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Abstract: Laboratory and field tests examined the potential for unmanned aircraft system (UAS) rotor
wash effects on gas and particle measurements from a biomass combustion source. Tests compared
simultaneous placement of two sets of CO and CO2 gas sensors and PM2.5 instruments on a UAS body
and on a vertical or horizontal extension arm beyond the rotors. For 1 Hz temporal concentration
comparisons, correlations of body versus arm placement for the PM2.5 particle sensors yielded
R2 = 0.85, and for both gas sensor pairs, exceeded an R2 of 0.90. Increasing the timestep to 10 s
average concentrations throughout the burns improved the R2 value for the PM2.5 to 0.95 from
0.85. Finally, comparison of the whole-test average concentrations further increased the correlations
between body- and arm-mounted sensors, exceeding an R2 of 0.98 for both gases and particle
measurements. Evaluation of PM2.5 emission factors with single-factor ANOVA analyses showed no
significant differences between the values derived from the arm, either vertical or horizontal, and
those from the body. These results suggest that rotor wash effects on body- and arm-mounted sensors
are minimal in scenarios where short-duration, time-averaged concentrations are used to calculate
emission factors and whole-area flux values.

Keywords: rotor wash; UAS; smoke plumes; particulate matter; gas sensors; drone

1. Introduction

The growing technical capability in both multicopter unmanned aircraft systems
(UASs) and sensors for gas and particle concentrations has presented new opportunities
for their use in measuring air pollution [1–3]. The three-dimensional, positional freedom of
UASs and their ability to maneuver or hold position offer significant advantages over other
ground measurement methods and manned aircraft in specific measurement cases. Re-
motely piloted UASs allow measurements without risk to personnel and, for situations like
fires, without exposing measurement equipment to hazards. While a primary constraint of
using UASs for air measurements can be the payload capacity [4], the advent of lightweight
sensors and computers has significantly ameliorated this concern. Consequently, UAS
applications for air measurements are rapidly being presented in the literature [4,5].

An oft-cited concern for use of multicopter UASs in making air quality measurements
is the potential effect of the rotor downwash on the sensor readings and sampling system [4].
Rotor downwash has been visually demonstrated by Crazzolara et al. [6] and has been the
subject of numerous computational studies [7–11], as cited in Burgués and Marco [4]. While
air disturbances are generally considered to be limited above the rotors (~50 cm above the
UAS, [12]), alongside the UAS (see references in Burgués and Marco [4]), and especially in
front of a moving UAS, they can extend multiple UAS diameters below the rotors [13].

Numerous authors mention the deleterious effects of rotor downwash on air quality
sensor accuracy and time-responsiveness. For spatial- and temporal-specific concentration
measurements, Neumann et al. [14] indicate that the rotor wash can dilute the concentration
of a target gas depending on the position and method of sampling. Gas concentrations
measured passively by a sensor mounted on the body, when pressure-aided by rotor wash
and a sampling tube, and with a sampling tube beyond the radius of the UAS, resulted
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in increased concentrations in that order, but none reached the level of the reference gas
concentration. Similar concerns prompted Burgués et al. [13] to employ 10 m long sampling
tubes dangling from the UAS to reach beyond the rotor wash effects in measuring concentra-
tions close to the source. Li et al. [15] were motivated to study the position of UAS-mounted
intake ports on gas and particulate matter concentrations due to stated considerations of rotor
air flow disturbances. Burgués et al. [13] indicated that intense downwash from the rotors
“strongly distorts” the gas distribution, leading to sensor errors. This is particularly noted for
sensing applications in which the UASs fly close to point or surface emitters. Nonetheless,
Gullett et al. [16] found that body-mounted gas sensors on a UAS determined plume-averaged
gas emission factors from a natural gas boiler within 4–6% of the stack sample emission rate,
and Arroyo et al. [17], in comparing stationary versus UAS gas measurements, achieved an
R2 of 0.67 and 0.68 for NO and NO2, respectively, with a horizontal sampling tube extended
only a few centimeters beyond the propeller radius.

