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A B S T R A C T

Unmanned aerial vehicles (UAV) have been used to monitor gas emissions for research projects, though down-
wash, the airflow produced by the UAV rotors, is potentially capable of artificially altering gas concentration
measurements. Anemometers, placed at ten different distances below a 6-rotor UAV, measured air speeds in the
downwash region. The collected data was used in combination with UAV rotor speed data to determine the
stabilization time of the downwash region after the UAV has returned to a stable hovering position. The stabi-
lization time will determine the amount of time after UAV movement until reliable concentration readings can be
obtained within the downwash region. This paper presents stabilization times after vertical upward and rotational
UAV movement.
1. Introduction

Multi-rotor unmanned aerial vehicles (UAV) are being used with
increased frequency to carry gas monitors for measuring concentrations
of gas releases. Smidl and Hofman (2013) published one of the first pa-
pers to discuss using UAVs to measure gas concentrations, though the
discussion was purely theoretical. Since then, four more papers were
found discussing theoretical applications of UAV-mounted gas monitors
(Alvear et al., 2017; 2018; Bolla et al., 2018; Nash, 2017), and six papers
were found to actually attempt data collection (Aboubakr et al., 2017; Ali
et al., 2017; Barchyn et al., 2018; Chang et al., 2016, 2018; Liu et al.,
2018). However, none of these papers discussed the potential measure-
ment errors inherent with using such a system.

While in flight, the UAV creates downwash, which is a zone of air
disturbance created by the UAV's rotor thrust. Downwash has the po-
tential to create pressure changes, which can affect gas concentration
measurements taken inside of the downwash region. Three published
papers have been found that discussed the implementation of UAV-
mounted gas monitors that attempt to bypass the downwash problem
(Brady et al., 2016; McCray, 2016; Yao et al., 2018). Eight papers were
found to model downwash beneath UAVs, which found the downwash
region to extend downward in a conical shape to a distance up to 5 m,
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though the downwash region rarely exceeded 1 m horizontally from the
rotors (Haas et al., 2014; Ni et al., 2017; Shukla and Narayanan, 2018;
Villa et al., 2016; Yang et al., 2017, 2018; Yeo et al., 2015; Zheng et al.,
2018). Seven papers were found to attempt evaluating concentration
measurement errors caused by downwash (Alvarado et al., 2017; Aurell
et al., 2017; Gu et al., 2018; Qing et al., 2017; Roldan et al., 2015; Villa et
al., 2016; Zhou et al., 2017). While all of these papers may be useful in
determining error caused by downwash, these papers assume that the
UAV is hovering in a stationary position or that UAV movement does not
have significant effect on downwash error.

While the UAV is hovering in a stationary position, the air velocities
in the downwash region are relatively constant. In contrast, the indi-
vidual rotor thrusts are changing when the UAV is in motion, which in
turn will alter the downwash air velocities. Changes in air velocity will
create changes in air pressure, which has the potential to alter the gas
concentrations. Accounting for every possible combination of rotor thrust
is not currently feasible, but error evaluation can be simplified by only
consideringmeasurements taken when the downwash region is relatively
stable. In addition to the time that the aircraft is in motion, more time
may be required for the downwash region to stabilize after UAV motion
has ceased. This paper presents a determination of the time required after
UAV movement for wind speeds in the downwash region to stabilize.
mber 2020
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2. Method

The goal for the testing in this paper is to determine the time for the
air velocity under the craft to return to a constant rate after the craft has
ceased maneuvering. The experimental design monitored changes to the
downwash region after completing vertical motion upward and down-
ward, horizontal motion, and rotational motion.

2.1. Equipment

The UAV studied for this project was a 6-rotor DJI Matrice 600 Pro.
The UAV is shown in Figure 1, though the camera was removed for this
experiment. This UAV was selected due to commercial availability, while
also considering the carrying capacity, flight time, and flight speed. The
flight time is expected to be 16–32 min, depending on payload weight
and wind conditions. The payload capacity is 6 kg. A gas monitor is ex-
pected to weigh less than 3.5 kg, so the UAV should be capable of
achieving a relatively long flight time. The UAV is also capable of moving
at speeds up to 65 km/h, which allows for rapid approach to the sampling
location (DJI 2018). All of the UAV's capabilities theoretically allow the
UAV-gas monitor system to maximize the sampling time.

