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Abstract.

Vertical takeoff and landing Unmanned Aerial Vehicles (VTOL-UAVs) can provide accurate, highly resolved, and repeatable
atmosphere measurements, especially in scenarios where conventional measurement techniques are inadequate, or impractical.
Wind estimation using UAV-mounted sensors is significantly influenced and contaminated by rotor-induced flows, making
its placement a critical design consideration for meteorological measurements. This work investigates optimal locations for
wind speed sensor placement on various UAV systems by studying the rotor-induced flow field using a free-vortex wake
model (FVM) across a single-rotor, quad-rotor, and hexa-rotor configurations under hover, axial descent, and forward-descent
flight conditions. This model is validated with an in-house experimental setup for velocity measurements. Care is taken to
ensure these results are applicable across a wide range of practical UAV operating conditions through the dimensional disk
loading (DL) parameter. The rotor-induced velocity fields are evaluated on multiple planes perpendicular to the rotor disk, and
“quiet-zones" for sensor placement are identified based on a threshold of 1% rotor-tip speed. Results reveal that the location
and extent of the quiet-zones are strongly dependent on the flight condition. For single-rotor in hover, a well-defined quiet-
zone exists above the rotor disk, while viable sensor placement locations are substantially reduced in axial descent. Forward
descent introduces asymmetric wake skew, limiting quiet-zones to the upstream, at smaller axial distances. For multi-rotor
configurations, the system geometric center is particularly suitable for sensor placement, compared to axial locations about the
individual rotor hubs. Overall, by analyzing various rotor systems in different flight conditions, the present work provides a

practical guidance for the design of accurate UAV-based atmospheric measurement systems.

Keywords. Wind measurement, Sensor placement, Unmanned Aerial Vehicles, Multi-rotor Aerodynamics, Free Vortex Method



20

25

30

35

https://doi.org/10.5194/egusphere-2026-977
Preprint. Discussion started: 19 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

1 Introduction

Detection of wind is of paramount importance to our understanding of atmospheric dynamics, weather forecasting, climate
monitoring, dispersion of contaminants and other allied phenomena, and applications. Meticulous observations of wind phe-
nomena are particularly vital in inaccessible or data-scarce regions, where conventional observation methods fail to provide
high accuracy wind data. Figure 1 shows a schematic of conventional wind sensing strategies and the typical altitudes where
they are most effective. Traditionally used platforms such as weather balloons (Fujiwara et al., 2025) together with a ra-
diosonde (Faber et al., 2023) are single-use and drift considerably with the wind, making it nearly impossible to obtain con-
trolled and repeatable wind profile trajectories. Additionally, the wind-velocity and direction estimated by these balloons may
not be sensitive to high-frequency changes in the wind, because of the system’s inertia and the consequent drifting of the
balloon system. Aircraft-based observations (Gasch et al., 2023) are expensive and require significant infrastructure, making
them less ideal for routine deployments in isolated or hazardous areas. Ground-based radar systems and profiling stations (Rit-
vanen et al., 2022) offer high-fidelity data but demand substantial investment; and these radar systems are also limited to land
regions, rendering them ineffective over oceans or even remote mountainous terrains. Satellite-based wind sensing is effective
over the upper regions of the atmosphere, but is sensitive to cloud cover (Stoffelen et al., 2005), which limits the spatial and
temporal resolutions of the collected data. Furthermore, the data gathered depend on the trajectory of the satellite and the local

atmospheric conditions.

1000 km |
\ In Situ
<— Satellites —
\\‘\ Remote
—_ $ Aircraft Weather
a i Based Balloon \

10 km b ‘1' * Unmanned ?

/ Aerial Vehicles

I UAV

1km —

0.1 km — T
T
[ N ?
0km — ééé g
f’ Weather Radars® & -
eions - T s

R R R R R S -

Figure 1. Conventional atmospheric sensing platforms and the potential role of UAVs.
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In contrast, Unmanned Aerial Vehicles (UAVs, or drones) are a versatile and affordable option when used for in situ wind
sensing. UAVs have been gaining attention in the meteorological and atmospheric measurement space, particularly for wind
speed and direction measurements, wind profiling in the atmospheric boundary layer (ABL), and small-scale turbulence mea-
surements (Thielicke et al., 2021; Hollenbeck et al., 2018; Jin et al., 2024; Ghirardelli et al., 2025). Because of their lower cost
compared to other strategies and relatively smaller size, they can be deployed repeatedly and selectively to measure the desired
wind profiles. They can accommodate mission-specific requirements, can be programmed to follow controlled trajectories, and
can carry out high-resolution wind profiling at user-specified altitudes. These merits of UAVs can complement conventional
atmospheric sensing platforms, wherever the latter is not effective or unable to obtain valid measurements. Of the many atmo-
spheric science questions that remain unanswered, understanding of the various phenomena prevalent in the ABL, i.e., within
5 km above mean sea level (Witte et al., 2017), still remains one of the most important frontiers in the domain of meteorological
studies; and the ability of UAVs to obtain atmospheric data within the ABL presents them as a potential candidate to bridge
current observational gaps and improve data coverage in remote environments.

A key question that arises in using UAVs to carry out measurements of wind velocity and direction is the placement of
a wind-speed sensor, particularly in configurations that feature rotors/propellers. It is known that these rotary wing systems
entrain the flow around them and there is a velocity field that develops in the vicinity of the rotor (Leishman, 2006a). The
nature of these flow fields, i.e., the magnitude of velocity and its “hotspots” relative to the rotor/propeller, is dependent on the
size of the rotors, the thrust they generate, and the flight condition. On one hand, if the wind-speed sensor is placed significantly
close to the rotors, it is affected by the complicated aerodynamic environment surrounding the system, particularly the flow
that is entrained through the rotor disk which would corrupt the wind signals. However, if the sensor is placed considerably
far away from the rotors, it is no longer affected by the flow around the rotor; but the inertia of the system shifts towards the
sensor, leading to poor vehicle stability and handling concerns during flight. Such issues only amplify and create additional
challenges in unsteady or gusty conditions. Therefore, perhaps there exists an optimal location of the wind-sensor placement
that allows for accurate measurement of the wind while maintaining sufficient control authority of the UAV. The present work
focuses only on the aerodynamics of the problem and does not provide a detailed account of the controls aspect.

Figure 2 shows the various types of UAV-mountable wind speed sensors based on different measurement principles. The
pitot-static tube (Fig. 2a) is used to measure airspeed from the pressure difference between its stagnation and static ports;
pitot-tubes can be used to approximate the wind vector if combined with the ground speed obtained from GPS systems (Cho et
al., 2011). The mechanical cup anemometer (Fig. 2b) is a wind speed measurement system based on the rotational speed of a
set of hemispherical cups that rotate at a rate proportional to the wind velocity; The cup anemometer is typically calibrated by
magnetic or optical encoders (Pindado et al., 2014). The thermal (hot-film) anemometer (Fig. 2¢c) determines the flow velocity
from the cooling rate of a heated filament exposed to the flow. The voltage supplied to the filament is adjusted to maintain a
steady temperature, and the flow velocity is calculated using a calibration procedure; the hot-film anemometer is highly effec-
tive when measuring the wind velocity in turbulent flow, but the sensor does not inherently indicate the flow direction (Simon et
al., 2022; Inoue and Sato, 2022). The 3D ultrasonic anemometer (Fig. 2d) measures wind velocity magnitude and direction by

determining the transit-time differences of ultrasonic pulses between transducers. All components of velocity can be directly
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Figure 2. Representative UAV-mountable wind sensors based on different measurement principles: (a) Pitot—static tube, (b) Mechanical cup

anemometer, (¢) Thermal (hot-film) anemometer, and (d) 3D ultrasonic anemometer.

estimated with high temporal resolution and minimal flow disturbance, making it very suitable for accurate wind measurements
on UAV platforms (Thielicke et al., 2021; Hollenbeck et al., 2018; Basawanal et al., 2025).