Methods have been employed to avoid the rotor wash phenomena demonstrated
by Crazzolara et al. [6] on smoke plumes, including both horizontal and vertical arms
extending from the body of the UAS. Computational fluid dynamics calculations [18] as
well as observations confirm that the rotor wash envelope is greater below the rotors than
above, hence favoring placement of sensors and sampling inlets above the UAS. Prior to
measuring near roadway air pollution, Samad et al. [19] used smoke tracer experiments to
demonstrate practically negligible effects of rotor wash when their sensor was positioned
vertically 90 cm above their hexacopter body. Maintenance of flight velocities with sensors
mounted on the leading, horizontal arm have also been thought to avoid the rotor wash
“envelope” around the UAS body. Use of a horizontal extension arm for sampling elevated
and channeled sources, such as chimneys and flares, was advocated by Burgués and
Marco [4], but for diffusive area sources, the authors argued that the UAS would have to fly
close to the ground for near-source sampling, leading to aircraft risks and strong dilution
of the emissions. Others have developed mathematical corrections for rotor wash effects on
stationary UAS particulate matter measurements by comparing both pole-mounted and
UAS-based measurements [20].

The placement of sensors or sampling inlets on rotorcraft has been studied in detail.
Roldán et al. [21] studied placement of sensors on a UAS due to stated effects of rotor
air flow on gas concentration measurements. Their experiments with and without rotor
movement found less than a 4% difference in the gas measurement, a difference which
the authors stated may also be attributable to variables other than rotor wash. Likewise,
Greene et al. [22] conducted experiments and determined that sensors should be placed
one-quarter length of the propeller from the tip to minimize influences of turbulence and
frictional heating while still maintaining adequate airflow.

While visual and computational studies have investigated rotor wash, scant compar-
ative testing information is available documenting potential effects on gas and particle
measurements, particularly the latter, leaving persistent questions about the need for com-
pensatory measures, such as use of sensor-mounted extension arms. Similarly, when the
sampling objective is related to area flux calculations or emission factors based on ratios
of measured components, published evidence for rotor wash effects is lacking. This work
employed a series of laboratory and field tests to compare simultaneous gas and particle
measurements from identical sensor sets to assess the potential effects of rotor wash on air
quality measurements.

2. Materials and Methods
2.1. Emission Sampling

The measurements were conducted using a ~4 kg instrument package called the
Kolibri, which was configured with two sampling sets, each consisting of carbon dioxide
(CO2) and carbon monoxide (CO) sensors, batch particulate matter impactors < 2.5 microns
in diameter (PM2.5(b)), and time-resolved PM2.5(t) instruments. Both sampling sets were
employed simultaneously, one mounted on a sampling arm and the other mounted on
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the UAS body. A 6-rotor (hexacopter) UAS (DJI Matrice M600) was used as the sampling
platform. The Kolibri package was attached directly underneath the body of the UAS
(Figure 1a,b). One measurement set (PM2.5(b) impactor, CO2 and CO inlet filter, and PM2.5(t)
inlet tube) was fixed to the body of the Kolibri. Simultaneously, a 1.10 m arm with a
1.37 m long sampling tube was attached either horizontally or vertically to the UAS body
(Figure 1a,b and Figure 2) for comparison with the body-fixed sampling set. The horizontal
arm was secured underneath one of the propeller arms, extending 42 cm (>1 propeller
length) from the propeller blade tip. The second measurement set (PM2.5(b) impactor, CO2
and CO inlet filter, and PM2.5(t) inlet tube) was attached at the tip of the arm connected
to their respective instrument/pumps in or on the Kolibri using 1.37 m long antistatic
polyurethane tubes (Figure 2). The vertical arm extended 0.75 m above the center of the
UAS body.
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CO concentrations were measured using a K30 FR (SenseAir, Delsbo, Sweden) nondisper-
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Figure 1. UAS and Kolibri sampling package with the (a) vertical arm and (b) horizontal arm.
(c) Kolibri (black box) with side-by-side SidePaks for sensor comparison inside the OBTF.