Holdpeak 866A anemometers were selected as an economical
anemometer that is capable of recording results in real time. The ane-
mometers take samples once per second, calculating a time weighted
average of the wind speed measured over each second, which was also
the fastest sampling anemometer that was available commercially to the
authors’ knowledge. Each anemometer was connected to a laptop at the
test site to record wind speed data.

A stand was built to elevate the UAV so the rotors are 4.66 m above
the ground. The UAV was operated in a controlled building to prevent
outside wind interference. The stand was required to maintain a constant
position because the building structure interfered with the UAV's Global
Navigation Satellite System positioning. The tallest height at which the
stand can support the UAV's weight is 4.66 m, and this height is beyond
the theoretical point at which ground interference produces significant
airflow backwash for a 6-rotor UAV (Zheng et al., 2018). The final
version of the stand, with the UAV and anemometers in place, can be seen
in Figure 2. The stand grips onto the bottom chassis of the UAV. The
original plan was to create a stand that reached over the UAV so that no
Figure 1. UAV used for this project (c
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parts would be beneath the UAV in attempt to minimize the stand's
interference with the downwash. Unfortunately, the design was pre-
dicted to be too unstable, so the final stand design does extend directly
below the UAV. This experiment did not evaluate the effects of the stand
on the downwash region. Despite this, the stand was successful in pre-
venting UAV motion for any thrust combination.
2.2. Test procedure

On the stand, the UAV rotors were 4.66 m above the ground. For this
test, two anemometers were placed at ten distances from 0.52 m to 3.48
m beneath the UAV rotors. Of the eighteen found papers that use a UAV-
mounted gas monitor, four placed the measuring point above the UAV
(Alvarado et al., 2017; Brady et al., 2016; Roldan et al., 2015; Zhou et al.,
2017), three placed the measuring point horizontally from the UAV (Villa
et al., 2016; 2017; 2019), and twelve placed the measuring point beneath
the UAV (Aboubakr et al., 2017; Ali et al., 2017; Aurell et al., 2017;
Barchyn et al., 2018; Chang et al., 2016, 2018; Gu et al., 2018; Liu et al.,
2018; McCray, 2016; Neumann, 2013; Smidl and Hofman, 2013; Yao et
al., 2018). Gas monitor placement beneath the UAV appears in 63% of
found papers, which implies this as the most popular configuration. Of
the five tests that attempted to evaluate accuracy for a UAV system, the
tests with measuring points beside and above the UAV saw results similar
to results measured with no downwash (Aurell et al., 2017; Villa et al.,
2016), while the tests with measuring points above the UAV measured
error up to 50% (Alvarado et al., 2017; Roldan et al., 2015; Zhou et al.,
2017). This project focused on the downwash region beneath the UAV
because of the popularity of this configuration and the potential for
greater inconsistency while measuring above the UAV.

At each anemometer distance beneath the UAV, at least four itera-
tions were performed for vertical upward and rotational UAVmovement.
The UAV's programming does not allow vertical downward or horizontal
movement while the UAV is on the ground. While on the stand, the UAV
recognizes that its height is not changing, so it believes it is on the
ground, which means this experiment cannot study vertical downward or
horizontal motion. For consistency, a timer was used to ensure that the
operator applied the thrust for 5 s for each iteration. The timer was also
used to allow at least 60 s for the downwash region to stabilize between
amera removed prior to testing).



Figure 2. Final Setup with UAV, Stand, and Anemometers; Left – Actual Setup; Right – Schematic Showing Anemometer Distance (arrows) below the Bottom of the
UAV rotors (dashed line).
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each iteration. The anemometers were connected to the same stand as the
UAV, oriented perpendicular to the stand to measure air velocity moving
vertically downward. Clamps were used to extend the center of each
anemometer 0.17 m from the stand post. Using multiple anemometers
and distances allowed researchers to view how the air velocity behaved
as the distance is increased from the UAV.

