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Abstract - Accidental hydrogen leakage occurs in 
various situations. A drone-based airborne sensor is 
expected to provide a more flexible and faster hydrogen 
sensing system than current technologies. Historically, 
quadrotor drones were considered unsuitable for hydrogen 
leak detection because the propeller airflow prevents the 
gas from reaching the drone. However, we demonstrate for 
the first time through experiments and simulations that 
hydrogen can still be effectively detected even in the 
presence of propeller airflow, and we reveal the hydrogen 
transport path from the leak source to the sensor mounted 
on the drone positioned above it. This enables continuous 
hydrogen sensing using a quadrotor drone. Hydrogen from 
the leak source is carried by circulating flows inevitably 
formed around the drone due to the suction and discharge 
of air by the propellers, which then transport the hydrogen 
to the sensor in a stable and effective manner. 
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1.INTRODUCTION 

The use of hydrogen is becoming an increasingly 
important part of our everyday lives, leading to hydrogen 
leakage in various scenarios from production to 
consumption [1]. Given that hydrogen can easily ignite 
even from minor static electricity, quick and dependable 
hydrogen sensing is essential. Hydrogen safety is also a 
vital concern in the aerospace and nuclear industries. 
Monitoring hydrogen leakage and dispersion is necessary 
due to factors such as aging infrastructure, human error, 
and natural disasters. 

Hydrogen sensing methods typically fall into one of three 
categories: fixed measurement, portable probing, or 
remote measurement. Each method has its pros and cons. 
Fixed measurement involves a sensor placed in a set 
location, which means there is a delay before hydrogen 
reaches the sensor from the source of the leak. Portable 
probing becomes challenging in areas that are difficult for 
people to access. Remote measurement employs lasers 
and ultrasonic sensors. Laser-based measurement uses 
Raman scattering induced by an ultraviolet laser [2], but 
the necessary optical system is expensive because of the 
faintness of the scattered light and the difficulty in 
achieving proper optical focus. Ultrasonic sensors [3-5] 

have a fast response time of several hundred milliseconds 
and can also produce concentration distributions, but they 
are limited to quiet and short-distance environments 
where transmitted and received signals remain clearly 
distinguishable. If a low-cost hydrogen sensor could be 
installed on a fast-moving vehicle to measure hydrogen 
with acceptable accuracy, it could introduce a rapid, 
flexible, and reliable method. 

In recent years, although there are very few cases 
targeting hydrogen gas, drone-based chemical sensors 
have been gaining attention, and several review papers 
have described the trends. These review papers [6–14] 
provide a more comprehensive list of individual studies. 
For example, Bartholmai et al. [15] developed a 
quadcopter system with a 1-meter diameter that can 
measure O₂, CO, H₂S, NH₃, CO₂, SO₂, PH₃, HCN, NO₂, and 
Cl₂. Neumann [16] used microdrones to map gas leak 
sources and gas distributions. Rossi et al. [17] developed a 
fully autonomous board for any unmanned aerial vehicle, 
featuring a 32-bit MCU, wireless connectivity for data 
storage, real-time feedback, and a microfabricated MOX 
(metal oxide) sensor. Fahad et al. [18] developed a 
chemically sensitive field-effect transistor (CS-FET) 
platform using a 3.5-nm-thick silicon channel transistor. 
This platform detected H₂S, H₂, and NO₂ with low power 
consumption, high sensitivity, and selective multi-gas 
sensing. The team successfully tested the sensor mounted 
on a palm-sized quadcopter performing vertical 
movements. Although applicability to hydrogen gas has 
not been explicitly stated, there are commercially 
available systems. For example, Boreal Laser Inc. [19] 
offers a gas detection system called “GASFINDER3-AB” 
that uses an unmanned aerial vehicle with a total length of 
2 meters. UgCS sells products that enable hyperspectral 
cameras to be mounted on drones [20]. Such commercial 
drone sensing systems are featured on various websites, 
including [21].  