To assess any dissimilarities between the time-resolved instruments, the two sets of
CO2 and CO sensors were first evaluated in an indoor laboratory setting using CO and
CO2 calibration gases with a split inlet (“Y”). These two sets of sensors and the PM2.5(t)
instruments were further tested side-by-side in a controlled laboratory setting using the US
EPA’s open burn test facility (OBTF) in NC, US (described more fully elsewhere [23,24]).
Six tests were conducted: three with 1.37 m long antistatic polyurethane tubes for sampling
and three without (Figure 1c) to understand potential effects of the inlet tube lengths. The
mass of burned biomass (a mix of pine needles and oak leaves) varied from 0.25 to 0.5 kg.
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Tests were also conducted in the field at Tall Timbers Research Station, Florida, US.
Four 10 by 10 m square plots were hand-covered with a layer of longleaf pine straw (Pinus
palustris) as the fuel source. A total of eleven burn tests were conducted over four days,
with five burns conducted simultaneously sampling with one set of sensors sampling
directly under the UAS body and the second set of sensors sampling connected to the
horizontal arm, and six burns simultaneously sampling with one set of sensors sampling
directly under the UAS body and the second set of sensors sampling connected to the
vertical arm (Figure 2). The UAS was positioned within the plume of these small burn plots
and remained relatively stationary.

2.2. Emission Sampler

The Kolibri system includes a microcontroller that allows the PM2.5(b) and sensor
pumps to be remotely controlled and for the operator to view CO2 and CO concentrations
in real time. Measured parameters and instruments are shown in Table 1. The CO2 and CO
concentrations were measured using a K30 FR (SenseAir, Delsbo, Sweden) nondispersive
infrared (NDIR) sensor and an e2V EC4-500-CO electrochemical sensor (SGX Sensortech,
Essex, UK), respectively. A micropump with a flow rate of 1 L/min (C120CNSN30, Sensi-
dyne, St. Petersburg, FL, USA) was used to draw in the plume gases through a particulate
gas filter (Balston 9922-05-DQ) before reaching the CO2 and CO sensors. The CO2 and
CO detection ranges were 0–10,000 ppm and 1–300 ppm with a resolution of 1 ppm, re-
spectively. A full description of the Kolibri and further details on the CO2 and CO sensors
has been described elsewhere [16,25,26]. Due to microcontroller board limitations, the two
CO2 sensor signals were read differently: one was digital (sensor set 1 used for the body
measurements) and one was analog (sensor set 2 used for the arm measurements). The
CO2 and CO sensors were calibrated before the tests and checked for drift afterwards using
calibration gases traceable to the National Institute of Standards and Technology (NIST)
standards following steps as described in OTM-48 [27].
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Table 1. Measured parameters and instrument.

Measured Parameter Instrument/
Equipment Method Flow Rate/

Sampling Rate

CO2 CO2 Engine® K30 FR NDIR 1 L/min, 1 Hz

CO EC4-500-CO Electrochemical cell 1 L/min, 1 Hz

PM2.5 Batch SKC Personal Modular
Impactor (PMI)

37 mm Teflon filter/
gravimetric 3 L/min

PM2.5 Time-Resolved SidePak™ AM520 90◦ light-scattering 1.7 L/min, 1 Hz

Batch PM2.5(b) samples were collected to determine photometric calibration factors
(PCFs) for calibrating the real-time PM2.5(t) samplers for the optical properties of the source
particles. Personal Modular Impactors (SKC Inc., Eighty Four, PA, USA) used 37 mm Teflon
filters with a pore size of 2.0 µm and a constant microair pump at 3.0 L/min (C120CNSN60,
Sensidyne, St. Petersburg, FL, USA). Pump flow rates were calibrated before the tests
using a Go-Cal flow meter (Sensidyne, St. Petersburg, FL, USA). The filters were pre-
and postweighed following the procedures in OTM-48 [27]. Two SidePaksTM AM520 (TSI,
Shoreview, MN, USA) were used to measure time-resolved PM2.5(t) concentrations. The
SidePaks measure particles using a light-scattering diode laser with concentrations ranging
from 0.001 to 100 mg/m3. The SidePaks were zeroed by attaching a filter to the inlet and the
flow rate was calibrated to 1.7 L/min using a 0.01–20 L/min Go-Cal flow meter (Sensidyne,
St. Petersburg, FL, USA) before the tests. All data were logged at 1 Hz.

