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Abstract: We investigated and overcame the limitations associated with the use of unmanned aerial
vehicles (UAVs) in the chemical mapping of pollutants coming from point source, as in the case of leaks’
detection. In particular, by simulating the pollutant spatial distribution in the absence and presence
of a flying drone, we demonstrated that turbulent flows generated by UAVs can significantly limit the
spatial accuracy of the mapping and the pollutant source detection. Finally, as this effect markedly
depends on the proximity of the UAV to the pollutant source, we experimentally demonstrated that
it is possible to overcome it by employing a sufficiently long probe equipped with an aspiration
apparatus transporting the sample from the ground to the detector-equipped UAV.
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1. Introduction

Nowadays, unmanned aerial vehicles (UAVs), also called drones, are widely used where it is
necessary to map large areas [1]. In most cases, they are equipped with cameras. They are, therefore,
applied for surveillance, security, and inspection. UAV with mounted thermal imaging cameras are
used, especially in industry, for mapping heat sources. They are now increasingly used in precision
farming, using, for example, drone-mounted hyperspectral imaging cameras with wavelength-selective
sensors [2]. In addition, unconventional applications have been reported by equipping UAVs with
other sensory devices. The ability to pair the GPS position of the aircraft with sensor data opens the
way to countless environmental applications. In this context, the use of UAVs for the mapping of
gaseous substances, possibly pollutants, in the open field is noteworthy [3–5]. The literature contains
examples of the use of drones for the determination of pollutants emitted by large transport ships,
chimneys, and smokestacks. Examples of fire smoke determination are reported [6]. In all these
cases, the sensors of the substances under investigation (CO2, NOx, etc.) are mounted on the aerial
vehicles [7–11]. This means that, if the UAV is close to the source, the determination and quantification
of the pollutant can be influenced by blade-induced turbulence when it comes out from point source,
as in the case of pipeline leaks. Shigaki et al. presented a study to find the best position of the sensors
to minimize turbulence [12]. They showed that, in the case of a quadcopter, the least affected point is
in the center between the four rotors. Islam et al. used the motion of the rotors to induce a current,
which was then used to direct the air under analysis, conveying it to the sensors [13]. These approaches
work well in principle but only when the precise location of the pollutant source does not need to
be determined. Unavoidably, spatial concentration mapping requires the drone to “dive” into the
pollutant plume, influencing the results. In many cases, such an approach is, therefore, not viable.
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Our research focused on this issue in one particular setting: Petrochemical industrial plants. At these
industrial sites, odor comfort, air composition, and related worker health and safety requirements are
of upmost importance. Indeed, at petrochemical plants, refineries, and similar chemical industries,
monitoring air composition is a primary health and safety concern. The regulatory authorities require
timely investigation of the possible distribution of pollutants before granting production permits [14].
Chemical dispersion models are routinely used for environmental impact assessment, risk analysis,
and emergency planning [15]. Therefore, a detailed analysis of the distribution of pollutants is
necessary [16,17]. Unfortunately, chemical plants are characterized by complex 3D distributions of
buildings, rack pipes, tanks, distillation columns, etc., resulting in highly challenging substance-analysis
operating conditions. We present here a preliminary predictive theoretical investigation of the potential
effect of vehicle-induced turbulence in the determination of substances coupled with an extensive
experimental campaign to verify and consolidate the theoretical results. We ultimately propose a
solution to minimize the effect of drone turbulence on pollutant mapping.

2. Materials and Methods

The theoretical simulations were performed by solving the equations and plotting using
purpose-made python scripts. The field surveys were performed at the Avio Club airfields (Str. Laganelli,
3, 96100 Siracusa, Italy) on days of calm wind (<2 m/s) to avoid the effect of the atmospheric wind,
ensuring that only turbulence induced by the UAV blades can be taken into account. The UAV used
for all the tests was Matrice 210 RTK (DJI, Milan, Italy) with a 2-kg load capacity. The vehicle was
operated by a pilot authorized by the Italian National Aviation Authority. The source was represented
by a tank of petrol placed on the ground, from which the pollutant escapes spontaneously without any
mechanical forcing or pumping. The determination of hydrocarbons was carried out by means of a UV
photoionization detector (Tiger, Ionscience, Anzola dell’Emilia (BO), Italy). The results are expressed
in ppb isobutylene. The sampling probe consisted of a Teflon tube fitted with a dust filter supplied
by the manufacturer of the analyzer. The analyzer was attached to the base of the UAV by means of
a homemade polyvinyl alcohol (PVA) adapter with a 3D printer (PRUSA, www.shop.prusa3d.com).
The data collected by the analyzer has been stored in the analyzer’s internal memory. The processing
was performed post-operation, using a standard laptop. The concentration was linked to the GPS
position of the drone by means of timestamps and the devices were synchronized with the input clocks.

