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Abstract: In this study, experimental investigations are used to explore the wake propagation
and characteristics of a multi-rotor unmanned air vehicle (UAV) in a forward flight mission.
Qualitative smoke visualization is used first to gain a qualitative understanding of wake char-
acteristics above and below the body of the multi-rotor UAV which is used as guidance for
quantitative particle image velocimetry (PIV) experiments which better resolve the region in the
vicinity of the multi-rotor UAV body. The experimental results over a wide range of advance
ratios show that as the advance ratio increases, achieved by either lower rotor speeds or higher
flight speeds, the distance by which the wake propagates below the UAV is reduced. While
above the UAYV, the flow returns to the freestream flow closer to the body as the advance ratio
increases. Therefore, this study concludes that proximity effects are reduced as the advance ratio
increases. Findings from this study can be used to inform in situ sensor placement so that sensor
readings are minimally affected by the wake from the multi-rotor UAV. Velocity measurement
corrections are provided for sensors mounted above the UAV which can be used to improve
sensor data reliability in forward flight. These results can advance autonomous sensing and
increase the utility of multi-rotor UAV observations while providing designers and users further
guidance to avoid proximity effects.
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1. Introduction

Unmanned aerial vehicles (UAVs) are commonly used for a wide variety of appli-
cations in many different industries. There has been significant research focused on the
design, optimization, and application of UAVs that has greatly increased their utility due
to improvements in their performance. There are many different types of UAVs, each
with their own advantages and disadvantages. However, fixed-wing and multi-rotors are
currently the most popular for industrial applications and for hobbyists alike due to their
accessibility, ease of use, and efficacy [1,2]. Although fixed-wing systems can complete
long-range missions due to their endurance, they lack maneuverability including the ability
to perform hovering and vertical flights. In addition, fixed-wing systems typically require
runways for takeoff and landing which are often not available in complex terrain [3]. Multi-
rotor systems offer a unique solution to the shortcomings of fixed wing aircrafts as they
possess the ability to perform hovering flight and vertical flight (ascending and descending)
with ease and can take off with no runway. These capabilities make the multi-rotor platform
the ideal candidate for many applications that require high maneuverability and hovering
or vertical flight.
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Multi-rotors are commonly used for surveillance, imaging, bridge inspections, and
other applications near obstacles where their maneuverability and unique flight charac-
teristics can be taken advantage of [4-10]. In addition, multi-rotors have the potential
to be outfitted with in-situ sensors and used for sensing applications, such as emission
monitoring, temperature measurements, and atmospheric sampling [11-15]. Multi-rotors
are also popular choices for swarm or formation flight—an increasingly popular area of
research—due to their high maneuverability [15].

Many of the applications discussed above require an understanding of the wake of
the unmanned vehicle as the wake can have an adverse effect on the vehicle. Examples
of this phenomenon include operation near obstacles, performance or reliability of sensor
data from the on-board instrumentation, and wake interaction between rotors onboard the
drone or from nearby drones. Multi-rotors or other rotary-wing systems commonly exhibit
proximity effects when operating near obstacles to include ground-effect, ceiling-effect,
or effects from neighboring vehicles in swarm flight. When rotary-wing vehicles operate
near the ground, ground effects can be observed which increase the thrust from the vehicle
due to the wake interaction with the ground [16]. This phenomenon has been thoroughly
studied for helicopters, but is not understood as well for multi-rotors [17,18]. Similarly,
ceiling-effect occurs when a rotary-wing is operated near a ceiling obstacle and can cause
an increase in thrust production which can be detrimental as it can cause the vehicle to be
pulled into the ceiling [19]. Since these proximity effects can have such a negative result
and cause catastrophic failure, it is imperative that wake propagation is understood and
can be accurately predicted to avoid failure. Aside from mission failure, the wake from
these vehicles can contaminate observations from integrated in-situ instrumentation used
for autonomy, emission monitoring, and atmospheric sampling that relies upon access
to freestream flow which can be affected from the wake of the vehicle [20]. In order to
obtain reliable sensor data, all instrumentation should be properly placed on the vehicle,
outside the wake region. The wake can also affect the transportation of particulates—such
as pollution, dust, or insecticides and herbicides—in the atmosphere [21]. To locate sensors
in regions of minimal disturbance, it is imperative to characterize the wake to determine if
such regions exist, where they are, and under what flight conditions.