The author's group proposed a quadrotor drone system 
for wireless, high-speed, and continuous detection of 
hydrogen leaks [22-24]. Quadrotor drones generally 
produce strong downwash, which has been considered 
unsuitable for chemical detection [25, 26]. However, 
previous experiments conducted by the authors 
demonstrated that leaked hydrogen can be reliably 
detected by a hydrogen sensor mounted on the drone [22-
24]. Nonetheless, the mechanism behind this successful 
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detection remains unclear. To the best of the authors’ 
knowledge, there have been very few reports on the 
relationship between the airflow around drones and the 
distribution of hydrogen gas. Thus, this study aims to 
elucidate the mechanism, particularly in a quiet, windless 
environment, by conducting hydrogen leak experiments, 
visualizing airflow with smoke, performing computational 
fluid dynamics (CFD) analyses, and directly detecting 
hydrogen transport around the drone. 

The experimental setups and procedures are explained in 
Section 2, including the proposed drone-based hydrogen 
sensing system, the hydrogen sensors used, dynamic 
response tests, hydrogen leak experiments, smoke 
visualization, and sensor array measurements. Section 3 
presents a numerical simulation of unsteady, turbulent 
hydrogen dispersion around the drone. Section 4 
discusses the experimental and computational results, and 
the conclusions are presented in Section 5. 

2.EXPERIMENTAL SETUP AND PROCEDURE 

2.1 Drone-Based Hydrogen Sensing System 

 

This section describes the drone-based hydrogen sensing 
system proposed in this study. The sensor system is 
installed on an RC EYE One Xtreme quadrotor drone from 
RC Logger. The total length of the drone is 225 mm, and 
the propeller diameter is 138 mm. The drone is powered 
by a single LiPo battery. Figure 1 shows the system. An 
MQ-8 gas sensor from Zhengzhou Winsen Electronics 
Technology Co., Ltd. is installed on the drone. 
While a wireless system can be used to send sensor signals 
to a base station [22], a wired system is used in this study 
to focus solely on gas dispersion around the drone. Since 
the hydrogen concentrations measured in this study are 
below the lower flammability limit of 4 vol.%, no specific 
anti-sparking measures were taken for the circuit board, 
except for the use of brushless motors.  

2.2 Hydrogen Sensor Properties 

Two types of hydrogen sensors were used in this study. 
One was the MQ-8 sensor mentioned previously. This is a 
semiconductor-based sensor with a detection range of 
100–1000 ppm, and its response time is less than 1 second. 
The other was a μ-CS sensor from New Cosmos Electric Co., 
Ltd., which is a catalytic-combustion sensor with a wide 
detection range of 0–40000 ppm, covering values up to the 
lower flammability limit. Its response time is between 0.5 
and 1.0 seconds. The MQ-8 sensors were used to measure 
hydrogen concentrations on the drone, on the floor, and in 
the air, while the μ-CS sensors were used as a reference.  

Generally, both catalytic-combustion and semiconductor-
based hydrogen sensors require preheating. The 
necessary preheating durations were investigated for both 
sensors prior to conducting the drone-sensing 
experiments [23]. The relationship between hydrogen 
concentration and sensor output voltage was measured, 
and the mean values and variances were represented as 
error bars. Each measurement was repeated three times. 
After sufficient preheating, well-fitted regression lines 
were obtained. 

Preheating tests of the MQ-8 sensor were conducted for 2, 
4, and 6 hours using diluted hydrogen at concentrations of 
approximately 0.03–0.12 vol.% [23]. The difference in the 
y-intercepts of the regression lines between 4 and 6 hours 
was found to be less than 0.5 V. Therefore, the 
experiments were conducted after preheating the sensor 
for at least 4 hours. A 1 V increase in the sensor’s output 
voltage corresponded to approximately 0.053 vol.%. The 
output voltage of this sensor in pure air varied slightly 
between individual devices. For the μ-CS sensor, the 
variation in output voltage over time was small when 
preheating times of 10, 30, and 50 minutes were 
compared. Thus, stable results were obtained even with a 
preheating time as short as 10 minutes. For the μ-CS, a 1 V 
increase in output voltage corresponded to approximately 
1.8 vol.%. 