Recent investigations have been conducted into the placement of atmospheric sensors for UAV-based measurements that
examine the influence of propeller-induced flow; however, the general body of literature remains limited. Wilson et al. (2022)
combined laboratory Particle Image Velocimetry (PIV) measurements with field experiments on a quadcopter platform to
characterize rotor-induced velocities above the UAV. It was shown that placing sensors approximately 5.3 rotor diameters
above the rotor plane yields wind speed measurements that closely match mast-mounted references, with differences within
5.5% and preserved spectral characteristics. Ghirardelli et al. (2023) quantified propeller-induced flow effects on UAV-mounted
wind sensors using normalized wind speed deviation metrics in a Computational Fluid Dynamics (CFD) study of a coaxial
multicopter. For the specific platform utilized in the study, regions of minimal flow disturbance were identified upstream
and below the rotor plane, corresponding to horizontal and vertical offsets of approximately 0.46—1.66 and 0.01-0.70 rotor
diameters, respectively. Thielicke et al. (2021) developed a custom rotary-wing UAV equipped with a full-scale ultrasonic
anemometer and validated its performance through calibration wind-tunnel experiments, large-scale wind-tunnel tests with
operating rotors, and field comparisons against bistatic Doppler LIDAR. Wind velocity was reconstructed as the total wind
vector using data fusion of measured relative velocity and UAV kinematics. The propeller-induced effects were explicitly
isolated and corrected for the UAV platform considered in the study, and a negligible influence on horizontal velocity was
observed when the sensor was mounted approximately 2.5 rotor diameters above the rotor plane. However, the study does
not provide a generalized or scalable framework for predicting propeller-induced effects or optimizing sensor placement across
different multi-rotor geometries and operating conditions. In another study, Jin et al. (2024) employed Reynolds-averaged CFD
validated using tri-beam Doppler LIDAR measurements to quantify propeller-induced effects through normalized deviations
of horizontal wind speed relative to freestream velocity. Their analysis showed that the regions of minimum flow distortion
are located upstream of the UAV and below the rotor plane. Under a stringent disturbance criterion of 1% of velocity, the
vertical wind component remained affected even at an upstream separation distance of approximately 5 m (about 7 rotor

diameters), corresponding to a boom length that is impractical for a multi-copter with a rotor diameter of 0.71 m and an overall
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span of 1.88 m. When a less restrictive threshold of 5% velocity deviation was adopted, the required upstream separation
reduced to approximately 2 m at ambient wind speeds exceeding 4 m s~'. More recently, Ghirardelli et al. (2025) presented
the SAMURAI-S system, in which a research-grade ultrasonic anemometer is suspended as a sling load of approximately 18 m
(~ 26 rotor diameters) below a multi-rotor UAV to completely eliminate propeller-induced effects. While this configuration
enables accurate measurements of total wind and turbulence, the sensor was intentionally positioned far from the UAV frame
and therefore does not inform practical near-body sensor placement strategies for compact multi-rotor platforms.

Collectively, these studies demonstrate the importance of understanding rotor wake characteristics for appropriate sensor
placement; however, the reliance on expensive computational and/or experimental infrastructure limits their applicability to
multi-rotor configurations and large parametric studies. Furthermore, although commercial UAV-based atmospheric measure-
ment platforms are available (Menapia Ltd., 2025; Meteomatics AG, 2025), detailed and publicly available information regard-
ing their wind sensor placement strategies remains scarce, underscoring the need for systematic and cost-effective investigation.

In summary, it is crucial to understand the aerodynamic disturbances generated by UAV rotors in their vicinity to fully
exploit the potential of UAV mounted wind-speed sensors for meteorological applications. Identifying “low-disturbance zones"
or “quiet-zones" around a UAV is of fundamental importance for optimal sensor placement and accurate wind measurement.
The dearth of publicly available information on state-of-the art UAV wind measurement systems underscores the need for
systematic studies to identify optimal sensor placement strategies that minimize the influence of rotor-induced flow. Although
CFD studies in the literature have provided some insight, as a tool, CFD is computationally expensive to sweep through a wide
variety of UAV configurations and operating conditions.

The focus of the present study is to use an alternate relatively parsimonious model (based on vortex methods), which presents
the possibility of performing analyzes on a vast array of scenarios. Specifically, an in-house free-vortex wake model (FVM) is
used to analyze the wake behavior of UAV-scale rotor systems under different flight and thrust conditions to identify optimal
zones for wind sensor placement. The study is performed on an isolated rotor, a quad-rotor, and a hexa-rotor configuration of a
UAV-scale propeller. To validate the wind speed measurements, a supporting experimental setup is also utilized. The setup em-
ploys an ultrasonic anemometer (TriSonica Mini wind and weather sensor, shown in Fig. 2d) for wind velocity measurements,
chosen for its reliable low-speed response, high temporal resolution, and direct three-component velocity measurement with

minimal flow distortion.

2  Methodology
2.1 Free-vortex wake model (FVM)

FVMs are a class of mid-fidelity numerical tools specifically tailored to simulating vortex-dominated flows and capture key
rotorcraft flow field features. They lie between the traditional low-fidelity dynamic inflow models (Lee et al., 2022) and more
expensive high-fidelity CFD approaches (Datta et al., 2005) to analyze the aerodynamics of rotor systems. FVMs offer a trade-
off between solution accuracy and computational efficiency (Zanotti et al., 2021), making them suitable for analyzing complex

multi-rotor configurations, involving large parameter sweeps. Furthermore, several flow field intricacies such as blade-vortex
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interactions are efficiently captured by FVMs (Romani and Casalino, 2019), adding to their credibility in solving unsteady
rotorcraft aerodynamic problems. Furthermore, low-fidelity inflow models are not suitable for descent flight conditions (as
they cannot capture the complex rotor-wake interactions), which are also of considerable interest in this study. The model
developed by the authors for an earlier work (Narayanan and Govindarajan, 2024) has been utilized for the present study, and
a few key parameters of the developed model are detailed below.

Governing equations: The governing equation for the FVM model is the velocity-vorticity form of the Navier-Stokes
equation, which is solved under the assumption of potential flow (Bhagwat and Leishman, 2000; Leishman et al., 2002). The

convection of free vortices is described by

dr

a = V) ()
where, 7 denotes the position vector of a point in the rotor wake, and V' (7) represents the local fluid velocity at that

point (Bhagwat and Leishman, 2000). Expressing the system in terms of the azimuthal position of the blade (¢)), the wake age

(¢) and the angular velocity of the rotor (2), the governing equation is reformulated as

or or V(r)
oo Q

2)

Equation (2) is numerically solved using a second-order predictor-corrector (PC2B) method (Bhagwat and Leishman, 2000).

Figure 3a presents a schematic representation of the FVM formulation adopted in this study. Each rotor blade is discretized
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Figure 3. Representative rotor wake structures in a typical rotorcraft aerodynamic environment: (a) Rotor blade discretization and near-wake
structure used in the FVM model; (b) Helical blade-tip vortex wake structure of a Cougar helicopter visualized using the background-oriented

schlieren (BOS) technique (adapted from Bauknecht et al., 2014 with permission).
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into 40 spanwise blade elements, and the unsteady aerodynamic loads on each element are computed using Blade Element
Theory (BET), and a solution to the Duhamel integral (Leishman, 2006b), resulting in time-varying lift and drag coefficients
C;(t) and Cy(¢). For all studies, a timestep equivalent to a 10° sweep of the blade is chosen, and at each timestep, changes in
bound circulation are shed into the wake as free vortex filaments (Leishman et al., 2002). For numerical efficiency, the con-
tinuously curved wake is approximated using straight-line vortex segments generated over a 30° azimuthal interval (Bhagwat
and Leishman, 2001). The wake is represented using Lagrangian markers, which denote the discrete spatial locations of the
endpoints of the vortex filament and are convected in the Lagrangian framework under the local velocity field (Bhagwat and
Leishman, 2000; Ananthan and Leishman, 2004). The typical wake structure beneath the rotor/ propeller is helical in nature as
seen in Fig. 3b (Bauknecht et al., 2014) (adapted with permission), and consequently, in this study, six turns are retained.
Induced velocity calculations: Within the FVM formulation, the induced velocity at any point in space, at a given time
step, is obtained by a vectorial summation of the contributions of all vortex filaments trailed into the rotor wake. This induced

velocity v; due to the vortex filament at a control point 7 is given according to the Biot-Savart law (Fig. 4a) as

r dl x (r —7r")
(r) = i S 3
Yi (T) 4m /ﬁlament |Ir - 7'/‘3 )

where T' denotes the strength of the vortex, dl is the elemental vortex segment, and 7’ represents the source point on the

vortex filament. In the present formulation, the rotor wake vortices are discretized into finite straight-line segments, and the
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Figure 4. Induced velocity computation using the Biot—Savart law: (a) Induced velocity evaluation at a control point due to a vortex filament;