Although proximity effects do not necessarily give a full description of the wake from
a rotary-wing vehicle, they provide insight into the wake patterns and strength as the wake
propagates from the vehicle. Proximity effects have been studied in similar structures
such as helicopters, using an experimental approach and comparing the obtained data to
models [22]. From these studies, the proximity effect models that have been accepted for
helicopters show discrepancies in comparison to the experimental data from multi-rotors,
thus making them unreliable for our applications. Some studies have applied correction
factors to fix these discrepancies so that the ground effect can be accurately predicted [23].
In addition, some researchers have used similar correction techniques to predict ceiling
effects [24]. There are some studies using computational fluid dynamics (CFD) studies to
analyze the ground effect for multi-rotors, confirming that there is a decrease in drag and
increase in lift in close proximity to the ground [25,26].

Other researchers have focused more deeply on performance, wake characteristics,
and propagation from both multi-rotor and single-rotor systems. These studies have been
carried out using computational fluid dynamics (CFD) or experimental studies to include
particle image velocimetry (PIV) [26—40]. Some of these studies have demonstrated how
the Reynolds number affects wake propagation, but they do not provide results with
respect to the advance ratio which is a highly influential parameter [32,33]. Zhou et al. [34]
have conducted one of the most in-depth investigations of wake behavior with respect to
advance ratio, but they focused on the effect to the drone itself. The studied effects relate to
propulsive efficiency and thrust coefficient, not disturbance distances or angles due to a
limited PIV field of view. Defining disturbance distances and angles is crucial for sensor
placement and multi-rotor UAV operation near obstacles.



Drones 2022, 6, 130

30f19

Previous wake characteristic studies, both CFD and experimental, have provided
insight into wake characteristics and structure from multi-rotor UAVs; however, additional
studies are needed to characterize the wake propagation distance due to vehicle parameters
and flight conditions to prevent catastrophic failure when in close proximity to obstacles
and to ensure reliable in situ sensor data. For more information on the mentioned studies in
addition to more regarding multi-rotor and single-rotor wake characterization, the reader
is referred to [40].

In this work, an experimental approach is taken to study wake propagation from
multi-rotors in a forward flight configuration. Flow visualization using illuminated smoke
and PIV are employed to study wake characteristics in a wind tunnel over a wide range
of flight parameters. Flow visualization results are used to influence and inspire PIV
testing. From results gathered from PIV testing, non-dimensional parameters based on
vehicle geometry and flow characteristics are developed for the wake prediction and to
correct velocity sensor measurements above the multi-rotor UAV. This work is the most
in-depth experimental investigation of multi-rotor UAV wake characteristics in forward
flight under various flight conditions. These results can be used by users and designers to
determine appropriate in-situ instrumentation placement for atmospheric sampling and
particulate modeling, as well as in applications such as applying insecticide and herbicide.
The remainder of this study is organized as follows: In Section 2, experimental setups used
for flow visualization and PIV experiments are described and discussed. The results of
visualization and the PIV experiments are presented and discussed in Section 3. Lastly,
conclusions and summaries are given in Section 4.

2. Experimental Setup and Measurements

Flow visualization and PIV experiments were conducted in the NMSU low-speed
wind tunnel, shown in Figure 1a, which has cross-sectional dimensions of 1.2 x 1.2 m. For
the flow visualization experiments, an Aerolab smoke generator is used to feed smoke into
the wind tunnel through copper tubing with small holes to generate smoke streaks. To
illuminate the streaks, a 532 nm, 200 mW continuous wave laser is placed beneath the wind
tunnel that is equipped with a 60-degree Powell lens to generate a laser sheet. A schematic
of the flow visualization and PIV setup is provided in Figure 1b where the multi-rotor UAV
is mounted to simulate forward flight with an arrow indicating U, the freestream flow
direction. Although flow visualization techniques are necessary to observe the perturbation
of the flow due to the multi-rotor, it is not possible to observe the flow near the body in
detail without PIV experiments which occurs over a much smaller field of view (FOV).
The PIV system is composed of a dual-cavity Nd-YAG laser (15 pulses/s, 200 mJ/pulse), a
high-sensitivity CCD camera (1.4 M pixel, 12-bit gray level), a synchronizer, and a computer
to acquire and process images using DaVis 8 software (La-Vision, Inc., Gottingen Germany).

