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Understanding gas concentration distributions near the ground is important for disaster prevention and
safety management. In this study, as part of expanding drone applications, we tried to develop the CO, gas
sensing method using formation flight with four drones. By flow simulation, we confirmed the gas updraft
flow not only velocity but also concentration distribution generated by the drones. It was confirmed that the
updraft flow velocity around the sensor was 2 m/s at the height of 0.3 m, and the concentration ratio was
between 0.95 and 0.99, respectively. Then, to stable the formation flight with four drones, a rope was used
between the connecting rod and the drone. Then, the CO, sensing experiment using this approach was
conducted. The average concentration values of 4,290 and 4,710 ppm of three experiments were measured
at the heights of 0.5 m and 0.3 m, respectively. Moreover, we tried to predict the concentration at the CO,
source using the steady-state one-dimensional convection-diffusion equation. It was found that the predicted
concentration of 4,772 ppm at the CO, source was in between 4,700 and 4,800 ppm measured by sensor.

Finally, the effectiveness of prediction was confirmed.
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1. Introduction

There is a wide range of possible applications for drones, such as for infrastructure inspection, agriculture,
logistics, photography, disaster prevention, and gas sensing. In dangerous site inspection, their ability to quickly
collect information in hazardous areas where human entry is dangerous has become increasingly important.
The poisonous hydrogen sulfide (H,S) gas and high concentration CO, gas, being heavier than air, tend to
accumulate near the ground in underground or enclosed spaces, potentially causing delayed responses, oxygen
deficiency, or poisoning. Understanding gas concentration distributions in such environments is important for
disaster prevention and safety management. In recent years, papers have been published on the use of drones
for gas sensing tasks. Li, et al. [1] reported the air quality monitoring, and Motlagh, et al. [2] reported the air
pollution monitoring using a drone in flight, respectively. On the other hand, Neumann, et al. [3] reported results
of gas source localization experiments using a drone equipped with several different types of gas sensors by
applying a particle filter-based algorithm to the sensor data collected in flight. Successful gas source localization
demonstrations were also reported for a drone equipped with a laser-based remote methane detector [4].
Despite these successful examples, there is a problem using drone for gas sensing tasks. The rotors of a drone
produce a strong downwash to obtain the lift force. Most gas sensors show a response only when a gaseous
chemical substance touches the sensor surface. The gas contained in the surrounding air needs to be transported
to the sensor surface by convection and diffusion. When a drone flies, the downwash generated by rotors blows
off the gas near the ground. This problem has been raised even in early work on gas sensing drones [5]. To

solve the above problem, Sato, et al. [6] proposed the gas sensing method by using the fountain flow [7]
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generated by the two drones connected by a rod. In their paper, the flow velocity distribution by numerical
simulation and the experimental results with air were also reported. Moreover, Akaogi, et al. [8] proposed the
gas sensing method by using the fountain flow generated by the extended arm quad type drone. In their paper,
their experimental results with ethanol gas were also reported.

In the above previous studies, there are still some issues as follows. First, the gas updraft flow velocity distribution
generated by the drones is shown using flow simulation, but the gas concentration distribution is not shown.
Second, the formation flight equipped with the gas sensor is unstable in case of direct connection between rods
and each drone. Third, there was no prediction of CO, concentration at the source based on the sensing point.

Therefore, in this study, we assumed the application example of CO, sensing with heavier than air and larger
amount at the underground parking lot as shown in Fig.1. First, flow simulation was conducted to visualize the
gas updraft flow not only flow velocity but also concentration distribution generated by the drones as detailed in
Chapter 2. Second, the formation flight equipped with the gas sensor is unstable in case of direct connection
between rods and each drone. Therefore, a rope was used between the connecting rod and the drone, instead of
connecting the rod directly to the drone. With this approach, the individual differences of drone position and
height were compensated for by the rope, and the formation flight with four drones were stably continued as
detailed in Chapters 3 and 4. Third, we conducted CO, sensing experiments using formation flight with four
drones and predicted CO, concentration at the source from the sensing points using the one-dimensional

convection-diffusion equation as detailed in Chapters 5, 6, and 7.

CO: canister

CO:

Fig.1 Application example of CO, sensing at the underground parking lot.