(b) Induced velocity calculations on a representative target plane using discretized vortex segments.
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induced velocity is computed by accumulating the contributions of all such segments, at any given time step. This induced
velocity calculation is used to identify the “quiet-zones" for wind sensor placement. A representative schematic of the rotor

wake, a target plane, and the calculation of the induced velocity is shown in Fig. 4b.
2.2 Experimental Setup

An in-house experimental setup, as shown in Fig. 5, is utilized to validate the velocity predictions from the FVM model. The
setup houses a single-rotor commercial APC 12x6E (12 inch diameter, UAV scale propeller (APC Propellers, 2025)), mounted
horizontally (parallel to the ground) on a rotor test rig. The rotor is driven by A T-Motor AT3520 KV550 Long Shaft Brushless
DC (BLDC) motor (T-Motor, 2024), powered by a 30,000 mAh battery with an output of 24-25 V.

The TriSonica Mini wind and weather sensor (referred to as the ‘sensor’) (LI-COR Environmental, 2025) is positioned
along the rotor axis to measure the rotor-induced velocity at various downstream locations. The sensor is capable of recording
flow speeds in the range of 0-50 m s~* with an accuracy of +2-4% and a resolution of 0.01 m s~ . In this work, the maximum
possible data acquisition rate of the sensor, 40 Hz, is utilized. In addition to the velocity magnitude, the sensor reports wind
direction through three orthogonal components (u,v,w), resolved to 1°. The components u and v cover 0°-359° with an
angular accuracy of +1°, while the component w measures deviations up to £15° from the horizontal, with an accuracy of
0.2 m s~ 1. Before each test, the sensor was calibrated under quiescent ambient conditions to ensure reliable measurements.

Furthermore, the vertical velocity component is excluded due to blockage effects caused by the sensor.
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Figure 5. Schematic representation and actual image of the experimental setup and instrumentation used in the present study.
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3 Results and Discussions

The section presents the results of the present study in the following order
1. Cross-validation of the rotor-induced velocity between the in-house developed FVM solver and the experimental facility

2. Numerical studies of the flow field of the rotor in single, quad and hexa-rotor configurations of APC 12x6E (APC

propeller) to identify the optimal location for the placement of the wind sensor

Prior to analyzing these results, it is critical to recognize that rotors and their operating conditions on UAVs span a wide
range. Consequently, there is a need for an effective parameter that can systematically describe UAVs spanning different weight
and size classes. One such parameter from the field of rotorcraft is disk loading (DL), which is defined as the ratio of the total

thrust (7') generated by a rotor to the total area (A) of the rotor disk.

DL=T/A @)

where A =7R? and R is the radius of the rotor. Disk loading is an appropriate physically meaningful and practically
grounded parameter that enables generalization of the operating thrust condition of rotor systems across scales — from elec-

trically driven small-scale UAV rotors to large-scale helicopter systems, as shown in Fig. 6. However, it is a dimensional
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Figure 6. Maximum take-off weight (MTOW) vs. Disk loading (DL) for a range of UAVs (yellow) and helicopters (green). The typical DL

range of 100-300 N'm 2 for UAVs motivates its use in our study.
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parameter (with units of forcelength—2), in contrast to the typically utilized non-dimensional parameters for cross-scale gener-
alization in aerodynamics. Appendix A details the rationale behind the choice of DL for comparison. To ensure relevance and
applicability of the present study to real-world systems, the distribution of disk loading was examined across a variety of com-
mercially available UAVs and helicopter platforms. Two categories are introduced based on the Maximum Take-Off Weight
(MTOW) of the rotorcraft: 1. UAVs (yellow shaded region) — These include electrically driven small-to medium scale vehicles
with MTOW typically below 100 kg, and 2. Full-scale helicopters (green shaded region) — These encompass conventional
combustion engine-driven vehicles with MTOWs often in excess of 1000 kg.

It is evident from Fig. 6 that most commercially available UAVs, irrespective of the vehicle’s specific configuration, operate
within a DL range of 2 100-300 N m~2 — primarily due to design constraints related to electric propulsion, battery limits, and
aerodynamic efficiency. Such a trend is also visible in the helicopter regime. Consequently, for the present study, a DL range
of 100-300 N m~2 was considered as it captures realistic operating conditions for a wide class of UAVSs.

Propeller Geometry: The APC UAV-scale propeller was utilized in this study for validation and sensor placement stud-
ies. The span-wise twist and chord distributions of the APC propeller are presented in Fig. 7, and other geometry and flow

parameters for the various rotor configurations considered in the study are detailed in Table. 1.
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Figure 7. Span-wise twist and chord distributions of the APC propeller.
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Parameters single-rotor quad-rotor hexa-rotor
Blade Radius, R (m) 0.1524 0.1524 0.1524
Root cutout, ro (% R) 18.33 18.33 18.33
Chord, ¢(r) (m), and Twist, Ow (r) (°) Refer Fig. 7 Refer Fig. 7 Refer Fig. 7
Collective Pitch, 6y (°) 5.6168 5.6168 5.6168
Number of blades, N, per rotor 2 2 2
Number of rotors, IV, 1 4 6
Inter-rotor disk spacing, (% R) e 10 10
Angular Velocity, 2 (rads™*) 516-900 516-900 516-900
Tip Mach Number, M, 0.231-0.403 0.231-0.403 0.231-0.403

Table 1. Geometry and flow details of the APC single, quad, and hexa-rotor configurations.

3.1 Validation

The developed FVM model has been validated in the past work by the authors (Narayanan and Govindarajan, 2024) for the
APC single-rotor thrust and power characteristics (see Appendix B, Fig. B1b and Fig. Blc). It was observed that the FVM
results rendered good agreement with the manufacturer data for the propeller. To further strengthen the credibility of the
developed FVM model, the rotor wake-induced velocity obtained from FVM was compared against the in-house experimental
results obtained using the TriSonica wind sensor. For both the numerical and experimental analysis, the APC single-rotor was
operated in hover, at a representative DL of 200 N m~2, chosen as an average between the range 100-300 N m~2 considered
for this study. The angular speed of the rotor was maintained at 748 4 25 rads™! (= 7143 & 239 RPM).

Figure 8 shows the variation in the rotor-induced velocity (V,4, non-dimensionalized by the rotor tip speed, Vjj, as a function
of the non-dimensional axial distance (z/R) along the rotor axis of rotation. Positive values of z/R indicate locations above
the rotor plane, and negative values are locations below the rotor plane. The solid black curve corresponds to the FVM results,
presented with a 1 o standard deviation (gray-shaded band around the solid curve). The experimental data for the inflow
velocity distribution across both upstream and downstream axial positions are also shown in Fig. 8, represented as black data
points with a 1 o standard deviation. The FVM predictions compare well with the experimental results above the plane of the
rotor, thereby showing that the numerical model successfully captures the induced velocity distribution in this region. However,
noticeable deviations appear below the rotor plane, which could be attributed to two main factors: 1. Obstructions near the rotor
hub and support structures of the experimental setup (which also explains why no measurements are possible close to z/R = 0)
and 2. The underlying potential flow formulation in FVM, which does not consider the effects of viscosity and merging, and/or
breakdown of the vortices. In a dimensional context, the maximum velocity difference between the numerical (FVM) and
experimental results below the rotor plane is ~ 0.05V};,, which for this rotor is ~ 5 m s~1, while the difference above the rotor
plane is ~ 0.005V, or 0.5 m s~ *. For the purposes of this study where the focus is on the induced velocity calculation above

the plane, this error is very much acceptable.