Fig -1: Wireless drone-based hydrogen sensing system 
(bottom view), developed in this study 
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2.3 Dynamic Response of the Hydrogen Sensors 

 

Fig -2: System for dynamic response measurement of 
hydrogen sensors 

In addition to the detectable concentration range, the 
response time of a sensor has a significant influence on the 
spatial and temporal resolution of the airborne sensor 
system. A fast hydrogen sensor response is also required 
to clarify hydrogen diffusion over time around the drone. 
The sensors used in this study had relatively fast response 
times compared to existing hydrogen sensors [27]. 
However, their dynamic performance was not known in 
advance. Therefore, dynamic tests were conducted to 
evaluate the sensors’ dynamic response under unsteady 
flow conditions.  

Figure 2 shows the measurement system developed for 
the tests. The device was shaped like a small tunnel. One 
end was open, and the other end was equipped with a fan 
to vent gases from inside the tunnel to the outside. The 
tunnel was made of thin steel plate. A μ-CS sensor and an 
MQ-8 sensor were mounted side by side on the ceiling, 
with their sensing elements protruding into the tunnel. A 
hole was drilled at the bottom of the tunnel to inject 
hydrogen with a syringe. Three hydrogen 
concentrations—0.1%, 1%, and 3%—were tested. In each 
case, a cycle consisted of hydrogen injection, the start of 
ventilation, and the end of ventilation. Each cycle lasted 
for 120 seconds. Hydrogen was injected rapidly at the 
beginning of the cycle, and ventilation started at 60 
seconds and stopped at 110 seconds. A total of 20 mL of 
hydrogen was injected in 0.5 seconds. The cycle was 
repeated three times, with the first cycle starting at t = 60 
s. 

2.4 Hydrogen Leak Experiment 

Hydrogen leak experiments were conducted with drone 
operation to clarify the feasibility of hydrogen sensing by 
the proposed system. The ambient pressure and 
temperature during the experiment were 1 atm and 20 
degrees Celsius, respectively. The leak source was a 
circular slot with a diameter of 1 cm made on the top 
surface of an aluminum cube with a volume of 5 cubic 
centimeters. This cube was placed on the floor. After 
starting propeller rotation, 100 vol.% hydrogen was 
released from it with a leak flow rate of 5 L/min for 15 s. 
Hydrogen was supplied from a high-pressure hydrogen 
tank through a digital mass flow meter. The timings of the 
start and end of the hydrogen leak were controlled by a PC. 
Because of the tube length, the timings of the start and end 
of the hydrogen leak at the leak source differed from those 
of the control signals sent from the PC. In this study, the 
leak start and end corresponded to hydrogen leaking out 
from the aforementioned circular slot, and the timings 
were inferred by considering the delay time for sending 
control signals from the PC. The drone with a hydrogen 
sensor was placed 50 cm above the floor. Hydrogen 
dispersion was measured using 16 sensors. Figure 3 
shows the sensor locations. 

The configurations considered were attitude angles of 0° 
(normal attitude), 90°, and 180° (inverted attitude), and 
various propeller rotations controlled by a transmitter. 
Table 1 shows the relationship between throttle 
inclination and propeller rotation speed measured with an 
optical tachometer. It also shows the relationship between 
throttle inclination and propeller jet speed measured with 
a pitot probe near the center of rotation, 15 cm below the 
propeller. The increase in rotational speed becomes 
almost saturated above 75% full-throttle (FT) inclination. 
The accuracy of the results was confirmed by multiple 
measurements. 