2.3. Calculations

Emission factors from open biomass fires were calculated using the carbon mass
balance approach as described in OTM-48 [27]. This method relates the carbon fraction in
the fuel (approximate 0.5 for biomass) to the carbon mass sampled from the CO2 and CO in
the plume, allowing determination of an emission factor expressed as mass of pollutant per
mass of biomass combusted (e.g., g PM2.5/kg biomass burned). The modified combustion
efficiency (MCE) was calculated as ∆CO2/(∆CO2 + ∆CO), which was used as a measure of
how well the biomass was combusted during the burns.

The time-resolved, optical SidePak PM2.5(t) instrument requires calibration to an in-
tegrated filter mass, as the measurements depend on the optical characteristics of the
particles in question. A PM2.5(b) batch filter was sampled simultaneously with the optical
measurements for all field burns, resulting in an average PCF of 2.6, which was applied to
all optical PM data.

To determine any differences in concentration and emission factors between the
sensors themselves and sensor locations (body and arm), single-factor one-way analysis of
variance (ANOVA) was used with a level of significance α = 0.05. The significance value
(ANOVA-returned p value) has to be less than α = 0.05 and the measure of the variance
ratio between two populations (F/Fcrit value) has to be greater than 1.0 to demonstrate
significant difference [28]. Correlation plots were used to observe the relationship between
data derived from the sensors themselves and their locations (body and arm), and the
coefficient of determination, R2, was used to indicate how well the derived data fit the linear
curve. The root mean squared error (RMSE) was derived to measure the error between two
pair of sensors and sensor locations (body and arm).

3. Results
3.1. Indoor Laboratory Instrument Comparison

Prior to field sampling, tests were conducted in the laboratory to (a) compare the
two paired sets of sensors under a controlled environment and (b) understand whether
the identical CO2 sensors, one reporting with analog signals and the other with digital
signals, produced similar results. The identical two CO2 sensors showed a difference of
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less than 2% in concentration when fed with a constant flow of 500, 1000, and 2000 ppm
CO2 calibration gas. The CO sensors (both analog) showed a less than 1% difference when
fed with a constant flow of CO calibration gas at 10, 40, and 70 ppm. Figure 3 shows the
measured values from the two CO2 and the two CO sensors plotted against each other,
which showed excellent correlation (R2 = 1.0, p < 0.02) and RMSEs of 11.6 and 0.09 ppm for
CO2 and CO, respectively. For steady gas concentrations as supplied by the calibration gas
standards, little impactful difference was observed in the sensor outputs.
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Figure 3. Sensor correlation plots: (a) CO2 and (b) CO sensor measurements at three different
concentrations (500, 1000, and 2000 ppm CO2, and 10, 40, and 70 ppm CO).

The two pairs of gas sensors were also introduced to quick fluctuations of CO2 and
CO calibration gas through a Y inlet to simulate situations in which small, discrete plumes
rapidly mix and exchange with ambient air. A tube supplying calibration gas was moved
back and forth (~1 Hz) past the Y inlet leading to the two sensors. The results are shown in
Figure 4a,b, indicating lower concentration values from the analog CO2 sensor (807 ppm
average) than the digital sensor (average 898 ppm), an 11% difference, and a low correlation,
with an R2 = 0.60 (p < 0.02) and with an RMSE of 210 ppm (Figure 4c). These results indicate
the difference in performance between the analog CO2 channel and the digital channel
under conditions of rapidly fluctuating concentrations in contrast to results observed under
steady-state conditions (Figure 3). These differences in the CO2 sensor readings are related
to the slower response time and greater noise of the analog output as compared to the
digital output, as observed in the sensors’ response to a step change in the concentration
(Figure 5), and resulting in the lack of a 1:1 slope, as shown in Figure 4c. Figure 5 shows
that the analog sensor response time to reach 95% of the input gas concentration (t95) is
11 s, while the digital sensor is 4 seconds faster, t95 = 7 s.
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The two CO traces under fluctuating gas exposure showed similar concentration trends
(R2 = 0.96 and p < 0.003, Figure 4d) and both resulted in the same average concentration
of 18 ppm and an RMSE of 4.4 ppm. These results allowed subsequent comparisons to be
made with confidence, knowing that the identical sensors (both analog) performed equally.