11



225

230

235

240

https://doi.org/10.5194/egusphere-2026-977
Preprint. Discussion started: 19 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

— FVM
Fe4  Experiment

Good agreement upstream

-~ = & & & & &

FVM: Limited by potential
flow assumptions_ |

p——q
—e—q
Exp: Highly turbulent wake
0.5 1.0 L5 2.0
Vind/ Vi (<107

Figure 8. Comparison of induced velocity between experimental measurements and FVM predictions for the APC single-rotor. Shown on

the left is the time-averaged wake representation of the rotor system from the FVM model.

3.2 Single-Rotor system

The focus of this section is on identifying quiet-zones around a simple single-rotor system in various flight conditions, which
in turn will form the basis for understanding quad and hexa-rotor systems.

The APC single-rotor is considered, and the velocity induced by this rotor is calculated on an equispaced 100 x 100 Cartesian
grid on the z—z plane at y/R = 0. The plane extends from —3.5R to 3.5R along the z-axis and from —3.0R to 6.0R along the
z-axis (see Fig. 4b), where R is the radius of the rotor. The rotor’s hub is located at (0,0,0), with the rotor disk in the z—y plane.
All studies were performed at DL = 100 N m~2 and 300 N m~2. Results are presented over the final ten rotor revolutions,
once the numerical transients in the solution and the rotor wake are allowed to settle.

In this study, three flight conditions are considered: pure hover, axial descent, and forward-flight descent. Hover represents
a baseline condition and perhaps one that is most critical for collecting in situ meteorological data at a chosen altitude. In axial
descent and forward descent, wake re-ingestion and strong non-uniformities of flow occur above the rotor plane, and sensor
placement is very sensitive. In an axial climb scenario, the rotor wake is convected below the rotor disk, and therefore, does
not induce much velocity above the plane of the rotor. Consequently, axial climb flight conditions are not presented in this
paper for the sake of brevity, as they are not the limiting cases that determine the wind sensor placement location. The non-
dimensional parameters defining the flight condition of the rotor are divided into the forward velocity and the axial velocity,
defined as f1; = Viorward/ Viip and pt> = Vixia/ Viip, With positive 11, denoting axial descent, where the rotor tip speed is given by
Vip = QR.

Figure 9 shows the time-averaged wake geometry overlaid on the associated velocity field for three representative flight

conditions: hover, axial descent, and forward descent; shown alongside is a binary contour plot for each flight condition, which
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differentiates the flow field into two regions based on a 1% tip speed threshold for induced velocity. The binary plots indicate
the “quiet-zones” in the flow field, i.e, regions where the rotor wake influences are negligible, hence defining the optimal
sensor placement locations for the corresponding flight conditions. For each flight condition in Fig. 9, the left panel presents
time-averaged streamlines of the total velocity field in the z—z plane. Total velocity is defined as the superposition of the wake-
induced velocity and the prescribed freestream velocity (Viot = Ving + Voo ). The velocities (|Vior| = Vior and |Ving| = Vina)
are normalized by Vj;,. The rotor blades are denoted by thick, horizontal line segments at z /R =0, and the = and z axes are non-
dimensionalized by the rotor radius R to ensure generality across scales. The right panel shows the binary plot, differentiated
by gray-shaded regions and otherwise — dark gray denotes the regions dominated by the rotor wake, where the time-averaged
induced velocity exceeds 1% of the blade-tip speed at DL = 100 N m~2; light gray denotes the corresponding regions at DL =
300 N m~2; and regions outside the gray-shaded region represent the quiet-zones for the corresponding DL, where the induced
velocity is less than 1% of the blade-tip speed. Across all cases shown in Fig. 9, the induced velocity does not include the
freestream component of the total velocity, and therefore the expectation is that the wind sensor should be placed in regions
where the induced velocity goes to zero, so that only the true freestream velocity is measured.

The left panel of Fig. 9a illustrates the wake structure and flow field characteristics of the single-rotor in hover (u, =
0.00, p, = 0.00). The time-averaged streamlines of the total velocity field indicate that the flow above the rotor disk remains
largely vertical and weakly disturbed, while strong velocity gradients are confined primarily to regions below the rotor plane.
The right panel provides a more detailed analysis of this behavior, focusing on the case of DL = 300 N m~2, as it exhibits a
larger gray-shaded region (light gray) corresponding to Vina/Viip > 0.01 compared to the dark gray region at DL = 100 N m~2,
The light gray-shaded region corresponding to DL = 300 N m~2 remains bounded to the vicinity of the rotor disk, approxi-
mately spanning z/R € (—3, 1.86) and /R € (—2, 2). In contrast, the region outside the light and dark gray region, denoting
the quiet-zone (Vina/Viip < 0.01) occupies a wide area above the rotor plane for z/R = 1.86, suggesting that hover conditions
provide a clearly defined region above the rotor plane with minimal wake influence suitable for wind sensor placement.

Figure 9b presents the corresponding results for a case of axial descent (¢, = 0.00, ., = 0.10). The wake convects upward
through the rotor disk in this regime, a feature evident in the left panel and consistent with classical vortex-ring-state behav-
ior (Leishman et al., 2002). This upward wake displacement is also apparent with the time-averaged total velocity streamlines,
where strong flow distortion both above and below the rotor plane can be observed. The right panel confirms that, for DL =
300 N m~2, the light gray-shaded region (Vina/Vip > 0.01)) now extends symmetrically across the rotor disk, covering ap-
proximately z/R € (—2.5, 4.35) over nearly the entire lateral extent /R € (—3, 3) of the plane considered for the calculation
of the induced velocity. The dark gray region corresponding to DL = 100 N m~?2 remains confined within the light gray region.
Consequently, the DL = 300 N m~?2 case can be taken as the governing scenario when defining the quiet-zone limits for sensor
placement. The corresponding quiet zone, identified as the exterior region of both the light and dark gray regions, is signifi-
cantly reduced and confined to regions far from the rotor disk, indicating that under axial descent conditions, most locations
above the UAV are strongly influenced by the rotor wake. Consequently, axial descent offers only limited regions, located far

from the vehicle, where wind sensor placement would experience minimal wake contamination.
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Figure 9. Flow field and wake characteristics for the APC single-rotor at DL = 300 N m~2: (a) Hover (u, = 0.00, g = 0.00); (b) Axial
descent (ue = 0.00, p. = 0.10); (¢) Forward descent (ue = 0.10, . = 0.10). Quiet-zones are identified based on the 1% blade-tip speed
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For a forward descent case (i, = 0.10, p, = 0.10), the wake and flow field characteristics (shown in Fig. 9c along with the
binary plot) reveal several interesting patterns. In this combined inflow condition (axial descent and forward flight), the left
panel shows that the tip vortices are deflected downstream, forming an inclined and asymmetric wake structure. This skewing
is clearly reflected by the total velocity streamlines, indicating that wake-induced disturbances are advected away from the
rotor disk in the direction of flight, leading to reduced velocity gradients upstream of the vehicle. The right panel reveals
a pronounced asymmetry in the distribution of wake influence: the light gray-shaded region at DL = 300 N m~2 is largely
confined to /R € (—1.8, 3.5). The dark gray region corresponding to DL = 100 N m~?2 remains completely enclosed within
the light gray region, indicating a comparatively reduced spatial extent of wake influence at lower disk loading. Quantitatively,
a quiet-zone identified as the region outside the light and dark gray regions, with Viyq/Vip < 0.01 is observed for z/R = 2.64
at /R = 0, which extends further upward than in axial descent and at lower heights (z/R) than in hover. This asymmetric
quiet-region is the net effect of both forward motion and wake inclination; its location is determined by the skew angle of the
wake, which is the inclination of the wake relative to the rotor axis (). However, its suitability for wind sensor mounting has
to be further investigated for different forward-descent flight regimes (different p, 11, ) to reach a robust conclusion.