Smoke wand
Smoke generator

Wind tunnel Copper tubing

{——

Freestream, U,,

L

Smoke Streams

Camera Laser sheet

(b)

Figure 1. (a) NMSU wind tunnel and (b) schematic of flow visualization and PIV experimental setup.
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The multi-rotor UAV used for this study is a small UAV with four rotors, each equipped
with a three-blade propeller, and it is shown in Figure 2a. The multi-rotor UAV is char-
acterized by a D /R value of 3 where D denotes the diameter of the multi-rotor UAV and
R represents the radius of the propeller, as indicated in Figure 2a. To simulate forward
flight, the multi-rotor UAV is mounted to an aluminum rod going through the center of the
test section, using a 3D printed mount that allows the UAV to sit horizontally in the wind
tunnel to simulate forward flight at a velocity of Ue.

y, V

x,U'—I

Figure 2. (a) The multi-rotor UAV used for all experiments including D, the diameter of the multi-
rotor UAV and R, the radius of the propeller. (b) Multi-rotor UAV in simulated forward flight
including the disturbance distance both below, L, and above, L, the multi-rotor UAV and the angle
at which the flow is expelled from the front rotors, .

In the typical operation of a multi-rotor UAV in forward flight, there is a pitch-
ing angle; however, to ensure consistent experimental results under various motor
loads, no pitching angle is considered in this study. Preliminary studies considering
pitch angles show that the wake from the multi-rotor UAV is rotated and therefore
propagates more downstream rather than below it. Considering this, a multi-rotor
UAV with no pitch angle represents the upper bound on the distance the wake dis-
turbance propagates before it dissipates into the background flow, referred to as the
‘disturbance distance’ throughout this study. The disturbance distances both below,
Ly, and above, L;, the UAV vary and are therefore discussed separately. In addition,
the angle at which the flow is expelled from the front rotors is referred to as the
jet angle and is denoted by B. L;, L;, and B are shown in Figure 2b, including the
coordinate system used throughout the study. Based on the flight conditions, the
multi-rotor UAV can be moved vertically to minimize any wall effects caused by the
wake interacting with the bottom surface of the tunnel. For experiments focused be-
low the multi-rotor, it is mounted towards the top of the wind tunnel to provide the
largest FOV of the wake possible. To investigate the disturbance above the vehicle,
the multi-rotor UAV is mounted upside down in the wind tunnel to ensure the FOV is
properly illuminated.
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3. Wake Propagation Results and Discussions
3.1. Flow Visualization Results

To study the full range of potential flight conditions, experiments are run for Us,—
varying from 1 m/s to 5 m/s in 1 m/s increments—and the Reynolds number based on the
propeller tip (Ret;, = wRc/v, where w denotes the angular velocity of the rotors (rad/s), R
represents the rotor radius, c is the rotor chord, and v is the kinematic viscosity of air) is
varied from 3 x 10% to 8 x 10% in increments of 10%. In the case of forward flight, the advance
ratio is also commonly used to delineate the flow regimes as it considers the forward
flight speed and rotor speed simultaneously where the advance ratio is | = U« /2nR,
where 7 is the rotations per second of the propeller. The advance ratios that correspond
to the experimental flight conditions are 0.04 < | < 0.54. For the results shown in
Figures 3 and 4, the red arrow indicates the direction of U, while yellow arrows highlight
and draw attention to significant flow features.

Considering low U and moderate to high Rey;, values (low advance ratios), it can
be seen in Figure 3 that the rotor wake dominates the flow, resulting in large disturbances
below the multi-rotor UAV. Figure 3a shows the wake below the multi-rotor UAV with
Uo=1m/s and Rey;, =8 X 10* (J = 0.04) which is the combination of the lowest simulated
flight speed and highest rotor speed. This low Ue and high Rey;, results in strong jets being
expelled from the front rotors, beneath the multi-rotor, which extend to the tunnel wall,
initiating wall effects that indicate this configuration is beyond the limit of the experimental
configuration. As the rotor speed is reduced to Re;, =5 X 10%, (J = 0.06), as shown in
Figure 3b, there is still a noticeable jet from the rotors, but L, decreased considerably and is
well above the tunnel wall. Furthermore, the angle f that the wake propagates from the
front rotor is noticeably greater for the | = 0.04 condition. As the advance ratio increases to
J =0.06, B decreases and L, decreases. In each of the cases, the streamlines are deflected
as they are pulled into the rotors and there is a disturbance that extends slightly above
the UAV. The disturbance looks minimal, especially in comparison to L;, but warrants
its own investigation in which the FOV of the experiments is focused on the top of the
multi-rotor UAV.

(a) (b)

Figure 3. Flow visualization below the multi-rotor UAV in forward flight at U, = 1 m/s operating at
(a) Reyjy = 8 x 10* (J = 0.04) and (b) Reyp, =5 x 10* (J = 0.06).
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For flight conditions characterized by high flight speed, presented in Figure 4, the
influence of the rotors is much less discernable than in the previous figure where low
freestream speed was considered. Figure 4a,b present the wake from the multi-rotor
UAV operating when Ue, = 5 m/s and Reyp = 3 % 10* (J = 0.54) and Reyp = 8 % 10
(] = 0.20), respectively. In both cases, the bottom streamline remains minimally disturbed
and continues parallel to the background flow. Although the advance ratio is significantly
decreased, there is not a large discrepancy in the wake characteristics in Figure 4b compared
to Figure 4a. The increase in rotor speed slightly increases j3 of the wake expelled from the
rotors and minimally affects L;. Aside from these differences, the wake in the two cases
is similar.