3.2. Open Burn Test Facility Testing

Combustion tests of the paired gas sensors were undertaken in the OBTF, a well-mixed
chamber (70 m3) with a 1 m2 burn pan loaded with longleaf pine needles. Six burns were
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conducted, the first three comparing the two sets of sensors side-by-side (two CO, two CO2,
and two PM2.5(t)) and the second three comparing the effect of adding a 1.37 m sampling
tube before sampling sensor set #2 (one CO, one CO2, and one PM2.5(t)). The addition of
the tube was meant to simulate the effect of adding a sampling-arm-mounted sensor, albeit
without the rotor wash. For the CO2 sensors, the analog sensor (sensor set #2) was always
placed on the sampling arm and the digital CO2 sensor (sensor set #1) on the UAS body.

No statistically significant differences in the average CO2 and CO concentrations
were found between the sensors when using the 1.37 m long sampling tube simulating
the arm measurements compared to the body-mounted simulation without the sampling
tube (CO2 body 873 ± 133 ppm, CO2 arm 892 ± 146 ppm: p = 0.88, F/Fcrit 0.003; CO
body 12 ± 4.2 ppm, CO arm 12 ± 4.2 ppm: p = 0.96, F/Fcrit 0.0002). The two CO2 and
two CO sensors, with or without the 1.37 m long tubing, showed great intracorrelation, as
displayed by their R2 values from 0.94 to 0.98 (p < 0.001), respectively (Figure 6a–c). The
RMSE for all burns was 58 and 1.1 ppm for CO2 and CO, respectively. The considerably
better correlation and RMSE found for the CO2 sensors in the OBTF test compared to the
laboratory test is likely due to the lack of fast fluctuations in the OBTF concentrations,
as the smoke mixing results in more homogeneity in concentration prior to reaching the
sensor inlets. The difference in the t95 values for the analog and digital CO2 sensors (4 s)
and the increased residence time in the sampling tube (1.7 s) resulted in no statistical effect
on the concentrations under these test conditions.
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Simultaneously with the gas-phase tests, the SidePak particle instruments were
compared in the OBTF. Figure 7a–c show excellent correlation (R2 = 0.98, p < 0.0001)
between the two side-by-side PM2.5 instruments’ concentrations, both without sampling
tubes (Figure 7a, p < 0.001 and RMSE 0.12 mg/m3), and when the inlet to one instrument
used the 1.37 m sampling tube (Figure 7b, p < 0.001 and RMSE 0.24 mg/m3), simulating the
use of the arm on the UAS. No significant difference was found between either configuration
(PM2.5 body 5.5 ± 1.4 mg/m3, PM2.5 arm 5.5 ± 1.5 mg/m3: p = 0.7, F/Fcrit = 0.04). Likewise,
the PM2.5 emission factors (Figure 7d, R2 0.99 and p < 0.001) showed no significant difference
between the instrument/sensors used for the body simulation and the arm simulation
(with tubing): PM2.5 body 10.1 ± 1.3 g/kg fuel versus PM2.5 arm 9.8 ± 1.3 g/kg fuel
(p = 0.7, F/Fcrit = 0.03, RMSE 0.32 g/kg fuel) with nearly identical MCEs of 0.969 ± 0.004
and 0.970 ± 0.004, respectively.
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3.3. Field Tests of Rotor Wash Effects

The two instrument sets were affixed to a multicopter UAS to measure CO2, CO,
and PM2.5 concentrations from the body and horizontal arm during five burns of longleaf
pine needle burns and another six burns with the sensors affixed to the body and vertical
arm. Single-factor ANOVA tests for each pollutant were conducted, comparing the body
and horizontal arm measurements (five burns), and body and vertical arm measurements
(six burns).