3. Results and discussion

The data collection plan is shown in Table 1. Only two anemometers
were available for this test, so five separate “flights” were performed to
study the ten anemometer distances. Flight 4 was interrupted by a loose
anemometer clamp connection, which caused Anemometer 2 to turn
perpendicular to the downwash flow direction. Data was still obtainable
from readings taken prior to the clamp failure, but the test was repeated
in the field as a precaution, resulting in two iterations of Flight 4 that
both produced some useful data. For the remainder of Section 3, indi-
vidual flight results shown are taken from Flight 4b, which is represen-
tative of all test results.
Table 1. Anemometer locations during test 4 flights.

Distance Below UAV (m)

Anemometer 1 Anemom

Flight 1 0.52 2.07

Flight 2 0.88 2.36

Flight 3 1.13 2.65

Flight 4a 1.38 3.08

Flight 4b 1.38 3.08

Flight 5 1.81* 3.48

* Data lost.
** An anemometer clamp came loose, so the two anemometers recorded a differen
*** UAV battery died prior to collecting the data. Facility time restrictions did not
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3.1. Hovering stationary

The average “hovering” rotor speed over all periods where the UAV is
fully powered on and thrust is not applied was very consistent with a
1.0% or lower std. dev., shown in Table 2.

The rotor speeds are probably lower than the actual hovering rotor
speeds because the stand provided support rather than the rotor thrust
providing sole support, which would be the case during unrestrained
flight. Therefore, while it is on the stand, the UAV system's calculations
assume it is still resting on the ground where full hovering speeds are not
required. Additionally, the resting speed decreases with each flight from
1532 RPM to 1415 RPM. As the battery levels decreased, the stationary
speeds also decreased, which the authors believe to be a difference
unique to placing the UAV on a stand. If the UAV were actually hovering,
the same thrust would be required to maintain the hover position, so the
thrust is relatively constant regardless of the battery level. A test flight
was performed to verify this, recording 3 min of data while “hovering” on
the ground, 10 min of data while hovering in air, and then 3 more min
while “hovering” on the ground. Weather conditions during the flight
Number of Samples

eter 2 Vertical Rotational

4 5

8 & 6** 5

5 5

5 & 6** 0

5 5

0*** 5

t number of samples.
allow recharging or getting new batteries.



Table 2. Average “hovering” rotor speeds during test 4.

Flight Number Anemometer Locations (m below the UAV) Average Hover Rotor Speed (RPM) Std. Dev. Number of Samples

Anemometer 1 Anemometer 2

1 0.52 2.07 1532 0.8% 17,899

2 0.88 2.36 1487 1.0% 23,891

3 1.13 2.65 1457 0.6% 19,106

4a 1.38 3.08 1442 0.6% 10,349

4b 1.38 3.08 1428 0.7% 18,823

5 - 3.48 1415 0.5% 12,419
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were 25 �C, 5 mph wind speed, and 82% humidity. The rotor speeds
experienced virtually no change while hovering in the air (0% change
with 0.1% std. dev.), despite the battery levels decreasing 49% during the
test. However, the post-flight period of “hovering” on the ground saw
rotor speeds that were over 9% lower than the pre-flight period. The
results confirm that battery level does affect “hovering” rotor speed while
on the ground, but the rotor speeds will not decrease during actual flight.

Table 3 shows the average air velocity during a period of at least 4
min during which the UAV thrust is not changed.

The average wind speed increases with distance from the UAV until
1.13 m, after which it decreases with distance from the UAV. The trend is
consistent despite the changing UAV rotor speeds as the battery level
decreases. The initial period of increasing wind speed also has consid-
erably higher standard deviations. Papers found during the literature
review discussed a conical region immediately beneath the body of the
UAV that experiences relatively low air velocity and relatively high
turbulence because the rotors push air vertically, not into the space
immediately beneath the UAV body. The anemometers at 0.52 m and
0.88 m were likely inside that conical region, evidenced by the lower
wind speeds and high standard deviations. Adding even more evidence,
the researchers observed during preliminary setup that the anemometer
vane rotation at 0.52 m below the UAV would periodically change di-
rections, not shown in the results because the anemometer only records
absolute values. The reverse direction phenomenon could not be repli-
cated for video recording during subsequent testing, but the problems
seen in this highly turbulent conical region make it unlikely to determine
any meaningful information from the results at this distance. High tur-
bulence means continual changes in velocity, which in turn will also
change the air pressure and gas concentrations. For gas measurement, a
consistent speed is more desirable in order to maintain relatively con-
stant air pressure, which in turn relates to more reliable gas concentra-
tion results. Therefore, even though the conical region has relatively low
average wind speed, the greater inconsistencies seen during this test
show that this region is not ideal for gas measurement. The exact end of
the conical region was not defined in this test, but it likely ends between
0.88 m and 1.13 m beneath the UAV rotors.