Table -1: Relationship between throttle inclination, 
propeller speed (measured using an optical tachometer), 
and jet speed (measured using a Pitot probe 15 cm below 

the propeller near the center of rotation) 

Throttle 
inclination 

[%] 

0 
(standby) 

25 50 75 

100 

(full-
throttle) 

Rotational 
speed [rpm] 

1618 5371 8203 8679 8834 

Jet Speed 

[m/s] 
2.25 4.28 6.15 11.08  
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Fig -3: Sensor locations for the hydrogen leak experiment 
(upper: top view, lower: side view) 

2.5 Smoke Visualization 

Smoke visualization experiments were conducted to 
visualize airflow around the drone. Since hydrogen itself is 
difficult to visualize, airflow was visualized instead, based 
on the assumption that hydrogen behaves as a passive 
scalar when diluted. Using a fog machine, fog liquid 
consisting of approximately 45% glycol and 55% water 
was evaporated and dispersed into the air to create a long-
lasting fine mist. 

2.6 Sensor Array Experiment 

To clarify the actual path of hydrogen, hydrogen 
dispersion was measured with a sensor array consisting of 
19 hydrogen sensors. Figure 4 shows the experimental 
apparatus for the sensor array measurement. Panel (a) 
shows an overview of the system, including the drone, 
lattice, and sensors. A drone with an attitude angle of 0° 
was placed 50 cm above the floor, and sensors were 
mounted on square bars with a 9 mm × 9 mm cross 
section, positioned at heights of 10 cm, 30 cm, 50 cm, and 
70 cm from the floor. In Panel (b), red marks indicate 
hydrogen sensor locations with their numbers, and the 
blue mark shows the leak source on the floor. The upper 
and lower figures of Panel (b) show the side (y–z) and top 
(x–y) views of the sensor array. Except for those on lines A 

and B, sensors are located on a vertical plane passing 
through the center of the drone. Three sensors are located 
on each of lines A and B in the horizontal direction. One-
hundred vol.% hydrogen was released from the leak 
source at a flow rate of 5 L/min for 15 s. The propellers 
were either on standby or rotating at 50% full throttle 
(FT). 

 

(a) Drone, lattice and sensors 

 

(i) Side (y–z) view (Three sensors are located on 
lines A and B.) 

 

(ii) Top (x–y) view 

(b) Hydrogen sensor locations 
Fig -4: Experimental apparatus for the sensor array 

measurement 
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3. NUMERICAL SIMULATION OF HYDROGEN 
TRANSPORT AROUND THE DRONE 

To explore the specifics of hydrogen transport from the 
leak source to the drone, computational fluid dynamics 
(CFD) analyses were performed on the hydrogen-air 
mixture flows surrounding the drone, which was 
positioned in a normal attitude. Different propeller jet 
speeds were simulated to evaluate how they affect the 
behavior of hydrogen emitted from the leak source. Figure 
5 depicts the computational mesh. The computational 
system comprises a quadrotor drone with four propellers 
and a central body, along with a leak source. These 
components were modeled as objects within the 
background space. 

Unsteady turbulent flow simulations were carried out 
using Fire Dynamics Simulator (FDS) Version 6.7.7 [28]. 
This software is based on Cartesian meshes and solves the 
continuity equation, the compressible Navier-Stokes 
equations with gravitational force, the energy equation, 
and the transport equation for the mass fraction of 
hydrogen. Gas species diffuse according to Fick's law, and 
the ideal gas law is assumed to close the system of 
equations. 

In the governing equations, the low Mach number 
assumption filters out acoustic waves while allowing for 
significant variations in temperature and density. To 
improve computational stability and account for subgrid-
scale turbulent flow effects, a Smagorinsky-type model 
[29] is employed. Further numerical details are outlined in 
the software's reference manual. 

In the current study, the time increment (Δt) was not kept 
constant and was instead adjusted to maintain the 
Courant-Friedriches-Lewy (CFL) number within the range 
of 0.8 to 1.0. The CFL number is defined as: 

max , , ,
u v w

CFL t
x y z

 
   

   
 (1) 

where u, v, and w represent the x, y, and z components of a 
velocity vector, respectively. This adjustment of Δt was 
necessary to ensure the numerical stability and accuracy 
of the simulations.  In this study, the minimum Δt was 
approximately 0.0012 seconds, while the maximum Δt was 
around 0.039 seconds. 