3.3.1. CO2 and CO

Figure 8a,b show an example of typical time-resolved concentration traces (CO2 and
CO, respectively) from one of the representative burns for the two pairs of sensors, one
pair mounted vertically on an arm and one pair on the body. The time-resolved data
showed only minor dissimilarities between either of the two sensor pairs, supported by a
typical correlation plot, shown in Figure 8c (CO2, R2 = 0.90, p < 0.001, RMSE = 63 ppm) and
Figure 8d (CO, R2 = 0.91, p < 0.001, RMSE = 2.5 ppm), for one burn.
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The average 1 Hz CO2 and CO concentrations were calculated from each burn and
sensor, and plotted against each other, as shown in Figure 9a,b. Both pairs of sensors showed
better correlation using burn-average data (CO2 R2 = 0.98, p < 0.001, RMSE = 27 ppm; CO
R2 = 0.99, p < 0.001, RMSE = 0.84 ppm) than time-resolved data, consistent with the OBTF
data. The overall CO2 average from all burns was 217 ± 163 ppm and 204 ± 156 ppm for
the body-mounted and arm-mounted sensors, respectively, while the respective CO values
were 7 ± 6 ppm and 7 ± 5 ppm. No significant difference was found when comparing the
whole-burn average concentration between the body- and arm-mounted measurements
for either the CO2 or CO sensors (CO2: p = 0.9, F/Fcrit = 0.01; CO p = 0.8, F/Fcrit = 0.01).
Furthermore, no difference was found in measuring the CO2 or CO using a horizontal or
vertical arm compared to the body measurement (body vs. horizontal arm CO2 p = 0.99,
F/Fcrit = 0.00002; CO p = 0.91, F/Fcrit = 0.003; body vs. vertical arm CO2 p = 0.75,
F/Fcrit = 0.02; CO p = 0.88, F/Fcrit = 0.005).
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Figure 9. Average (a) ∆CO2 and (b) ∆CO values from each field burn.

3.3.2. PM2.5

Figure 10a exhibits traces of the time-resolved (1 s data) PM2.5 concentration from
a typical field burn, showing minor dissimilarities between the vertical arm and body
measurement locations. The affiliated PM2.5 correlation plot (Figure 10b) has an R2 of 0.85
(p < 0.001, RMSE 1.9 mg/m3), indicating good correlation between the two measurement
locations (arm and body). The correlation between the two measurements improved with
the increased averaging duration of 2, 5, and 10 s, resulting in an R2 of 0.90, 0.94, and
0.95 (p < 0.001, RMSE = 0.80 mg/m3), respectively (Figure 10c shows the 10 s averaged
data). The two PM2.5 measurement locations showed better correlation when using burn-
average data (R2 of 0.99, p < 0.001, RMSE = 0.19 mg/m3, Figure 10d) than the time-resolved
data. This was also observed for the CO2 and CO gas measurements at increased averaging
durations. ANOVA analyses of the PM2.5 burn average from the two measurement locations
(arm and body) for the eleven burns (six vertical arm and five horizontal arm) resulted in no
significant difference between the two measurement locations (PM2.5 body 2.5 ±1.8 mg/m3,
PM2.5 arm 2.6 ± 1.9 mg/m3: p = 0.9, F/Fcrit = 0.004). No difference was found when
measuring the PM2.5 using a horizontal or vertical arm compared to the body measurement
(body versus horizontal arm PM2.5 p = 0.97, F/Fcrit = 0.0004; body versus vertical arm
PM2.5 p = 0.91, F/Fcrit = 0.003).
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Figure 10. Typical field results with the UAS. (a) PM2.5 concentration traces from the two pairs of
PM2.5 instruments, one sampling tube inlet mounted on a vertical arm, one body mounted, from
a typical field burn, and its respective correlation plot; (b) every second data and (c) 10 s average;
(d) average PM2.5(t) values from each field burn.