In general, these findings illustrate that the size and accessibility of wake-quiet regions are significantly dependent on flight
conditions. In hover, a symmetric vertically separated quiet-zone exists above the rotor disk. Axial descent eliminates wake-
free zones in close vicinity of the UAV, mostly above the rotor-disk, while forward flight creates an asymmetric yet accessible
quiet-zone positioned upstream of the rotor, but requires detailed investigation of the wake skewness.

Further analyzing the nature of the flow field for different flight conditions, Fig. 10 presents the variation of the time-averaged
induced velocity (Vi,q) along the rotor-z-axis for three radial (blade span-wise) locations (r/R = 0,+1, presented in blue, red,
and green colors, respectively, as shown in Fig. 10a). The induced velocity is normalized by Vi, while the rotor axis is
normalized by the rotor Radius (R). The shaded bands represent the standard deviation of the induced velocity, corresponding
to a 1 o variation about the mean, evaluated over the final ten rotor revolutions of the converged solution, indicating the
temporal variability of the induced flow.

For hover (Fig. 10b), at the rotor hub plane (r/R = 0), the time-averaged induced velocity values are negligible upstream of
the rotor disk (z/R > 1.86). A pronounced peak can however be observed immediately downstream (z/R =~ —1) of the rotor
disk plane, associated with wake contraction; the peak gradually decays farther downstream as the wake expands and diffuses,
indicating that the region below the rotor (z/R < —1) is unsuitable for wind-speed measurements. A similar aerodynamically
dirty downstream region can be observed for the other radial locations (r/R = +1), owing to tip-vortex shedding, and strong
wake interactions. The induced velocity values upstream of the rotor disk still remain negligible for practical purposes. In
axial descent (Fig. 10c), elevated induced velocities persist both above and below the rotor disk plane over a wide axial
extent (z/R € (—2.50, 4.35), reflecting the upward convection of the wake through the disk; although an apparent decay is
observed for z/R 2 4.35, this behavior is partly attributable to truncation of the helical wake in the numerical solution, and in
practice all regions above the rotor remain affected by rotor-induced flow. In forward-descent flight (Fig. 10d), the upstream
induced velocity distribution becomes strongly dependent on radial position and direction, with quieter regions occurring at

substantially lower heights above the rotor plane on the retreating side (r/R = —1) than on the advancing side (r/R = +1),
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Figure 10. Axial variation of induced velocity for the APC single-rotor at various span-wise locations: (a) Span-wise locations considered
for induced velocity analysis; (b) Hover (ue = 0.00, p. = 0.00); (¢) Axial descent (e = 0.00, . = 0.10); (d) Forward descent (pu, =
0.10, p» = 0.10), all at DL = 300 N m ™2,

as a consequence of the skewed wake geometry. Overall, these results demonstrate that potential sensor placement regions are
highly dependent on flight condition, with viable low-disturbance zones emerging only when wake inclination (wake skew
angle) displaces rotor-induced flow away from the measurement location.

To attain a comprehensive understanding of the influence of the flight condition on the quiet-zones for wind-sensor place-
ment, various combinations of axial and forward speeds are studied in detail. Figure 11 presents the minimum axial distance of
the quiet-zone from the rotor disk, normalized by the rotor radius ((z/R)min), as shown in Fig. 11a for four different descent
conditions (u, = 0.05, 0.10, 0.15, 0.20). The quiet-zone is delineated from the binary plot for each case (similar to the right

panel of Fig. 9). For each of the descent case, the minimum quiet-zone distance (z/R)y;, was obtained for various forward
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Figure 11. Variation of the minimum axial location of the quiet-zone at the rotor hub for the APC single-rotor: (a) Schematic representation

of the definition of (z/R)min; (b) - = 0.05; (¢) pt> = 0.10; (d) . = 0.15; (e) p> = 0.20.

flight speeds (given by advance ratio p, = 0.00, 0.05, 0.10 0.15 0.20, where p, = 0.0 is pure descent, and the other cases
320 correspond to various forward-descent conditions). Two DL values are presented in each case, chosen as the typically observed
lower and upper limits for UAVs. Additionally, a schematic showing the minimal axial distance on the single-rotor is also

presented; in the interest of brevity, only the hub plane (r/R = 0) results are presented here.
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For the weak axial descent case p, = 0.05 (Fig. 11b), (z/R)min initially increases with y,., reaching a maximum around p,, =
0.05, 0.10 for the low and high DL cases, respectively, before decreasing as p,. increases further (This non-monotonic behavior
arises from a transition between a predominantly axisymmetric wake at low p, and a progressively skewed wake at higher yi,,,
where downstream convection brings the low-disturbance region closer to the rotor plane). In the moderate axial descent case
tz = 0.10 (Fig. 11c), (2/R)min decreases with increasing p, for the lower DL case. The higher DL case demonstrates the
decrease in (z/R)min up to p, ~ 0.10, followed by a brief increase peaking around p, = 0.15, before decreasing again at
higher p,. (This behavior reflects competing effects between wake skewing, which generally lowers (z/R)uin, and localized
wake thickening caused by the interaction of axial inflow with edgewise motion).

For stronger axial descent conditions . = 0.15 and p, = 0.20 (Figs. 11d and 11e), (z/R)min decreases more consistently
with increasing /1. a trend that is most clearly observed for the higher disk loading case DL = 300 N m~2 (under strong axial
inflow, the wake remains more coherent and aligned with the rotor axis, and increasing edgewise motion primarily skews the
wake away from the rotor-hub axis, reducing the axial extent of the disturbed region). In contrast, except for the p, = 0.05
case, the lower disk loading condition (DL = 100 N m~2) exhibits a consistently monotonic decrease of (z/R)min With p, for
a given u, (weaker induced velocities result in a more rapidly convected wake, limiting upstream disturbance).

Across both DL cases, (z/R)min generally increases with increasing magnitude of axial descent i, for a fixed u, (because
stronger axial inflow intensifies the induced velocity field and displaces the disturbed wake region farther upstream). Notably,
for pure axial descent conditions with g, = 0.0, the values of (2/R)mi, for DL =100 N m~2 and 300 N m~?2 are nearly
identical (since in the absence of edgewise motion, wake symmetry dominates and DL primarily scales velocity magnitude
rather than wake topology). The hover condition (g, = 0.0, p, = 0.0) is not included, as the present analysis emphasizes on
non-hover flight regimes, where wake asymmetry and axial inflow effects significantly influence sensor placement. Overall,
these results indicate that optimal wind-speed sensor placement requires the greatest axial separation under weak axial descent,
while forward-descent conditions permit sensor placement closer to the rotor plane, with higher DL consistently increasing the

required clearance.
3.3 Multi-Rotor Systems

The single-rotor analysis is extended to quad-rotor and hexa-rotor configurations, to ensure applicability to practical configura-
tions in the UAV space, where such multi-rotor systems are the predominant design choice. The APC propeller (refer Table. 1
for the geometry data) is considered for both the multi-rotor configurations, and the time-averaged total velocity streamlines,
along with the quiet-zone binary plots are presented at two different x—z planes passing through different regions of the rotor

system. Only the hovering flight condition is discussed in this section for the following reasons

1. One of the primary meterological applications is that of wind speed measurements, and VTOL multi-rotor systems allows

for point measurements in space over a long time-period. Consequently, hover is the most critical flight condition.