The current version of Fire Dynamics Simulator (FDS) 
used in the study has been successfully validated against 
experimental data on hydrogen dispersion in a hallway 
model, though the results are not presented here.   

 

A rotating propeller sucks in gas from the top surface and 
expels it from the bottom surface.  To simulate the effect of 
propeller rotation in FDS, the thin cylindrical volume 
swept by the propeller (with a diameter of 135 mm) was 
approximated using a bundle of micro-square columns 
fully contained within it, in accordance with the Cartesian 
mesh method.  Gas was drawn in from the top surface of 
each micro-square column and expelled from the bottom 
surface with a specified normal velocity Wj, corresponding 
to the rotational speed of the propeller. Each micro-square 
column has a base of 15 mm × 15 mm and a height of 20 
mm.  Each propeller region was positioned at the vertices 
of a horizontal virtual square with a side length of 0.16 m, 
located 0.53 m above the floor.  The central body of the 
drone was placed 30 mm below the center of the above 
virtual square, represented as a rectangular object 
measuring 60 mm × 90 mm × 20 mm in the x-, y-, and z-
directions, respectively. The external dimensions of the 
computational domain (background space) are 1.5 m × 1.5 
m × 1.5 m. The outer part of the leak source is a 50 mm 
cube, and the outlet is a 10 mm square. 

The same mesh distribution as shown in Fig. 5 was used in 
the y direction. The number of mesh points in each 
direction is 50.  The polynomial mesh transformation was 
used in the x and y directions to refine the mesh around 
the drone and the leak source.  The mesh width should be 
kept below approximately 20 mm to compute hydrogen 
dispersion accurately, as confirmed by comparison with 
experimental data for the hallway model [30]. In this study, 
the mesh width is 8 mm around the leak source. In the 

Fig -5: Computational mesh. The mesh distribution is 
uniform in the y direction. The center of the leak source is 

at (x, y) = (0, 0). 
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computations, three jet speed cases were considered for 
Wj=0.5, 1, and 2 m/s, for both suction and ejection. As 
shown in Table 1, the 2 m/s case corresponds to a 
propeller rotation speed of 1600 rpm, i.e., the standby 
condition. The hydrogen leak rate was 6.3 L/min, similar 
to the experiments. For the computational sequence, 
propeller rotation started at t=0 s. The hydrogen leak 
started at t=30 s and ended at t=45 s. The computation 
was continued until t=70 s. 

4. RESULTS AND DISCUSSION 

4.1 Dynamic Response of the Hydrogen Sensors 

 

(a) 0.1 vol.% 

 

(b) 1 vol.% 

 

(c) 3 vol.% 
Fig -6: Results of the dynamic response tests for the MQ-8 

and μ-CS sensors 

Figure 6 shows the results. Periodic sensor responses 
were observed. Although both sensors detect hydrogen 
equally quickly, the MQ-8 sensor recovers more slowly to 
its baseline (i.e., exhibits a slower monotonic voltage 
decay), taking approximately one minute. In addition, 
while the catalytic-combustion-type μ-CS is not optimized 
to detect hydrogen at concentrations below approximately 
0.1 vol.%, the MQ-8 sensor responds sensitively to such 
low concentrations. The long recovery time is not a 
disadvantage, as it maintains a high voltage in the 
presence of hydrogen and thereby increases the reliability 
of detection. The distinct characteristics of each sensor 
provide complementary information. 

4.2 Hydrogen Leak Experiment 

In these experiments, the rotational speed of the propeller 
and the attitude angle of the drone were varied. Figure 7 
shows the results at attitude angles of 0°, 90°, and 180°. 
The two vertical arrows in the figures indicate the start 
and end of the hydrogen leak at the exit point. Each sensor 
position is shown in Fig. 3. 