3. Results

3.1. Theoretical Investigation

We selected a case study involving an atmospheric point source release of the pollutant (isobutylene)
with a constant flow rate. The distribution of the pollutant concentration C (g/m3) in Cartesian space
(x,y,z) is given by the following equation:
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where H is the height of the source, u is the wind speed along x (it is imposed that the wind is zero in y
and z direction), and Q is the mass flow rate. The σy and σz measure the turbulence in the ambient
atmosphere and are functions of the atmospheric stability designation and of the downwind distance
from the source:

σy(x) = eIy+Jy ln (x)+Ty[ln (x)]2 (2)

σz(x) = eIz+Jz ln (x)+Tz[ln (x)]2 (3)

I, J, and T are parametric coefficients that can be estimated in various ways and depend on
environmental conditions, as reported in [18]. Although the model is extremely simplistic, it is sufficient
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for the purposes of the condition under investigation, especially in the case of point sources, as in the
case of pipeline leaks. The turbulence along x-axis can be, at first approximation, neglected since it is
mainly influenced by wind transport.

Figure 1a represents the distribution, in the absence of the drone, of the pollutant. It was obtained
with the following: An emission mass flow rate of 1 g/s, a height of 2 m, conditions of neutral
atmospheric stability, and a wind velocity of 1 m/s in a positive x direction. In the presence of a source
of turbulence, the distribution of the pollutant is clearly affected. To determine the impact of the UAV
passing close to the source of the pollutant, detailed dynamic fluid investigations would be required.
For example, the one-equation Spalart–Allmaras of the Reynolds-Averaged Navier–Stokes turbulence
model is one of the models commonly used to compute the turbulent eddy viscosity (TEV) [19,20].
The model gives TEV as result of a transport equation for a viscosity-like variable depending on
turbulence production, dissipation, and diffusion of source terms. High-fidelity computational
aerodynamics of multi-rotor UAV have shown that the maximum TEV is experienced in the areas
directly below the turbine blades [21]. In this area, a turbulent mass flow of area moves vertically
downwards with a lateral distribution, which is slightly larger than the size of the vehicle. Therefore,
we can consider that there is an additive effect on σy and σz with a Gaussian dependence on distance
according to the equation:

Γ(x) =
K

d
√

2π
e−

1
2 (

x−P
d ) (4)

where P is the position of the vehicle and d the lateral dimension (of the vehicle). The K parameter
represents the amount of turbulence induced by the propellers. The value of K increases as the vertical
distance of the drone from the source decreases. This function is to be added to the two turbulence
functions σy and σz. Figure 1b represents the concentration distribution of the pollutant when the
vehicle is close to the source (P = 1 m). As seen from the shape of the concentration distribution,
the presence of the vehicle significantly modifies the concentration distribution with respect to the
actual condition (Figure 1a). Besides appearing more dispersed with lower average concentrations
(note the difference in range of the color bar between Figure 1a,b), the distribution shape makes it
apparent that the source of the pollutant has moved a few meters farther along x-axis. It should be
noted that in Figure 1b, due to the strong turbulence induced by the UAV, the concentration of the
pollutant at source seems to be nullified. The optical effect of the figure should not be misleading.
The concentration at the source in the presence of the UAV is not zero. Although extremely simplified,
our simulations show that drone-mounted sensors do not facilitate the correct mapping of the pollutant
source position because the approach of a UAV modifies the spatial distribution of the substance/s
under investigation. Note in Figure 1b that the position of maximum concentration (on the x-axis)
shifted between 2 and 3 m. Quantitative information is also changed. In fact, note, for example, how
the maximum intensity in the scale in false colors (representing the concentration distribution of the
pollutant) is lower with a UAV (see Figure 1b) than without (see Figure 1a).