(a) (b)

Figure 4. Flow visualization results from below the multi-rotor UAV in forward flight at Ue, =5 m/s
operating at (a) Rey, =3 x 10* (J = 0.54) and (b) Rey, =8 x 10* (J = 0.20).

As previously discussed, and from what can be seen in Figures 3 and 4, changes
in U and rotor speed, Rey;p,, have a clear impact on both f and L;. Figure 5 shows
how B and L, are affected as U is varied for selected values of Rey;,. Error bars are
provided in both figures based on an estimated 10-pixels of uncertainty (¢) in the
vertical measurements for the determination of L, and 8, and 2-pixels of uncertainty
in horizontal measurements as they are easier to obtain. For these uncertainties, a
measurement of D was used to determine that for a 12 MP camera, each pixel equals
1.53 mm. Similar trends are observed for both  and L, as § is simply the angle between
Ly and D, the diameter of the multi-rotor UAV. As the Reyjp is increased—in other words,
as the rotor speed increases—for a constant U there is an increase in § and L. There
is much greater sensitivity to € in the measurement of L;, due to the 10-pixel uncertainty
for lower § as €/ Ly, increases. As U, is increased, the disturbance distance is reduced,
and the wake is expelled from the front rotors at a shallower angle. L, and p are
omitted for Rey;, values when L, is extended beyond the illuminated FOV or clearly
interacted with the tunnel wall.

The results from all of the flow visualization experiments are shown in Figure 6.
Each forward flight speed, 1-5 m/s in 0.5 m/s increments, is considered with varying
Rey;, values, 3 x 108 x 10* in 1 x 10* increments, leading to an advance ratio range
of 0.04-0.54. The disturbance distance below the multi-rotor, L, is shown in Figure 6a
for different freestream speeds under consideration with varying Rey;, values with error
bars, again based on 10-pixel uncertainty. Clearly, as U is increased, the distance the
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wake disturbance propagates below the multi-rotor UAV decreases. As expected, as the
rotor speed is increased, the disturbance distance increases. The error bars presented in
Figure 6a are small compared to the overall scale of the plot being presented. The 10-pixel
uncertainty under consideration is almost negligible when considering the full scale of
Ly, observed over the full range of advance ratios. As the U is increased, f is substantially
reduced, as seen in Figure 6b. Alternatively, as the rotor speed is increased for a constant
U, B increases but is not as sensitive as in the case of a change in Uy. Furthermore, at
Uw > 2.5m/s, B approaches a constant value that is dependent on Ret,-p. The errors in
the jet angle are more considerable at low jet angles, as seen previously, but for the higher
jet angles, the 10-pixel uncertainty is rather negligible. The trends seen in 8 and L, are
strikingly similar as expected given p = f(L; ). In both cases, different combinations of
freestream speeds and rotor speeds result in similar outcomes which indicates that L; is
dependent on the ratio of freestream speed to rotor speed, which is taken into account in
the advance ratio.

9 T T 60
- 4
ol —e—Retip = 3x‘104 | —e—Reﬁp =3x10%
£\ i\ -0 R%m=5ﬂ0 50 I o Re, VI
o -o-Re, =8x10* “\ [ ’ 4
7F ~§ . tip B a0k R \ -0 Retip =8x10 |
. \
Se |
%? 30 -
5/ 1 e}
Q20+ ]
4r T AN, A0 T
10} 1
3k B S 4
2| ] o ]
1 I I I I I I I I -10 I I I 1 I L | | |
1 1.5 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5
U_ (m/s) U_ (m/s)
oo o0

a) (b)

Figure 5. (a) Disturbance distance, L,/ R; and (b) jet angle, f for select Rey;, as a function of Uc.

x10%

Figure 6. (a) Disturbance distance, L;, /R; and (b) jet angle, § for varying freestream speeds, U and
varying Rey;, values.
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The dependency of L, and p on the advance ratio is clearly seen in Figure 7 where
the results from Figure 6 of several experiments with varying Us and Rey;, collapse to a
single curve that predict L, and j as a function of |. In Figure 7a, as | increases, L;, sharply
decreases from the maximum value of 10R for | < 0.1 and approaches 2.5R for | > 0.2.
From the data, a function for the disturbance distance as a function of the advance ratio,
% =16 ]9, is considered and shown in solid black in Figure 7a. This data fit can be
used to influence sensor placement or predict potential proximity effects. A similar trend
is observed in Figure 7b, where 8 decreases from a maximum value of 75° for low | and
approaches a constant of ~10° for | > 0.2. In both figures, as the advance ratio exceeds 0.2,
further increases do not yield as drastic of a change in either the L, or j, as was indicated
in Figure 4. Error bars are omitted in Figure 7 for clarity as they make the results difficult to
see and have been shown previously.

