocity bin resolutionis 0:183 ms 1 =(1.565um/2) (2344 kHz ), whichis

3 Experimental setup

On the 14 and 1% of December2022 we performedhea eld experiment with the WindScanner systesitheto scan

which was calculated by

R?
FWHM=2 zg =2 1
R a2 (1)
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Figure 3. Experiment setup of the three CW Doppler lidars at DTU Risg campus. The surrounding terrain is relatively at and agricultural.
The three lidars focus at abogi#r-8 m above the top of a met mast.

right-handed coordinate system with the origin locadethe referencepointclose to the bottom of the met mast, thaxis
pointing towards the geographic north, thexis pointing eastandz up (Fig. 4)-andFig. 5).

transition time to rotat8 around the center of the line to the adjacent line. Therefore, the completion of the whole scanning
plane took one minute.

During the horizontal plane scans lasting from 13:35 to 186l time (all times mentioned in the paper are UTC+1), the

drone hovered at four heights and stayed for ve minutes at each height. The corresponding height différdreteeen
1, 21m; 37mand  45m

hover the drone at the center.
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Figure 4. The experimental setup for the plane scg@a3.Top-down view along the negatizaxis. (b) Side view. The three lidars are
marked by numbers, 2, and3, while the solid black line indicates the met mast. The scanning plane-is-&%:5+z = 17 :5m throughout

the measurement campaign and the drone's average center positions and heights are indicated by the red dots. The Wacarddtsein
centers of the grid cells for grouping the scanning points, while the orange dots are the average measurement points in each cell.

Similarly to the plane pattern, the cycle duration of the line scaniveds In an attempt to align with the wind direction, the
line spanned fronfx;y) =( 0:32, 3:62)-mm to (+0 :34;+3:64) m-sem. Thus, it pointed approximately anticlockwise
from the north. This resulted in completing approxima&@jterations of the line scan per minute. Line scans were performed
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