The trend in the wind speed standard deviations shows an ideal dis-
tance for obtaining accurate results for this UAV and stand. The deviation
Table 3. Average “hovering” wind velocities (No UAV movement).

Distance below UAV (m) Average Hover Wind Speed (m/s)

0.52 3.01

0.88 4.11

1.13 4.23

1.38 4.09

2.07 3.96

2.36 3.92

2.65 3.66

3.08 3.48

3.48 3.21

4

decreases until 2.07 m, after which it stays the same at 2.36 m before
increasing again until 3.48 m. It is possible that the initially increasing
stability is caused by decreasing wind speeds to a point where turbulence
is minimal. The final decreasing stability may be caused by interference
with the ground as air impacting the ground may be backwashed into the
downwash region, though further testing will be required to verify this.
For testing with this stand, a distance of 2.07–2.36 m from the rotors has
the most stable wind velocity.

3.2. Rotor speed results

The six individual UAV rotor speeds over the test durations were
taken from the UAV's internal record system. Flight 4b results are shown
in Figure 3 as an example. The initial spike at approximately 40 s is when
the rotors were turned on. Each of the remaining peaks represents
changes made in the UAV thrust. The first five peaks represent the
simulation of upward movement. The operator increased the thrust as if
the UAV were accelerating upward, and then released the throttle to
allow the UAV to return to the hovering thrust. The following five series
of peaks represents rotational movement.

The graphical results for each of the six rotor speeds are visually very
similar. In order to accentuate differences, Figure 4 has offset the results
so each plot can be viewed individually. As shown, the results are still
primarily very similar, aside from the final five peaks that pertain to
rotational motion. Only the right side, left front, and left back rotors
experience thrust, while the other three remain at the average hovering
rotor speed. The UAV rotor arms alternate clockwise and counterclock-
wise rotation, and the three rotors that experience peaks are the three
rotors that rotate clockwise. The operator only moved the UAV in the
clockwise direction, which is why these three rotors experienced more
thrust to counteract the counterclockwise rotors. Counterclockwise
movement would simply have the opposite effect, so studying both di-
rections would be redundant. These five peaks associated with rotational
movement have significantly lower peak rotor speeds than observed in
vertical movement. The difference in rotor speed is potentially caused by
the greater kinetic energy required to change the UAV's potential energy
moving vertically, rather than the rotational movement that maintains
the same potential energy.
Std. Dev. Number of Samples

25.4% 249

11.6% 436

7.2% 263

6.6% 303

4.4% 284

4.4% 345

5.4% 266

5.3% 306

6.2% 447



Figure 3. Flight 4b UAV rotor speed over time.

Figure 4. Flight 4b UAV rotor speed, offset to make individual rotor results more prominent.
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3.3. Wind velocity results

The air velocitiesmeasured by the anemometers are shown in Figure 5,
where time 0 is the same as time 0 in Figure 3 and Figure 4. The data from
both anemometers has peaks that appear to align with the vertical
movement peaks in Figure 3. However, it is unclear what caused the spike
at approximately 250 s for the anemometer at 1.38m. The results from the
anemometer located at the greatest distance beneath theUAV experiences
lower wind speeds. For example, in Figure 5, the anemometer at 3.08 m
Figure 5. Test 3 air speed m

5

has wind speeds lower than the anemometer at 1.38 m. This trend was
seen in nearly all results as previously discussed in Table 3. Lastly, the data
does not visually appear to have peaks associated with rotational move-
ment, which is likely due to the lower changes in rotor speed.

3.4. Vertical movement upward

For upward vertical movement, the operator engaged the throttle for
5 s, reaching peak rotor speeds up to 185.4% greater than the “hovering”
easurements over time.