T T 1 8OI‘ T T T T A

© Flow visualizaiton data
—Curve fit 70 - ° |

(a) (b)
Figure 7. (a) Disturbance distance, L,/ R; and (b) jet angle, B for varying advance ratios.

In addition to below the multi-rotor UAV’s body, during forward flight there is also
a disturbance above the body as depicted in Figure 8a,b which show flow visualization
above the UAV for Us =1 m/s and Rey, =3 x 10* (J =0.11) and Reyiy =8 X 10% (J = 0.04),
respectively. In each case, there is a deflection of the streamlines closest to the multi-rotor
UAV as the freestream flow is pulled into the rotors. At the lower rotor speed, Figure 8a
shows that although all of the streamlines above the vehicle are affected, in comparison to
a higher rotor speed as shown in Figure 8b, they are less modified.

As the flight speed increases, the rotors have less of an effect on the flow above the
multi-rotor UAV which can be seen in Figure 9a,b where Rey;, = 8 x 10* and Usis increased
to3m/s (] =0.12) and 5 m/s (J = 0.20), respectively. At | = 0.20, only the nearest streamline
to the multi-rotor UAV is significantly deflected into the rotors. Additionally, the upper
streamline within the FOV remains nearly parallel to the background flow, showing little
signs of modification caused by the rotors. This shows that, even at high rotor speeds, U is
able to dominate the flow and the flow above the UAV remains relatively unaffected. A
preliminary conclusion that can be drawn from this is that above the multi-rotor UAV is the
optimal location for integration of in-situ instrumentation, especially when the unmanned
vehicle is operated at | > 0.20.
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Figure 8. Flow visualization results above the multi-rotor UAV in forward flight at U =1 m/s and
(@) Rejp =3 x 10* (J = 0.11) and (b) Rey, = 8 x 10* (J = 0.04).

Figure 9. Flow visualization results above the multi-rotor UAV in forward flight at Rey;, = 8 x 10* for
freestream speeds of (a) Ue =3 m/s (J = 0.12) and (b) Us =5m/s (] = 0.20).

The distance above the multi-rotor vehicle where the flow returns to Uw, L, can
be estimated from the flow visualization results. In Figure 10a, L, /R, is plotted versus
U for three Reyjy considerations. It should be noted that Ue <1.5m /s is not presented
in the plots as L, extends beyond the illuminated FOV and an accurate estimation
of disturbance distance cannot be obtained. Low values of Uy result in measurable
disturbances at distances of up to 8R above the multi-rotor, even for low Rey;,. As U is
increased, L,/ R decreases for each Rey;, and approaches a constant value as it becomes
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independent on Ue. Figure 10 shows the trend of L,/ R versus both Uy and Reyjp, with
10-pixel uncertainty error bars. As Rey;, is increased, L,/ R increases for a constant U,
which is expected as more of the incoming flow is pulled into the rotors. As previously
mentioned, Us and Rey;, can be simultaneously described through the advance ratio,
J. Figure 10c depicts L;/R versus the | where as | is increased, L,/R is decreased
and approaches a constant value of approximately 3 for | > 0.35. The disturbance
distance above the multi-rotor UAV can be expressed as % = 18% J7%7, shown as a
black solid line in Figure 10c. As previously mentioned, this expression can be used
to determine where to place in-situ instrumentation and predict proximity effects on a
multi-rotor UAV.

9 ‘
——Re, =3x10* 9
tip
8F E\ {1 -0 Reﬁp=5x104 .
N
N AN -o-Re, =8x10*
AN . tip

6 ]
x
©
_
5 | 4
4+ ]
3 L 4
2 L L 1 1 L 1 1 L
1 1.5 2 25 3 3.5 4 4.5 5 5.5
Uoc (m/s)
(a) (b)
107 T T
© Flow visualization data
—— Curve fit
8 L 4
o
\!B 6 | -
—
4 L -
2 L 1 L 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6

(c)

Figure 10. Disturbance distance, L, /R, versus (a) Ue, (b) Us and Reyip, and (c) | from the flow
visualization experiments.