The physical meaning of K is related to the amount of turbulence induced by the drone below
its airflow column. Indeed, it is related to the speed of rotation of the blades. Actually, the speed of
rotation when in flight does not vary significantly; therefore, K can be considered to depend, in first
approximation, mainly on the vertical distance between the vehicle and the point (placed below it)
where the amount of turbulence is evaluated. If the drone is placed vertically at great distance from
the receptor, K tends to zero. Conversely, K tends to be very high when close to the receptor. In fact,
the closer it gets, the higher K tends to be. Figure 2 shows the effect of the increase of K, that is, of the
drone proximity to the pollutant source, on the concentration of pollutant detected by three receptors
placed at a distance of 1 m from the source along the x-axis and at heights of 0.5 m, 1 m, and 1.5 m on
the z-axis, respectively. When the value of K is zero, that is, when the drone is far away from the source,
the effect of the air vehicle is negligible and, under these simulated conditions, the concentration of the
pollutant at the receptors is negligible. On the other hand, when K increases with the approach of the
UAV, which fixes at its position x,y as it lowers along the z-axis towards the height at which the source
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is located, the pollutant is forcefully transported to the receptors. Indeed, Figure 2b shows an increase
in the concentration detected by the receptors up to a maximum, above which the air is cleansed as
the vehicle approaches. Although the turbulence induced by the drone is traced in an approximate
way, our theoretical evaluations clearly indicate that with drone-mounted sensors the localization of
pollutant source as well as its spatial distribution mapping is, to varying degrees, distorted and that
this distortion depends on both the drone and receptor position.
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Figure 1. (a) False-color map of the distribution of pollutant emitted from a source placed at 2 m above
ground (see arrow). (b) Same conditions but with the unmanned aerial vehicle (UAV) placed at the
same height as the source but at 1-m distance along the x-axis. Contours are from the model (Equation
(1)). Please note that the scales of (a) and (b) are different to facilitate the reader’s eye.
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Figure 2. (a) Schematic representation of the simulated scenery. (b) Calculated pollutant concentration
detected at the receptors as a function of K parameter representing the amount of turbulence induced
by the propellers.

3.2. In-Field Measurements

Given the results of the simulations, we decided to perform on-site analyses for the spatial
distribution of pollutant concentration by means of UAV. Figure 3a schematically illustrates the
experimental setup. A source of pollutant (a gasoline tank) was placed on the ground. A hydrocarbon
analyzer was placed above it at a distance of 1 m, in which (in a quiet wind condition of <2 m/s)
the concentration of hydrocarbons in the air is expected to be very low (<30 ppb). The pollutant
concentration plots in Figure 3b were determined during UAV scans at variable heights.
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Figure 3. (a) Schematic representation of the in-field experimental setup. The analyzer probe was
located 1 m above the source. (b) Hydrocarbons’ concentration detected by the analyzer during the
drone’s scans above the source at various distances.

Figure 3b shows that, when the drone flies at low heights (2 and 5 m), turbulent flows transport the
pollutant toward the analyzer, thus significantly increasing the detected concentration. On the other
hand, there is a height beyond which the effect of the drone passage is negligible. It was, therefore,
necessary to implement an appropriate measuring system enabling the real-time, space-resolved
detection of pollutants while avoiding turbulences induced by the drone. The approach proposed
by us was to place the analyzer on the drone equipped with a long sampling probe that allows it to
capture, by means of a pump, the volume of air to be analyzed from a zone that is not influenced by
the drone (Figure 4a). Obviously, for a correct determination of the source position it is necessary to
consider the delay in the determination of the substance due to the time required to travel through the
sampling tube. However, knowing the flow rate of the suction pump and the size of the probe, it is
possible to shift the detection time of the appropriate delay. By connecting the GPS position of the
UAV, it was possible to reconstruct the mapping. Figure 4b,c reports the normalized concentration
intensity false-color maps. Please note that the density of analysis points along the x-axis is much
higher than along the z-axis. This is due to the fact that along the x-axis the density of points depends
on the analysis capability of the sensor placed on the drone (one analysis every 10 s), while along the
z-axis the pixel size depends on the distance between successive drone scans (about every 1.5 m).

The comparison between Figure 4b,c undoubtedly shows the effect of the vehicle on the precise
position of the source. When the sampling probe was too short (2 m), the spatial distribution of the
pollutant was completely distorted and, as expected, the turbulence induced by the vehicle caused a
large dispersion of the pollutant (Figure 4b). For a correct determination of the spatial distribution,
it was necessary to use a 10-m-long sampling probe (Figure 4c). Carrying out an extensive campaign
of field experiments (not shown here for the sake of brevity), we were able to retrofit the simulations
with the experimental data in order to find the suitable K values to be input into Equation (4) to obtain
the minimum difference between the model prediction with what was detected by the sensor.
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Figure 5 shows that there is an exponential relationship between the K parameter and the length
of the sampling probe. Therefore, we derived an equation that allows us to evaluate the effect of UAV
turbulence on the concentration of the pollutant, as follows:

σ(x) = eI+J ln (x)+T[ln (x)]2 +
αe
−
αL

4
√

2π

d
√

2π
e−

1
2 (

x−P
d ) (5)

where L is the length of the sampling probe and α is a parameter that depends on the type of vehicle
used. It should be noted that in the calm wind conditions, in which the experiment was carried out,
parameters I, J, and T can be considered constant and not influenced by environmental conditions.
This equation may allow us to overcome the positional errors induced by turbulences when UAV
flight height is not sufficiently high. However, its parameters markedly change with environmental
conditions and they must be determined accordingly. Therefore, the employment of sufficiently long
probes, preventing the generation of unwanted turbulent flows, is recommended.
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equipped with sampling probes of appropriate length, overriding the effect of turbulence induced
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