Table 4. Results after simulating vertically upward UAV movement, flight 4b.

Anemometer Location No. Event Times (s) Time Downwash Air Speed Was Disturbed (s) Stabilization Time (s)

Throttle
Applied

Throttle
Released

Throttle
Duration

Rotor Speeds
Return to Hover

Time to Return
to Hover

Begin End Total After Releasing
Throttle

After Rotor
Speed Returns to Hover

1.38 m below the UAV 1 96.538 101.616 5.078 106.218 4.602 96 106 10 4 0

2 162.194 167.336 5.142 172.540 5.204 163 173 10 6 0

3 227.701 233.348 5.647 239.671 6.323 229 241 12 8 1

4 293.268 298.167 4.899 303.333 5.166 294 304 10 6 1

5 358.723 363.691 4.968 368.760 5.069 360 370 10 6 1

3.08 m below the UAV 1 96.538 101.616 5.078 106.218 4.602 98 109 11 7 3

2 162.194 167.336 5.142 172.540 5.204 163 174 11 7 1

3 227.701 233.348 5.647 239.671 6.323 229 241 12 8 1

4 293.268 298.167 4.899 303.333 5.166 294 309 15 11 6

5 358.723 363.691 4.968 368.760 5.069 361 371 10 7 2
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rotor speed. The results for Flight 4b are shown in Table 4. If the air speed
at any point in time had a deviation from the mean that was greater than
two times the standard deviation for at least three consecutive 1-second
periods, then the air speed at that time was assumed to be disturbed. For
example, the air speed at the anemometer 1.38 m below the UAV had an
average wind speed of 4.09 m/s with 6.6% standard deviation. Between
96 and 106 s, deviation from the mean ranged from 30.1% to 207%,
coinciding with the time the UAV rotor speeds were above themean rotor
speed. Therefore, the air velocity was disturbed during that time, and the
total time of disturbance is equal to the end time minus the beginning
time. The stabilization time after releasing the throttle was calculated by
subtracting the time that the throttle was released from the ending time
of downwash air speed disturbance. The stabilization time after the rotor
speeds returned to hover was calculated likewise.

For all tests, including those not shown in Table 4, the time required
for the UAV to return to hovering rotor speeds was approximately 5 s
after the throttle was released. Overall, the stabilization times ranged
from 4 to 11 s (avg. 6 s, std. dev. 1.5 s) after releasing the throttle and
from 0 to 6 s (avg. 2 s, std. dev. 1.4 s) after the UAV rotor speeds have
returned to hovering speeds. Removing the data from the 0.52 m and
0.88 m readings, which are believed to be in the extremely turbulent
portion of the downwash region, does not change the average values, but
it does improve the standard deviation to 1.4 s after releasing the throttle
and 1.3 s after returning to hovering rotor speeds.

Figure 6 shows all results for the vertical UAV motion. As shown,
there is an upward trend in stabilization time as the distance from the
UAV increases, though the linear R2 value is too low to consider the trend
line to be statistically significant. All 53 instances of vertical movement
produced significant changes in wind speed. During the period of simu-
lated motion, the average deviations were 128% for the rotor speed and
129% for the wind speed. Note that some values actually returned to
standard hovering wind speeds prior to the UAV fully reaching hovering
speeds. These are the points that required 0 or fewer seconds for the wind
speeds to stabilize. 10 out of 53 tests were stabilized by the time the rotor
speeds returned to hovering speeds, so 19% of the observed movements
did not cause significant downwash disturbance beyond the time that the
UAV was in motion.
Figure 6. Results for vertical motion stabilization time after returning to hov-
ering rotor speeds.
3.5. Rotational movement

For rotational movement, the operator engaged the throttle for 5 s,
reaching peak rotor speeds up to 6.2% greater than the hovering rotor
speed. The low changes in rotor speed produced lower changes in air
speed, which made determination of the disturbance time less precise.
The results for Flight 1, anemometer 2, and Flight 5, anemometer 2, are
shown in Table 5, and the results were found using the same methods as
with the results in Table 4. The two results in Table 5 were selected
because they contain the greatest number of significant disturbances.
6