Table 1 presents the values for Ly/R and L,/R at | = 0.10 and | = 0.55, in addition to
the range of the disturbance distances over this range of advance ratios, based on the
expressions derived from the flow visualization data. At low advance ratios, there is a
greater disturbance predicted above the multi-rotor UAV which more rapidly reduces. At
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high advance ratios, the disturbance distances above and below the multi-rotor vehicle
are relatively similar, resulting in a larger range for L,/R. Clearly, the disturbance distance
above the multi-rotor UAV is more sensitive to changes in the advance ratio. Additionally,
if in-situ instrumentation is to be integrated onto the multi-rotor, it should be placed well
outside of the wake and the UAV should be flown at high advance ratios to avoid corrupting
data collected by the instrumentation.

Table 1. Ly/R and L,/R at | = 0.10 and ] = 0.55, and their corresponding ranges based on flow
visualization expression.

Ly/R L,/R
J=0.10 7.15 9.02
J =0.55 2.36 2.74
Range 4.79 6.28

3.2. PIV Results

Based on the results from the flow visualization experiments, it is clear that both U
and rotor speed (1) have large impacts on multi-rotor UAV rotor-wake interactions and
the corresponding disturbance distances (L,, Lj). The effect of each of these parameters is
captured through advance ratio, therefore 10 advance ratios are considered for PIV testing.
Since PIV experiments are more resource intensive—including setup, experimentation, and
data processing—a range of advance ratios similar to the considered flow visualization
parameters are considered in order to capture a wide array of flight conditions. Table 2
shows the considered advance ratios and the corresponding wind tunnel and rotor speeds.
The advance ratios encountered during operation are dependent on the design and the
mission; however, the presented range of advance ratios can be used to inform designers
and users in addition to being used to obtain a general understanding of wake propagation
in forward flight.

Table 2. Considered advance ratios and corresponding flight parameters.

Advance Ratio (J) Wind Tun?lios)peed (m/s) Rotor S}():l:)ed (RPS)
0.09 1 87.5
0.14 2 112.5
0.19 2 82.9
0.24 3 98.4
0.29 3 81.5
0.34 4 92.6
0.39 4 80.2
0.44 5 89.5
0.49 5 80.4
0.54 5 72.9

Unlike flow visualization, to obtain high-resolution quality PIV results, the size of the
FOV is much more limited. Based on this, results from the flow visualization experiments
are used to determine the optimal FOV location for the PIV experiments. Figure 11a,b
shows the FOV designated by the red box for forward flight PIV experiments that was
focused below and above the body of the multi-rotor UAV respectively. Both FOVs are
selected to capture the detailed flow field in the vicinity of the body.
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Figure 11. FOV comparison for forward flight PIV and flow visualization experiments (a) below and
(b) above the multi-rotor UAV.

As can be seen from Table 2, higher advance ratios are generally achieved in the
experiments with higher U (flight speed) while keeping n relatively constant, which
results in Ue dominating the flow around the body of the UAV, while at lower advance
ratios, the rotor jets tend to dominate the flow and there is considerable disturbance
that extends beneath it. As | increases, the rotor jets become less dominant and L; is
reduced. Figure 12a shows the PIV results below the multi-rotor UAV for | = 0.09 and
a jet is clearly visible that is expelled from the front rotors. Due to the limited extent of
the FOV, the location where the flow returns to Us, cannot be determined. In addition,
there is an evident recirculation zone directly beneath the body of the multi-rotor UAV
which was not visible from the flow visualization experiments. As | is increased to
0.24, as shown in Figure 12b, there is still a clear area of elevated velocity below the
multi-rotor, but the rotor jet observed in Figure 12a is much less discernable and is
more reminiscent of bluff body flow. In this case, the flow within the FOV approaches
the inlet state farther away from the multi-rotor, but streamlines throughout the FOV
are modified by the rotor wake, although minimal at the outer extent. Lastly, at | = 0.54,
as depicted in Figure 12¢c, the flow further resembles bluff body flow with a clear
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deficit near the multi-rotor, surrounded by a shear layer, and then the flow returns
to Uw at L, ~ 0.8R. In summary, when multi-rotors are operated at higher advance
ratios, in situ instrumentation can be mounted closer to the body (as low as around
0.8R for the extreme case of | = 0.54) and the chance of ground effect on the vehicle is
greatly reduced.