2. Flow simulation

To visualize the gas updraft flow not only flow velocity but also concentration distribution generated with the
drones, flow simulation was conducted using the software Flowsquare "[9-11]. The gas concentration transport
equation is also solved with the momentum transport equation in Flowsquare ", and the application example
papers have been published [12,13]. Figure 2 shows the flow simulation domain and boundary conditions of
flow simulation around two drones. Parameters Ix, ly, Iz, nx, ny, and nz represent Length in X, y, z direction,
number of grids in X, y, and z direction, respectively. Table 1 is specification of parameters using the boundary
conditions of flow simulation. Here, the domain in the z direction was thinned to perform quasi-two-dimensional
simulation. Parameters W,, P,, and H, represent the width of drone, the diameter of drone propeller, and
hovering height, respectively. Flow simulation conducted both one drone and two drones. In case of two drones,
L represents the distance between drones as shown in Fig.2. Parameters VinG and VinR are the inflow velocity
at the top of drone propeller (Boundary color: Green) and the outflow velocity at the bottom of drone propeller

(Boundary color: Red) measured with a Pitot tube and set to 8 m/s as the velocity boundary condition of drone
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1. Similar boundary conditions were also set for drone 2. Parameters W,, H,, and D, represent the width of
sensor housing, installation height of sensor housing, and thickness of sensor housing, respectively. Here, the

sensor housing was set only in case of simulation for two drones.
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Fig.2 Flow simulation domain and boundary conditions. Fig.3 Flow velocity convergence at the
monitoring point.
Table 1 Specification of parameters using the boundary conditions of flow simulation.
) Input data
No Parameters Explanation of parameters
One drone Two drones
1 Ix Length in x direction (m) 2.5 2.5
2 ly Length in y direction (m) 1.0 1.0
3 Iz Length in z direction (m) 0.05 0.05
4 nx Number of grids in x direction 250 250
5 ny Number of grids in y direction 100 100
6 nz Number of grids in z direction 5 5
7 w, Width of drone (m) 0.20 0.20
8 P, Diameter of drone propeller (m) 0.08 0.08
9 H, Hovering height (m) 0.4 0.4
10 L Distance between drones (m) - 1.5
11 VinG Inflow velocity at the top of drone propeller (Boundary color: Green) -8.0 -8.0
12 VinR Outflow velocity at the bottom of drone propeller (Boundary color: Red) -8.0 -8.0
13 W, Width of sensor housing (m) - 0.2
14 H, Installation height of sensor housing (m) - 0.3
15 D, Thickness of sensor housing (m) - 0.05
16 D, Thickness of gas ejection source (m) - 0.05
17 V, Gas ejection velocity (m/s) 0.1 0.1
18 C, Gas concentration ratio 1.0 1.0
19 mu Air viscosity coefficient (Pa-s) 1.8x10° 1.8x10°
20 C, Coefficient of Smagorinsky turbulence model 0.17 0.17
21 ofl Courant-Friedrichs-Lewy number 0.01 0.01

Parameters D,, V,, and C, represent the thickness of gas ejection source, gas ejection velocity, and gas
concentration ratio, respectively. Last parameters mu, C,, and ¢fl represent air viscosity coefficient, the coefficient
of Smagorinsky turbulence model [14,15], and Courant-Friedrichs-Lewy number, respectively. For stable flow
simulation, the Courant number (CFL) number for the explicit method was set to a small value of 0.01. Figure 3
shows the state of flow velocity convergence at the monitoring point near the sensor in Fig.2. It was confirmed

that the flow velocity at the monitoring point converged to approximately 2.0 m/s after 63,000 simulation steps.
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Fig.4 Flow simulation results in case of one drone. Fig.5 Flow simulation results in case of two drones.

Figure 4 shows the flow simulation results in case of one drone. Figures 4(a) and 4(b) are the flow velocity
and concentration distribution, respectively. The downwash flow generated by the drone spread out as the
horizontal flow along the ground after reaching the ground as shown in Fig.4(a). Therefore, it has been
confirmed that the concentration distribution from the gas source became horizontally as shown in Fig.4(b).
Here, the concentration distribution is expressed as the normalized concentration ratio and ranges from 0 to 1.

Figure 5 shows the flow simulation results in case of two drones. Figures 5(a) and 5(b) are the flow velocity
and concentration distribution, respectively. The downwash flow generated by two drones rolled up as the
updraft flow after reaching the ground. Therefore, it has been confirmed that the concentration from the gas
source became updraft flow and reached the sensor shown in Fig.5(b). Moreover, it was confirmed that the

concentration ratio around the sensor was between 0.95 and 0.99.

3. CO, gas sensor

For the formation flight with four drones, the requirements of CO, gas sensor are lightweight (100 g or less)
and wireless communication function. As a sensor with satisfying the above requirements, we selected the
RICOH EH CO, sensor D101 [16] as shown in Fig.6. Figures 6(a) and 6(b) show the surface side with wireless
communication using the solar panel and the protective housing, and reverse side with four intake ports (No.1-
4) and two exhaust ports (No.5,6). Figure 6(c) shows the inner configuration using NDIR (Non Dispersive
IfraRed)-type. The CO, concentration was calculated from Eq. (1).