For all tests, it took less than 0.25 s for the UAV to return to hovering
rotor speeds after releasing the throttle, which is significantly faster than
seen in the vertically upwards movement tests, likely due to the signifi-
cantly slower rotor speeds. Since the anemometer only sampled once per
second, the stabilization time was the same after releasing the throttle
and after returning to hovering rotor speeds. Another considerable dif-
ference with the rotational movement tests is that only 15 out of 45 tests
were able to see a significant change in wind speeds, and those that did
provide results showed even lower statistical significance than the ver-
tical upward movement results. Overall, the stabilization times ranged
from -4 to 6 s (avg. 2 s, std. dev. 2.5 s). Note that a negative stabilization
time means the region had statistically stabilized prior to the time that
the rotors returned to hovering speeds. Compared with the vertical
movement results, the much wider range and greater standard deviation
show the unreliability of the results, which is undesirable for predicting
concentration changes for gas monitoring.

Despite the limitations in predicting exact stabilization time, rota-
tional movement is actually better suited for gas monitoring than vertical
movement due to the greater number of instances in which no stabili-
zation time was recorded. Figure 7 shows all results for the rotational
UAV motion. As shown, there appears to be a downward trend in stabi-
lization time as the distance from the UAV increases. At 19.46%, the
linear R2 value is still too low to consider the trend line to be statistically
significant, though it is very similar to the 20.78% linear R2 value seen in
the vertical upward movement results. The primary difference from the
vertical movement results is that only 15 out of 45 rotational tests pro-
duced significant changes in wind speed. During the period of simulated
movement, the average deviation from the mean rotor speed was 5.8%,
and the average deviation for wind speed was 15.7%. Both of these
values are significantly lower than seen in the vertical movement tests,



Table 5. Results after simulating rotational UAV movement, flight 1 & flight 5.

Anemometer Location No. Event Times (s) Time Downwash Air Speed Was Disturbed (s) Stabilization Time (s)

Throttle
Applied

Throttle
Released

Throttle
Duration

Rotor Speeds
Return to Hover

Time to Return
to Hover

Begin End Total After Releasing
Throttle

After Rotor
Speed Returns to Hover

2.07 m below the UAV 1 369.386 373.968 4.582 374.071 0.103 - - - - -

2 434.054 438.738 4.684 438.772 0.034 434 439 5 0 0

3 497.888 504.044 6.156 504.112 0.068 500 507 7 3 3

4 564.444 569.532 5.088 569.598 0.066 570 573 3 3 3

5 629.580 634.393 4.813 634.426 0.033 635 636 1 2 2

3.48 m below the UAV 1 98.821 103.806 4.582 103.941 0.135 - - - - -

2 163.614 168.394 4.684 168.530 0.136 164 165 1 -3 -4

3 229.081 234.481 6.156 234.619 0.138 231 232 1 -2 -3

4 359.767 364.659 5.088 364.794 0.135 359 365 6 0 0

5 424.612 429.867 4.813 429.969 0.102 425 428 3 -2 -2

Figure 7. Results for Rotational Motion Stabilization Time after Returning to
Hovering Rotor Speeds (Note: Negative times indicate the wind speed is stable
before UAV motion has ceased).
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and the lower rotor speeds are likely the primary reason why most of
these tests did not produce significant results. Additionally, 7 of the
measured results stopped showing downwash disturbance during UAV
motion or immediately when UAV motion ceased, which means only 8
out of 45 rotational tests produced significant changes in wind speed that
lasted longer than UAV motion. For this experiment, stabilization time
did not matter for 82% of tests, which implies that rotational movement
causes a more desirable disturbance for gas monitoring than vertical
movement.

3.6. Horizontal movement

For aforementioned reasons, horizontal movement could not be
simulated while attached to the stand. However, since horizontal motion
does not change potential energy, low changes in rotor speed similar to
the rotational movement results can be expected. A flight was performed
outdoors to test this prediction, and the weather conditions at the time of
the flight were 25 �C, 5 mph wind speed, and 82% humidity. 6 min of
data was recorded while the UAV was hovering to obtain the average
hovering speed, which was 2842 RPM. Over periods of 3 min, the rota-
tional movement produced a 9% average deviation in rotor speed from
the hovering speed, while the horizontal movement produced 4%
average deviation. Because the horizontal motion deviation is lower than
rotational, it is predicted that horizontal motion will produce even less
downwash disturbance time than rotational motion.