Vel Mag m/s Vel Mag m/s
3.46 3.22

2.88 - — : 2.68

231 P 215
173

1.15

Vel Mag m/s
5.02

418

Figure 12. PIV results below the multi-rotor UAV in forward flight for (a) ] = 0.09, (b) | = 0.24, and
(c) ] = 0.54.

Below the multi-rotor UAV, as shown in Figure 12, the flow exhibits drastic velocity
changes throughout the FOV that are associated with the interaction of the rotor jets
with the background flow. Figure 13a shows the vertical velocity, V /U at x = 92 mm,
for varying J. This location is selected as it is in the center of the multi-rotor UAYV,
which is the ideal location for stability for most in-situ sensors. At higher advance
ratios, V /U is not significant. Alternatively, low advance ratios show significant
deviations in V /U that trends towards 0 as the distance from the multi-rotor UAV
increases. In particular, the | = 0.09 case exhibits V /U > 0 in the recirculation zone
seen in Figure 12a and then passes through a shear layer at y/R~—1 at which point
V /U < 0in the rotor jet region. This case is somewhat unique in that is the only |
that has a recirculation zone. Figure 13b shows the horizontal velocity, U/ U versus
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the vertical distance from the multi-rotor, ¥/R, for varying |, at the same location
x = 92 mm. Once again, low | cases exhibit complex flow behavior characterized by
an extended region of velocity deficit directly below the multi-rotor UAV followed by
strong shear and the formation of a horizontal jet where the flow is accelerated before
returning to the background flow conditions. As | approaches 0.24, the flow converges
to a U/ U profile that has a clear velocity deficit immediately below the multi-rotor
UAV that extends downward 0.5R before approaching a constant of 0.9U. throughout
the remainder of the FOV. This may be a result of blockage in the tunnel or could be a
consequence of the limited FOV in the PIV experiments. Experiments run in an open
tunnel environment or CFD simulations could prove useful in determining the true
reason for this phenomenon.

—J=0.09
oH—4J=014
J=0.19

—J=0.24

0.5

Figure 13. (a) Vertical velocity, V /Ue; and (b) the horizontal velocity, U/U below the center of the
multi-rotor UAV (x = 92 mm), with respect to y/R.

As mentioned previously, alongside the obvious disturbance below the multi-rotor,
there is a more subtle modification of the flow above the multi-rotor UAV as air is pulled
into the rotors. Although this was observed in the flow visualization, PIV is required to
obtain detailed observations of the flow field in the vicinity of the multi-rotor UAV. To
accomplish the PIV measurements, the multi-rotor vehicle is mounted upside down in the
tunnel test-section to provide sufficient laser illumination of the FOV. For low advance
ratios such as | = 0.09, as presented in Figure 14a, the streamlines are deflected throughout
the FOV. As | is increased to 0.24, as shown in Figure 14b, the streamlines within the
FOV are not as significantly affected; however, they are still deflected throughout the FOV.
For the extreme case tested in this study, | = 0.54, the flow returns to U at L, ~ 0.8R, as
depicted in Figure 14c. Near the multi-rotor, inconsistent and low velocity regions can
be seen for all cases, but they become more prevalent as | increases. These low-velocity
regions are not physical and are caused by reflections off of the motors and body of the
multi-rotor UAV.

Flow visualization and PIV experiments show that below the multi-rotor UAV
is a much less suitable location for integrated in-situ sensors compared to the top of
the multi-rotor UAV. Furthermore, directly above the center of the multi-rotor UAV is
an ideal location in order to minimize flow disturbance and maintain vehicle stability
during operation. This does not suggest that the area above the multi-rotor UAV is
absent flow disturbance, rather that it is minimized there. To obtain accurate velocity
sensor data, the velocity components require correction as shown in Figure 15a,b where
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V /U and U/ U are plotted, respectively, for various ] versus the vertical distance
from the multi-rotor, y/R, at x = 100 mm. In Figure 15a, as | is increased, a drastic
reduction in V /U is observed, further suggesting the multi-rotor UAV should be
operated at higher | to reduce errors in in situ sensor velocity measurements. In this
range of | > 0.24, for a given |, V /U is nearly constant over y/R making the velocity
correction rather simple. At | < 0.24, V/Ux exhibits a stronger dependency on y/R
and large gradients near the multi-rotor UAV. In contrast as shown in Figure 15b,
U/U is nearly constant throughout the FOV, differing by only around 5% in most
cases with the exception of the | = 0.09 case which shows a significant deviation from
Us and high dependency on y/R. This deviation is likely due to a transition of regimes
at | ~ 0.14, where the balance of momentum tips from the freestream towards the
rotor jets.