2. Similar to the results seen with the single rotor system, a descending flight condition will cause the rotor wake to be

convected up through the rotor disk, and will interfere with the sensor signals. A similar argument can be made for

18



360

365

370

https://doi.org/10.5194/egusphere-2026-977
Preprint. Discussion started: 19 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

descending forward flight conditions as well. Therefore, in the interest of brevity, only hovering flight is presented with

a focus on wind sensor placement locations.
3.3.1 Quad-rotor

Figure 12a shows the configuration of the APC quad-rotor system considered in the study. The rotor disk is positioned along
the z—y plane with inter-rotor spacings chosen appropriately based on existing UAVs. For the induced velocity computations,
two equispaced 100 x 100 Cartesian grids in the x—z plane are chosen; (a) Plane I, passing through the geometric center of the
system (GC) at (0,0,0), and (b) Plane II, passing through the hubs of rotors 1 (—1.05R, 1.05R, 0) and 4 (1.05R, 1.05R, 0),
respectively, as shown in Fig. 12b. The wake from each rotor is split into blue and red color, to highlight the blade from which
these vortices are trailed. Compared to a single-rotor wake, the structure beneath the quad-rotor is a bit more complex owing
to significant rotor-rotor interactions. The target planes extend from —3.5R to 3.5 R along the z-axis and from —3.0R to 6.0R
along the z-axis. All investigations are conducted on a DL of 100 N m~2 and 300 N m~2, and similarly to the case of the
single-rotor, results are reported over the final ten revolutions of the rotor, after the numerical transients in the solution are
allowed to settle.

Figure 13 illustrates the flow field characteristics of the quad-rotor system in hover, on the two planes shown in Fig. 12.

The panels on the left present the total velocity streamlines normalized by Vi;p, while the right panels represent the quiet-zones

CCﬁ

(2) (b)

Figure 12. Quad-rotor configuration and corresponding time-averaged wake trajectories: (a) Quad-rotor configuration utilized in the present

study; (b) Isometric view of the calculated time-averaged wake trajectories of all rotors in the quad-rotor configuration.
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Figure 13. Flow field and wake characteristics for the APC quad-rotor in hover at DL = 300 N m~?: (a) z—z plane passing through the geo-
metric center (Plane I); (b) z—z plane passing through the hubs of rotors 1 and 4 (Plane II). Quiet-zones are identified for DL = 100 N m~2

and DL = 300 N m 2.

identified using the 1% blade-tip speed threshold for the induced velocity. The dark gray regions correspond to the locations
where the magnitude of the induced velocity satisfies (Vina/Viip > 0.01) at DL = 100 N m~2, while the light gray regions

denote the corresponding locations at DL = 300 N m 2. Consequently, regions outside the dark gray zone are quiet-zones for
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DL = 100 N m~2, and those outside the light gray are quiet-zones at the higher disk loading. As expected, if the DL is higher,
then the sensor has to be placed further away from the rotor disk plane compared to if the DL is lower.

Figure 13a shows the time-averaged streamlines and the threshold plot for Plane I. The horizontal dashed line segments at
z/R = 0 indicate the projected blade locations in the y-direction, since the rotor disks are not visible in this plane. The flow
field below the rotor disk plane is governed by the interaction of the individual rotor wakes, an inherently unsteady process.
Although instantaneous structures are highly transient, the time-averaged streamlines on the left panel (Fig. 13a) indicate a
complex but organized wake topology, with symmetric recirculation regions formed by the merging rotor-induced vortices.
The light gray region (right panel), corresponding to DL = 300 N m~2, extends further above the rotor disk plane than the
dark gray region at DL = 100 N m~2, while the extent below the disk remains comparable for both cases. This indicates that
increased disk loading primarily enlarges the wake-dominated region above the rotor plane defined by Ving/Viip > 0.01. The
minimum axial location above the disk plane at the GC that satisfies the induced velocity threshold is (z/R)min = 3.30 at the
higher disk loading and ~ 2.10 at the lower disk loading.

Figure 13b presents the corresponding flow field for Plane II, where the plane intersects the rotor disks of rotors 1 and 4. At
the GC, the induced velocity field above the rotor plane is stronger, which may be attributed to the cumulative superposition
of the induced velocity components from all four rotors, leading to a locally amplified upward influence in the central region.
The regions defined by the 1% blade-tip speed threshold further highlight this distinction. Consequently, the quiet-zone defined
by Vina/Viip < 0.01 is achieved at a slightly lower axial location for Plane II, with (2/R)min ~ 3.17, compared to (z/R)min ~
3.30 at the GC, for a similar lateral extent of 2:/R € (—3.5, 3.5). Assuming geometric symmetry in hover, a plane passing
through the hubs of rotors 2 and 3 may be expected to exhibit behavior similar to Plane II. Therefore, under hover and axial
climb conditions, where wake development is predominantly directed below the rotor disks, a plane such as Plane II offers a
comparatively more favorable location for wind sensor placement than the GC, owing to the earlier attainment of the quiet-zone
above the rotor plane.

It is noted, however, that the difference in axial extent between the two configurations is relatively small, with A(z/R) =
0.13. Therefore, if structural or airframe constraints limit sensor placement to the GC, it may still be considered a viable

mounting location, as the increase in the minimum threshold height remains modest.
3.3.2 Hexa-rotor

A hexa-rotor configuration of the APC rotor is shown in Fig. 14a. The rotor disk is positioned along the x—y plane. For
the induced velocity computations, three equispaced 100 x 100 Cartesian grid in the x—z, and y—z planes are chosen —
Plane I, passing through the system GC at (0,0,0), Plane II, passing through the hubs of rotor 3 (1.82R, —1.05R, 0) and
5 (1.82R, 1.05R, 0), and Plane III, passing through the hubs of rotor 4 (—1.82R, 1.05R, 0) and 5 (1.82R, 1.05R, 0). The
target planes extend —3.5R to 3.5R along the x and y-axis, and from —3.0R to 6.0R along the z-axis. All investigations
are performed at a DL of 100 N m~2 and 300 N m~—2, and results are presented over the final ten rotor revolutions of the
simulation, after transients in the solution are allowed to settle. Results presented are similar to the quad-rotor system — the

time-averaged streamlines and the quiet-zone plot, for three planes (Planes I, II, and III) shown in Fig. 14.
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Figure 14. Hexa-rotor configuration and corresponding time-averaged wake trajectories: (a) Hexa-rotor configuration utilized in the present

study; (b) Isometric view of the calculated time-averaged wake trajectories of all rotors in the configuration.

The flow field characteristics of the hexa-rotor in hover, are shown in Figure 15 for the three planes, I-III. Similar to the
quad-rotor results, the panels on the left of Fig. 15 depict the time-averaged total velocity stream-lines, and the right panels
illustrate the binary plots for quiet-zone detection, based on the 1% tip speed threshold for the induced velocity. The dark gray
regions in the right panels indicate areas where the time-averaged induced velocity exceeds the specified threshold for DL =
100 N m~2, whereas the light gray regions denote the corresponding regions for DL = 300 N m~2.

At Plane I (refer to Fig. 14), the time-averaged streamlines on the left panel reveal a considerably aysmmetric flow field
beneath the rotor system. In practice, these wake structures are considerably aperiodic, which may be the reason for the lack
of a symmetric structure even in the time-averaged sense. Since none of the rotor disks intersects this plane, the horizontal
dashed line segments at z/R = 0 denote the projection of the rotor blades in the y-direction, representing the plane of the
rotor disk. Higher magnitudes of the induced velocity extend laterally beyond the projected rotor disks along x /R, indicating
pronounced cross-rotor wake interactions near the system GC. The binary plot in the right panel of Fig. 15a identifies regions
where the time-averaged induced velocity exceeds the 1% blade-tip speed threshold. In the vicinity of the GC and within
x/R € (—1.0, 1.0), the total velocity below the rotor disk is directed upward and briefly crosses the rotor plane, persisting up
to approximately z/R = 0.27. Immediately above this location, for z/R 2 0.27, the velocity reverses direction and becomes
downward, consistent with the normal inflow direction above a hovering rotor. The opposing contributions near this axial
location result in a local reduction of the magnitude of the induced velocity, leading to a narrow quiet-zone window for both

DL = 100 Nm~2 and DL = 300 N m~2. However, this cancelation is confined to a limited axial extent. Beyond this brief
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Figure 15. Flow field and wake characteristics for the APC hexa-rotor in hover: (a) z—z plane passing through the geometric center (Plane

I); (b) y—= plane passing through the hubs of rotors 3 and 5 (Plane II); (¢) x—=z plane passing through the hubs of rotors 4 and 5 (Plane III).