1 -
T:E:eeCd (1)

where T, I, I, ¢, C, and d represent transmittance, intensity of transmitted light, intensity of incident light,

absorbance, CO, concentration, and optical path length, respectively.
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Fig.6 Schematic of CO, sensor module and inner configuration.

4. Design of formation flight configuration

Figure 7 shows a schematic of formation flight configuration with four drones and the control method. The
drone used was a Tello EDU with specifications listed in Table 2. The four drones were simultaneously controlled
by a single personal computer using Python program. A rope was used between the connecting rod and the drone
with a spacing of 1.3 m, instead of connecting the rod directly to the drone [17,18] as shown in Fig.7. With this
approach, the individual differences of drone position and height were compensated for by the rope, and the
formation flight with four drones were stably continued. The CO, sensor was suspended at the center of a four-
drone square formation and the concentration data were sampled at 10 second intervals in the tablet computer by
wireless communication function.as shown in Fig.7. The payload of a Tello EUD is 30 g as shown in Table 2.
Therefore, the total payload of the formation flight with four drones becomes 120 g, and the total components
weight was 111 g less than the required 120 g with the weight breakdown of components listed in Table 3.

Single personal Tablet
computer computer

python 3 )

/]

. -
Connecting rod N Protective sponge

Fig.7 Schematic of formation flight configuration with four drones and the control method.

Table 2 Specifications of a drone. Table 3 Weight breakdown of components.
Drone Tello EDU Component Number Weight [g]
Payload of a drone (g) 30 Connecting rod 4 16
Weight (g) 87 Protective sponge 1 1
Maximum flight time (min) 13 CO, sensor 1 90
Number of formation flights 4 Rope 4 4
Total weight (g) - 111 <120

5. CO, gas sensing experiment at the fixed position

Figure 8 shows a schematic of CO, sensing experiment at the fixed position. The CO, gas was generated by
placing 400 g of dry ice in 300 g of water (mass ratio 4:3) into a plastic container with the size of 220 X 170 X 50 mm
as the CO, gas source. The CO, gas source concentration was measured to be between 2,200 and 2,300 ppm by
sensor. The four-drone formation hovered so that the height of CO, sensor kept 0.3 m, and the plastic container

of CO, gas source was in at 5 seconds and out at 90 seconds under the four-drone formation as shown in Fig.8.
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The initial indoor concentration was approximately 1,000 ppm. Figure 9 shows the sensing results of CO,
concentration for 160 seconds. When the four-drone formation was fixed in hovering mode directly above the
dry ice source at a height of 0.3 m. In 5 seconds, the plastic container of CO, gas source was in under the four-
drone formation. In 55 seconds, the maximum concentration of 2,100 ppm was observed corresponding to an
increase of approximately 1,100 ppm over the background concentration. Moreover, in 90 seconds, the plastic
container of CO, gas source was out, and in 160 seconds, CO, concentration returned to initial value as shown in
Fig.9.
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Fig.8 Schematic of CO, sensing experiment Fig.9 Sensing results of CO, concentration.
at the fixed position.

6. CO, gas sensing experiment with the horizontal flight

Figure 10 shows a schematic of CO, sensing experiment with the horizontal flight. The CO, gas was generated
by placing 1,600 g of dry ice in 1,200 g of water (mass ratio 4:3) into four plastic containers with the size of
220 % 170 x 50 mm as the CO, gas source. The CO, gas source concentration was measured to be between 4,700

and 4,800 ppm by sensor as shown in Fig.10.

Rope

Updraft Updraft
flow flow

Dry ice Coource Dry ice
with water with water

4,700~4,800 ppm

Fig.10 Schematic of experiment with the horizontal flight.

The experiment was conducted three times, and the amount of dry ice decreased over time. Therefore, dry
ice was added as needed to ensure the concentration was within the range of 4,700 to 4,800 ppm before the
experiment was conducted. Additionally, experiments were conducted at two heights of 0.3 m and 0.5 m. By
using Python-based automatic flight control, a flight sequence consisting of takeoff, horizontal movement,

hovering for 10 seconds above the CO, source, retreat, and landing. The influence of horizontal movement on
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the updraft flow behavior of the formation was evaluated.

Figure 11 shows photographs of CO, sensing experiment with the horizontal flight. Figure 11(a) shows flight
at the height of 0.5 m, and Figure 11(b) shows flight at the height of 0.3 m. Figure 12 shows sensing results of
the CO, concentration Figure 12(a) shows the CO, concentration at the height of 0.5 m, and it was confirmed
that the concentration increased to a maximum of 4,230 ppm. Figure 12(b) shows the CO, concentration at the
height of 0.3 m, and it was confirmed that the concentration increased to a maximum of 4,673 ppm. Additionally,

the prediction of CO, concentration at the source based on the two sensing points is conducted in next Chapter 7.