Vel Mag m/s Vel Mag m/s
1.99 392

1.66 3.26
1.33 2.61

0.99 : 1.96

0.66 : 1.31

033 i 065

0.00 —— — 0.00

Vel Mag m/s
5.30

4.42

3.53

265
1.77
0.88

0.00

Figure 14. PIV results above the multi-rotor UAV in forward flight for (a) | = 0.09, (b) ] = 0.24, and
(c) ] =0.54.
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Figure 15. (a) Vertical velocity, V /Ue; and (b) the horizontal velocity, U/Us above the center of the
multi-rotor UAV (x = 100 mm), with respect to y/R.

PIV is able to provide quantitative data that are not obtained from running flow
visualization experiments alone. The velocity profiles provided in Figures 13 and 15 can
be used to determine velocity correction factors for instrumentation integrated onto the
multi-rotor vehicle. Although PIV provides useful information in the form of more accurate
velocity measurements, its limited FOV is a clear drawback and indicates the usefulness
of flow visualization experiments. The increased FOV of flow visualization experiments
allows disturbance distances to be determined. If only PIV experiments were carried out,
the disturbance distances could not be found as they are over 2R below and above the
multi-rotor UAV and would therefore not be contained in the PIV FOV. As they do not
require post-processing and are easier to set up, flow visualization experiments can be
carried out quicker and they do not require excessive storage space. In order to obtain
disturbance distances from PIV experiments, more simulations would need to be run with
varying FOVs to cover the full space that is captured through flow visualization. This
would require an excessive amount of time and data to accomplish making it much less
efficient than flow visualization techniques. As the results of the flow visualization and PIV
are both useful, it is recommended to use both strategies to obtain disturbance distances
over a large FOV while obtaining accurate velocity data near the multi-rotor vehicle which
can provide velocity correction factors.

4. Conclusions

Multi-rotors continue to be used for a wide variety of commercial, industrial, and
hobby applications due to their availability, utility, and ease of use. For many applications,
the wake from the multi-rotor UAV can have a negative effect on the performance or its
intended application. The wake can initiate proximity effects or cause inaccurate in situ
sensor data. It is crucial for the wake from multi-rotors to be accurately modeled to allow
designers and users to make accurate predictions of the wake to ensure accurate sensor data
and safe operation. In this study, wind tunnel investigations were used to study the wake
from a multi-rotor UAV in forward flight. First, flow visualization experiments were carried
out for a variety of wind tunnel speeds and rotor speeds to gain a visual understanding of
the wake characteristics above and below the multi-rotor UAV. Although flow visualization
experiments did not provide quantitative data, they were used to influence PIV experiments
to include flight parameters and FOV. Flow visualization results showed that low freestream
speeds and high rotor velocities cause strong wakes below and above the multi-rotor UAV.
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As freestream speed is increased or rotor speed is decreased, the wake is not as strong as the
freestream flow dominates. Using flow visualization experiments, disturbance distances
above and below the UAV were estimated. In addition, the jet angle expelled from the
rotors was estimated. Using the estimations for disturbance distance, expressions were
determined to help designers and users predict the wake effects from other multi-rotors
to influence sensor placement and predict proximity effects. Based on results from flow
visualization, PIV experiments were carried out looking above and below the multi-rotor
vehicle for a wide range of advance ratios, a dimensionless parameter proportional to
freestream speed, and inversely proportional to rotor speed. As the advance ratio is
increased, the wake does not propagate as far beneath the UAV and returns to parallel
to the background flow. For | > 0.2, the disturbance below the multi-rotor UAV reaches
a constant value of 2.5R, after which the flow returns to the background flow state. In
addition, higher advance ratios exhibit less disturbance above the multi-rotor, reaching a
constant value of approximately 3R for | > 0.35. Using PIV data, horizontal and vertical
velocities were determined above and below the center of the multi-rotor UAV. For | >
0.24, PIV results showed that flow reaches a somewhat constant state that does not vary
with further increasing the advance ratio, looking below the multi-rotor UAV. Operating at
high advance ratios reduces the disturbance above the unmanned vehicle, making it the
ideal location for in-situ instrumentation as below the vehicle exhibits more unpredictable
behavior. Velocity corrections above the multi-rotor UAV show that the vertical velocity
component is changed for varying advance ratios, but the effect is minimized as the advance
ratio is increased. Alternatively, looking above the multi-rotor, only | = 0.09 exhibits a small
horizontal velocity gradient but the rest of the considered advance ratios differ by only
about 5%. The PIV results compared well to flow visualization results and confirm that
higher advance ratios will minimize the ground and ceiling effects and allow the user to
mount in situ sensors closer to the body of the multi-rotor UAV.
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