3.3.3. Emission Factors

Single-factor ANOVA analyses showed no significant differences between the PM2.5
emission factors (1 Hz) derived from the arm, either vertical or horizontal, and those
emission factors derived from the body (PM2.5 body 11.4 ± 4.4 g/kg fuel, PM2.5 arm
12.5 ± 4.7 g/kg fuel: p = 0.6, F/Fcrit = 0.09; body vs. horizontal arm PM2.5 p = 0.79,
F/Fcrit = 0.02, body vs. vertical arm PM2.5 p = 0.6, F/Fcrit = 0.06). The related correlation
plot showed an R2 of 0.96 (p < 0.001, RMSE = 1.5 g/kg fuel), as shown in Figure 11a. The
PM2.5 emission factor ranging from 4.3 to 18.7 g/kg fuel is due to the typical inverse rela-
tionship between the combustion quality, measured as MCE, and the pollutants, as shown
in Figure 11b. The ranges in the emission factors are due to changes in the combustion
conditions affecting the burn quality. PM2.5 emission factors from prescribed biomass burns
decrease with increased MCE [29,30].
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4. Discussion

The potential effects of rotor wash on air concentration measurements must consider
the source characteristics, the performance characteristics of the sensor/sampler, the site
meteorological characteristics, and the objective of the sampling. Discrete sources, such as
from tracer releases or stacks, may have extreme concentration gradients between ambient
air and the plume, leading to large changes in concentrations when the UAS position allows
rotor entrainment of ambient air into the plume. The response time of the sensors to these
rapidly changing concentrations must be considered, as was examined by the laboratory
simulation, where the supply test gas source was moved back and forth across the two
sensors’ inlets. Larger area sources, such as landfill emissions or forest fires, are likely to
have less discrete concentration gradients with ambient air due to more complete mixing,
especially when sampled further downwind or further aloft. This scenario was simulated in
the OBTF testing, in contrast to the bench-top laboratory testing, where substantial mixing
occurred prior to the gases and particles reaching the sensors. Sampling close to surfaces,
such as agricultural lands or fires, can affect measurements as rotor wash impinges on the
source surface. This is particularly true for combustion sources, where the downdraft from
the rotor wash is likely to affect the combustion efficiency of the fire, or from hard surfaces,
where particles are likely to be stirred up by the air movements.

The effect of concentration gradients can only be assessed if the sampling rate of the
sensor/sampler is less than the temporal change. Sensors, such as electrochemical sensors,
often have induction and recovery periods on the order of seconds. Use of extension
arms with sampling tubes also introduces tube transport residence times that slow the
responses, although testing here with a 1.37 m tube had no statistically significant effect
on the results. Meteorological effects of wind turbulence can alter the degree of mixing,
affecting the magnitude of any concentration gradients that can be influenced by rotor
wash-induced entrainment.

Finally, the effects of rotor wash need to be considered in view of the objectives
of the sampling. Time-averaged concentrations are less likely to be affected than those
of instantaneous and spatially resolved concentrations, particularly as the time period
of sampling increases. An increased concentration averaging duration from 1 to 10 s
was shown to improve the correlation between the body- and arm-mounted sensors.
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Measurements of concentration ratios, where one concentration is compared to another, are
also less likely to be affected when mixing does not result in preferential displacement of
one species from the other. This is particularly important when emission ratios are used to
determine emission factors, such as in Gullett et al. [16].

5. Conclusions

Tests using two sets of sensors (CO, CO2, and PM2.5) were tested in a laboratory,
combustion chamber, and field setting to determine the potential effects of UAS rotor wash
on both gas and particle concentration results. The sensors were tested for comparability in
the laboratory before being subjected to more rigorous field analyses. The body-mounted
sensors on the undercarriage of the UAS compared well with either vertical or horizontal
arm-mounted sensors conducting simultaneous measurements during relatively stationary
UAS flights in field combustion plume testing. R2 values of 0.90, 0.91, and 0.85 were
obtained for the arm-mounted and body-mounted sensors with 1 Hz ∆CO2, ∆CO, and
PM2.5 concentration values, respectively. These correlations from the turbulent combustion
plume decreased from the R2 values obtained in a well-mixed combustion chamber of 0.97,
0.98, and 0.98, respectively. Increasing the averaging time of the field-derived UAS PM2.5
concentrations from 1 s to 10 s improved the body and arm R2 value to 0.95. The compa-
rability between the body- and arm-mounted concentrations suggests that, for scenarios
where short averaging time concentrations are not required, such as the determination of
emission factors or whole-area flux calculations, arm-mounted sensors to avoid rotor wash
are likely unnecessary for both gas and particle measurements.
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