Results shown at DL = 300 N m~? with corresponding quiet-zone identification for DL = 100 and 300 N m ™2,
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window, the cumulative induced field from the six rotors dominates, leading to Via/Viip, > 0.01 above the disk plane. The
wake-dominated region extends further upstream for DL = 300 N m~2 than for DL = 100 N m~2, reflecting the stronger
global induced field associated with higher disk loading. The minimum axial location at which the threshold is satisfied at the
GC s (z/R)min =~ 3.36, beyond which a sustained quiet-zone is established.

Figures 15b and 15c¢ depict the flow field characteristics on planes II and III, respectively. Both planes pass through two
rotors each — Plane II, passing through adjacent rotors (3, and 5) separated by 0.1 R between the rotor tips, and Plane III,
passing through rotors (4, and 5), the distance between the tips of the rotors being ~ 3.6 R. A qualitative analysis of the wake
behavior for both planes II and III reveal that the proximity of the rotors to each other and the surrounding rotors create
strong rotor-wake interactions downstream of the rotor system, which in turn affect the induced velocity distribution. Such
interactions are predominant around z/R ~ —2, as can be observed from the left panels of Figures 15b and 15¢ present the
time-averaged stream-lines for planes passing through rotors 3-5 and 4-5, respectively. The wake interaction below the disks
remains strong in both planes, while a localized reduction in the magnitude of the induced velocity is observed along the plane
centerline (z/R = 0) in Plane I (Fig. 15¢). This reduction is primarily influenced by the nearby counter-rotating rotor 1,
whose opposing azimuthal velocity component partially offsets the swirl induced by rotors 4 and 5 in the inter-rotor region,
thereby decreasing the net induced velocity magnitude along the centerline. The binary plots (right panels) provide a clearer
assessment of the quiet-zone extent. For the plane intersecting rotors 3 and 5 (Fig. 15b), the induced velocity threshold is
satisfied at (2/R)min = 3.17 for DL = 300 N m~2. For the plane intersecting rotors 4 and 5 (Fig. 15c), the corresponding
value is slightly higher, at (z/R)min & 3.27 at the same DL. Although a localized reduction in the induced velocity is evident
along the centerline in Plane III, a similar feature is not prominently observed in Plane II. However, in both cases, the flow
immediately upstream of the individual rotor disks continues to exhibit Vina/Vip > 0.01, which limits the practical placement
of a wind-speed sensor near the rotor disk. Comparing these results with the GC configuration, where (z/R)min =~ 3.36, the
planes may be ranked in increasing order of minimum quiet-zone height as: Plane II, Plane III, and Plane I (GC). Thus,
from a purely aerodynamic standpoint, the plane passing through rotors 3 and 5 (Plane II) offers the most favorable axial
location for sensor placement, as it achieves the quiet-zone at the lowest normalized height. Nevertheless, practical integration
constraints must also be considered. The structural layout or components of the airframe may restrict asymmetric placement,
and this result captures only the solution of hovering. The placement at GC may be preferable when all flight conditions are
to be considered. In particular, for sensors of compact dimensions, installation near the localized quiet-zone window may
still be feasible without significant degradation in measurement fidelity. Therefore, careful coordination between aerodynamic,

structural, and flight stability considerations is required to determine the final mounting location.

4 Summary and Conclusions

Current atmosphere measurement techniques utilize single-use systems or expensive ground-based instruments, among sev-
eral other methods. The potential for instrumented vertical takeoff and landing Unmanned Aerial Vehicles (VTOL-UAVs) to

complement (and in some cases replace) existing techniques is immense, given the higher accessibility, controllability, and res-
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olution of the measurements possible with these systems. A critical decision is the placement of wind-speed and other sensors
that are sensitive to surrounding flow. To that end, the present study examines the influence of rotor-induced flow on single and
multi-rotor systems, with the objective of identifying quantitatively reliable locations, or “quiet-zones”, devoid of wake effects
that are suitable for positioning wind-speed measurement (or other) sensors. An in-house, free-vortex wake model (FVM)
framework is utilized, and the flow field characteristics of isolated UAV-scale single, quad, and hexa-rotor systems are studied
under various flight conditions of hover, axial descent, and forward descent. The rotor systems are operated at a disk loading
(DL) of 100 N m~2 and 300 N m~2 to ensure a physically meaningful comparison that is independent of the vehicle scale or
configuration. Validation of the FVM model is carried out against in-house experimental velocity measurements, to strengthen
the credibility of the FVM model in capturing key flow field features. A 1% tip speed threshold (translates to roughly less
than 1 m s~ for most designs) is defined for the induced velocity, to identify quiet-zones in a flow field, which subsequently
translates into the optimal regions for wind-sensor placement.

Specific conclusions from the present study are as follows.

1. Single-rotor: It was observed that the extent of the quiet-zones was governed by the flight condition of the vehicle, with

hovering flight being the practical limiting condition.

(a) In hover, the wake is confined to downstream of the rotor disk plane, resulting in symmetric, and well-defined
quiet-zones above and to the side of the rotor disk. Immediately above the rotor, the sensor can be placed at a
minimum distance of ~ 1.75R based on the defined threshold. As expected, sensor placement below the rotor disk
would result in significant flow from the rotor wake. Sensors can also be placed laterally along the plane of the

rotor from a minimum distance of 2R, if required.

(b) In axial descent, there exists no optimal sensor placement location upstream or downstream of the rotor disk owing
to the complex wake topology surrounding the rotor system across a wide lateral extent. In a practical scenario,

there would be no viable location below the rotor due to the presence of a fuselage (out of the scope of this study).

(c) In forward descent, based on the specific flight trajectory, there exist limited quiet-zones above the rotor disk as the
wake is convected away from the disk owing to the freestream velocity at a skew angle. Sensor placement can be

considered on the basis of specific mission requirements.

2. Multi-rotor systems: Flow around the quad-rotor and hexa-rotor configurations are considerably complex owing to
rotor-rotor interactions, which results in a wide spatial region around the rotor system where the induced flow is sig-
nificant. Consequently, quiet-zones for sensor placement are ~ 1.75R-3R (lower and higher DL of 100 N m~?2 and
300 N m~2, respectively) away from the disk plane, at the vehicle geometric center for the two multi-rotor configura-

tions.

3. By focusing on the primary flow field characteristics of various rotor systems, the present study offers quantitative
and qualitative guidance for the placement of sensor for atmospheric measurements on VTOL multi-rotor systems. The

practical choice of sensor location will also be driven by constraints in airframe design and flight stability considerations.
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Appendix A: Disk loading as a suitable parameter for rotorcraft across various weight scales

The underlying geometric parameters of rotor systems (from UAVs to helicopters) vary significantly with the application and
the associated requirements. Therefore, it is imperative to generalize the results of the present work across rotor systems of
different scale to ensure relevance across such applications. Generalization demands similarity in the operating conditions of
the rotor systems and an underlying independent parameter that can effectively represent this similarity.