DRSS Drone

Rope\

CO: sensor

CO: sensor

i

Connecting rod =

. Connecting rod
pryjice Dry ice
with water

Container Container with water
7 0.5m

(a) Flight at the height of 0.5 m (b) Flight at the height of 0.3 m

Fig.11 Photographs of CO, sensing experiment with the horizontal flight at the hovering for 10
seconds.
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Fig.12 Sensing results of CO, concentration.

7. Prediction of CO, concentration at the source
To predict CO, concentration at the source based on the two sensing points at the heights of 0.5 m and 0.3 m,

the steady-state one-dimensional convection-diffusion equation [19] is used as shown in Eq. (2).
u— = Dt — )

where C, u, z, and D, represent concentration, velocity, vertical coordinates, and turbulent diffusion coefficient,

respectively. Equation (2) has the exact solution with the boundary condition: C=C,at z=0, C=C, at z=H as
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shown in Eq. (3).

peZ
e F1 &)

C(z) = Cy +W(CH—C0)

Here, Pe is Peclet number defined as Eq. (4) using turbulent diffusion coefficient D..

uH
Pe = N @
Table 4 shows the values for calculation of Peclet number Pe, we used CO, molecular diffusion coefficient
D, =1.64x10° m*/s [20], and ratio of turbulent to molecular diffusion coefficient D./D,= 10" (Average of 10°-

10°) [21].

Table 4 Values for calculation of Peclet number Pe.

CO,molecular diffusion Ratio of turbulent to molecular
coefficient [20] diffusion coefficient [21] Velocity Height
D, (m%/s) D./D, u (m/s) H (m)
1.64x10° 10* (Average of 10° - 10°) 2.0 0.5

Table 5 shows the predicted result of concentration at the CO, source. The average concentration values of
4,290 and 4,710 ppm of three experiments (N =3) were used at the heights of 0.5 m and 0.3 m, respectively. By
substituting these average concentrations into Egs. (3) and (4), the concentration at the CO, source was
predicted as 4,772 ppm. Additionally, it was found that the predicted concentration of 4,772 ppm at the CO,
source was in between 4,700 and 4,800 ppm measured by sensor as shown in Fig.12. Finally, the effectiveness of

prediction was confirmed.

Table 5 Predicted result of concentration at the CO, source in case of horizontal fight experiment (Fig.12).

Height (m) Concentration (ppm) Method
0.5 4,290 Experimental average N=3
0.3 4,710 Experimental average N=3
0.0 (CO, source) 4,772 Using Eqgs. (3) and (4)

8. Discussion

It is necessary for gas sensing using drones to consider the drone down’s wash flow. Therefore, there are four
categories based on the amount of gas generation and the specific gravity relative to air. First category is the gas
lighter than air and small amount. Second category is the gas lighter than air and large amount. Third category
is the gas heavier than air and small amount. Fourth category is the gas heavier than air and large amount.
Here, the determination whether to the large or small amount is based on the following criteria, that is, the large
amount is defined as that the stable gas supply is larger than the blowing away by the drone's downwash.

This study belongs to fourth category, and we need to generate the updraft flow for sensing the gas heavier
than air and large amount. In contrast, in case of first and third categories, the sensor must be suspended using
a sufficiently long rope to avoid the influence of the flying drone’s downwash. Additionally, in case of second

category, the regular drone equipped with sensor can land on the gas source and sense the gas because the gas
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is lighter than air and large amount. To conduct the study in the above categories, it is necessary to solve the
distance reached by the drone’s downwash using flow simulation. We have already conducted the above study

and plan to report in next paper.

9. Conclusion

In this study, as part of expanding drone applications, we tried to develop the CO, gas sensing method using
formation flight with four drones. Flow simulation of the gas updraft flow, the construction of formation flight,
CO, sensing experiments, and prediction of CO, concentration at the source were conducted. The following

conclusions were obtained.

(1) By flow simulation, we confirmed the gas updraft flow not only velocity but also concentration distribution
generated by the drones. It was confirmed that the updraft flow velocity around the sensor was 2 m/s at the
height of 0.3 m, and the concentration ratio was between 0.95 and 0.99, respectively.

(2) A rope was used between the connecting rod and the drone, instead of connecting the rod directly to the
drone. With this approach, the individual differences of drone position and height were compensated for by
the rope, and the formation flight with four drones were stably continued. Then, the CO, sensing experiment
using this approach was conducted. The average concentration values of 4,290 and 4,710 ppm of three
experiments were measured at the heights of 0.5 m and 0.3 m, respectively.

(3) Moreover, prediction of the concentration at the CO, source was conducted using the steady-state one-
dimensional convection-diffusion equation. It was found that the predicted concentration of 4,772 ppm at the
CO, source was in between 4,700 and 4,800 ppm measured by sensor. Finally, the effectiveness of prediction

was confirmed.
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