4. Conclusions

Downwash region stabilization times were determined after move-
ment was simulated using a 6-rotor UAV. Data was collected bymounting
the UAV to a stand, placing the stand in a controlled indoor environment
with no external sources of airflow, and placing anemometers at ten lo-
cations beneath the UAV. Wind speed results while the UAV was not in
motion show a decrease in standard deviation until 2.07 m beneath the
UAV rotors, which then remains constant at 2.36 m. Beyond 2.36 m,
standard deviation begins increasing, though this is likely due to air
backwash as the wind impacts the ground. Such backwash is not ex-
pected to be a problem for open air testing, but it may interfere with
testing performed indoors or in underground mines and tunnels. Tur-
bulence likely causes higher standard deviations, and low reliability in
gas concentrations is linked to turbulence. Therefore, the ideal measuring
point for this test's UAV stand is 2.07–2.36 m below the UAV rotors
because this range of distances experienced the least turbulence. Without
ground interference, the authors believe the turbulence will continue
decreasing beyond 2.07 m below the UAV rotors, though this hypothesis
remains untested. Additionally, wind speeds proved extremely turbulent
at 0.52 m and 0.88 m, but not at 1.13 m. Papers by other authors have
discussed a conical region of low wind speed beneath the body of the
UAV. This experiment's results show that the conical region extends to a
7

point 0.88–1.13 m beneath the rotors for the UAV used for this project.
Samples taken within this region experienced considerably higher tur-
bulence, which implies that gas samples should not be collected in the
conical region of any UAV. Future tests with this UAV should place the
measuring point at least 1.13 m from the UAV rotors, or closer if the
conical region is better defined.

The wind speed results with UAV movement found that stabilization
times after vertical upward UAVmotion ranged from 4 to 11 s (average of
6 s) after releasing the throttle, or 0–6 s (average of 2 s) after the rotor
speeds returned to the average hovering speeds. The average values had a
standard deviation of 1.4 s and 1.3 s, respectively, which are both lower
than the 2.5 s standard deviation seen in stabilization times after rota-
tional movement. Stabilization times after rotational UAV motion ranged
from -4 to 6 s after the rotor speeds returned to the average hovering
speeds. The significantly lower air speeds measured during rotational
UAV movement likely caused the greater deviation. The low air speeds
were a result of the significantly lower rotor speeds. The wind speed was
so low that only 18% of tests produced significant wind disturbance that
lasted longer than the period of UAV motion, whereas this value for
vertical motion is 81%. Therefore, it can be concluded that rotational
UAV movement during gas monitoring is more desirable than vertical
movement because the rotational movement is much less likely to alter
the downwash region significantly. However, both types of motion can
still cause downwash disturbance up to 6 s after UAV motion has ceased,
which means it is desirable to avoid any motion during gas sampling.
Some evidence suggests that horizontal motion may be even less likely to
produce downwash disturbance that lasts longer than the period of UAV
motion, though this project was not able to collect wind speed data to
verify this hypothesis.



J.L. Brinkman et al. Heliyon xxx (xxxx) xxx
5. Future works

To obtain results for vertically downward motion and to gain more
insight regarding horizontal motion, a building or other structure may be
found that will both prevent wind and GNSS interference, which would
negate the necessity for the UAV stand. More testing must be performed
to determine the distance from the ground at which backwash will affect
results. Additional testing can also be used to better define the extremely
turbulent region immediately beneath the UAV, which likely ends be-
tween 0.88 and 1.13 m beneath the UAV rotors. An anemometer with a
higher sampling rate could result in more accurate stabilization time
results, though such an anemometer was not commercially available at
the time of this project. One option for improving the downwash region
definition could be the use of improved anemometer technology that is
capable of higher sampling rates and improved wind direction definition,
such as 2D/3D ultrasonic anemometers. A validated computational fluid
dynamics simulation to compare experimental work to could also be
developed to remove interference from a stand or building but compu-
tation time would be very large for a direct comparison to the work
presented in this manuscript.
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