The literature on rotorcraft usually employs the blade loading coefficient (Cr /o) to compare the aerodynamic performance
of various rotor systems. Here, C'p is the thrust coefficient (non-dimensional thrust) and o is the rotor solidity (effective
blade area in a rotor with respect to its disk area). In large-scale combustion-powered helicopters, the thrust is varied through
collective pitch control 8y, while € is kept constant, rendering Cr /o an effective parameter for comparison. The operational
characteristics of small-scale electric UAVs are fundamentally different, wherein, thrust is modulated primarily by changes in
the rotational (or angular) speed €2 of the motor and not the collective pitch 6. Since the thrust coefficient C'p is a function of
Q ( ie, CrxT/ (pQQR4)), any variation in € leads to a corresponding variation in C'r, thus lending Cr /o an inconsistent
parameter for comparing electrically driven variable RPM rotor performance. Therefore, the present work utilizes disk loading
(DL) to compare rotor systems of various scales. DL is also defined in the literature on the rotorcraft as the ratio of the thrust
generated by the rotor to its disk area DL = 7'/ A.

DL is directly tied to the generated thrust and does not depend on €2. As such, DL provides a more robust and physically
meaningful basis for comparing rotors across different sizes and control mechanisms in hover. Despite being a dimensional
quantity, DL is better suited for capturing the key aerodynamic similarities in our context, thereby justifying its use in the
comparative analysis presented in this study. An example of the similarity in the rotor induced inflow across rotor systems of
different scales operating at the same DL is given in Fig. Al.

Three different rotor systems are considered for the flow similarity analysis, as listed below
1. HSR (Harrington single-rotor) (Harrington, 1951): A full-scale helicopter rotor with a radius of R = 3.81 m
2. APC (APC Propellers, 2025): A commercial small-scale UAV propeller from APC with a radius of R =0.15 m

3. HW (HobbywingDirect, 2025): A commercial medium-scale UAV propeller from Hobbywing with a radius of R =
0.31m

The rotors are operated in hover, at DL = 100 N m~2, by calculating the rotational speed (£2) and the rotor collective
pitch (6p). The time-averaged rotor-induced velocity along the normalized rotor axis (z/R) is obtained at the rotor hub plane
(r/R =0) for all the three propellers, as shown in Fig. Al. The HSR is shown in red, the APC rotor in blue and the HW rotor
in green, with a 1 o standard deviation shaded band, representative of the instantaneous fluctuations in the induced velocity.In
addition, the induced velocity is non-dimensionalized by the rotor tip speed (V;) to facilitate comparison across the rotor
systems. It can be observed that all the three rotors exhibit similar trends in the non-dimensional induced velocity distribution,
and are bounded by similar limits in both axes, revealing the similarity in the flow and wake characteristics encountered by the

rotor systems. Despite vast differences in physical scale and rotor geometry, Fig. Al reveals that the induced velocity curves
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Figure A1. Comparison of time-averaged velocity magnitude normalized by Vj, plotted against normalized height z/R for three different

rotors operating at nearly the same disk loading DL = 100 N/ m? in hover.

collapse reasonably well, especially in the far wake region (z/R < —3). The deviations observed in the near wake region
(=3 < z/R < 0) could be attributed to differences in the blade geometry — chord and twist distributions, tip shapes, thickness
and taper; these differences can be observed to diminish with downstream distance, indicating the induced velocity field, when
non-dimensionalized using the tip speed (Vjp), and analyzed in the non-dimensional axial frame z/ R, is relatively independent

of absolute rotor scale when operated under similar DL conditions.

Appendix B: Validation of the in-house FVM model

The current FVM implementation was validated for unsteady and steady flow conditions by the authors (Narayanan and Govin-
darajan, 2024), and the key results are summarized here. Three different validation scenarios (aside from the one presented in

the main document; see Fig. 8) were considered

1. Power polar (thrust vs power) prediction for the full-scale Harrington single and coaxial rotors (Harrington, 1951) —

steady flow

2. Rotor thrust and power prediction for varying angular speed (RPM) for the UAV-scale APC single-rotor (Brandt et al.,
2015) — steady flow

3. Pitch rate study of the full-scale Carpenter—Fridovich single-rotor (Carpenter and Fridovich, 1953) — unsteady flow
B1 Harrington experiments

The Harrington single and coaxial rotor systems (Harrington, 1951) are 2-bladed, constant chord (0.46 m), untwisted, full-

scale helicopter rotors; the rotor radius (R) is 3.81 m, with an 18% R root cut-out length. The vertical separation between the
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Figure B1. Validation of the developed FVM model for steady flow cases: (a) Harrington Polar Power; (b) APC, Thrust vs RPM; (¢) APC,
Power vs RPM.

rotors of the coaxial configuration is 20% R. The rotors from the original experiments were thickness-tapered along the span of
the blade, while the current FVM implementation utilized a constant drag coefficient across the rotor, a strategy implemented
in prior studies (Syal and Leishman, 2012). Figure Bla depicts the power polar for the Harrington single (blue) and coaxial
rotors (orange). Blade loading coefficient (C'r /o) is chosen as the independent parameter in place of rotor thrust, to emphasize
545 the lift loading on the blades. The solid lines correspond to the FVM results, and the circular makers represent the original
experimental results (Harrington, 1951). The single-rotor was operated at 200 RPM (20.96 rads~!) and the coaxial rotors
were operated at 300 RPM (31.36 rads~!) across all the blade loading conditions, and the systems were trimmed to the target
thrust, and zero in-plane moments by varying the rotor collectives. It can be observed that the FVM results predict the original
experimental results with a significantly well, lending confidence in the developed FVM model; deviation in the results for
550 lower thrust values could be attributed to the use of a constant drag coefficient in place of the tapered thickness rotor as in the

original experiments.
B2 APC 12X 6E single-rotor studies

The APC propeller is a UAV-scale 2-bladed rotor of radius (R = 0.15 m), with the root cut-out measuring 18.3% R. The span-

wise chord and twist distributions of the rotor is detailed in a previous work by the authors (Narayanan and Govindarajan, 2024).
555 The thrust and power variations against rotor RPM were studied for the APC single-rotor, as shown in Fig. B1b and Fig. Blc,

respectively. NACA 0012 airfoil with a modified zero-lift angle of attack (o« = —2°) and drag coefficient (Cy = 0.012), was

used as a surrogate to the actual airfoil sections used in the APC rotor. The fixed pitch APC rotor was treated as a rotor

with a constant collective (fy = 5°). It was observed that the FVM results were in good agreement with the UIUC and APC

results (Brandt et al., 2015; APC Propellers, 2025) across all angular speeds (RPM), thereby validating the performance of the
560 FVM model for steady problems for small-scale UAVs, in addition to the Harrington rotor problem.
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Figure B2. Validation of the developed FVM model for the unsteady flow case: (a) Time history of rotor blade pitch; (b) Time history of

rotor thrust coefficient.

B3 Carpenter-Fridovich experiments

Carpenter—Fridovich experiments (Carpenter and Fridovich, 1953) were carried out to study the thrust response to rapidly
pitching rotors. The rotor is a 2-bladed, untwisted, radius R = 5.79 m, full-scale helicopter rotor, with a root cut-out of 20% R,
and constant chord of 0.25 m. To validate the FVM model for unsteady conditions, the pitch input from the original experiments
were reproduced in the FVM model, for various pitch rates (6° to 200° per second) to increase the blade pitch from from 0°
to 12°. The time history of the pitch rate input is shown in Fig. B2a. The highest pitch rate in Fig. B2a (200° per second,
red) indicates an overshoot in pitch, which occurred due to the torsional response in the original experimental setup. The
numerical formulation did not include the effects of structural dynamics, and therefore, the pitch input was mimicked as in the
experiment. It can be inferred from the thrust response of the system (Fig. B2b) that the FVM model captures the variation in
thrust coefficient reasonably well in comparison to the original experiments, for all the pitch rates. For the highest pitch rate,
the peak increase in the coefficient of thrust to nearly twice the steady state thrust value is also predicted well by the FVM

model, adding to the reliability of the model in solving unsteady problems.

Data availability. The simulation data that support the findings of this study are available from the corresponding author upon reasonable

request.
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