Panel (a) shows the results for an attitude angle of 0°. 
When there was no propeller rotation, hydrogen was first 
detected by Sensors 1 and 4 directly above the leak source 
a few seconds after the leak began, and then by Sensor 3 
on the floor. When the propeller was in standby mode, 
hydrogen was detected by Sensors 2, 3, 5, and 11 near the 
floor. About 15 seconds after the leak began, hydrogen 
was detected by Sensors 6, 7, 12, and 14 at a height of 
several tens of centimeters above the floor. Concentrations 
at Sensors 1 and 4 also began to rise shortly thereafter. 
When the propeller rotation was set to 50% FT, the rise in 
concentration at the floor surface (Sensors 2 and 3) was 
slower than in standby mode, while the rise in 
concentration away from the floor surface, including 
Sensors 6, 7, 9, 12, 15, and 16, was faster. This is 
considered to be due to the fact that gas roll-up becomes 
more dominant than radial dispersion as a result of the 
higher propeller speed and stronger suction. 
Concentrations at Sensors 1 and 4 also began to increase 
shortly after. 

Panel (b) presents the results for an attitude angle of 90°. 
In this case, the downstream flow of the propeller does not 
impede the upward movement of the leaking hydrogen jet. 
As seen from the gradual increase in voltage at most 
sensor positions, the propeller airflow agitates the 
hydrogen gas, making it easier to detect. 

Panel (c) shows the results for an attitude angle of 180°, 
i.e., an inverted orientation. The arrival of hydrogen at the 
sensors from the leak source is faster than in the 0° case, 
as indicated by the steep increase in voltage signals. 
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(i) Drone 

 

(ii) 0 rpm 

 

(iii) Standby (0%FT) 

 

(iv) 50%FT 

(a) Attitude Angle: 0° 

 

(i) Drone 

 

(ii) Standby 
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(iii) 50%FT 

(b) Attitude angle: 90° 

 

(i) Drone 

 

(ii) Standby 

 

(iii) 50%FT 

(c) Attitude angle: 180° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig -7: Time histories of sensor output voltages for 
attitude angles of 0°, 90°, and 180°. “ch” in the legend 

indicates the sensor number. 
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4.3 Smoke Visualization 

   

(a) Attitude angle: 0° 

   

(b) Attitude angle: 90° 

   

(c) Attitude angle: 180° 

Fig -8: Smoke visualization of flows around the drone at various attitude angles in standby (time progresses from left to 
right).

Figure 8 shows the flow around a drone at various attitude 
angles, as visualized through smoke experiments. Smoke 
was supplied through a pipe with small holes. To enhance 
clarity, the smoke emission was stopped after a short 
period. Panel (a) shows that the smoke from the floor is 
initially dispersed by the downwash from the propeller, 
but the suction at the top of the propeller forms a 
recirculating flow. As shown in panel (b), when the 
attitude angle is 90°, the propeller airflow is parallel to the 
floor and does not hinder the upward movement of the 
smoke. As shown in panel (c), when the attitude angle is 

180°, the propeller draws in the smoke, causing it to reach 
the drone more quickly. 

4.4 Sensor Array Experiment 

Figure 9 shows the results [31].  Panel (a) presents the 
time-series data of hydrogen concentrations at each 
sensor location under standby and 50% FT conditions. 
Two vertical arrows indicate the start and end of the 
hydrogen leak. A threshold of 0.01 vol.% (corresponding 
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to a 0.189 V increase) was used to determine the hydrogen 
arrival at each sensor. 

Panel (b) shows the path of hydrogen dispersion 
constructed based on the sensor data. The order of 
hydrogen detection is shown in the directed graph, which 
is generally bilaterally symmetric. As shown in Fig. 9(b), 
hydrogen first arrives at Sensors 17, 19, and 14, and then 
diffuses to various regions around the drone. This order is 
clearly resolved by the MQ-8 sensors, which have a 
response time of about 1 second, as shown in Sec. 2.3. 

Hydrogen from the leak source initially rises to the region 
outside the propeller downwash, then is drawn in and 
discharged by the propellers. This process is repeated 
during the proposed continuous hydrogen sensing 
operation. The results of the sensor array experiment 
provide the first experimental and direct evidence 
supporting the mechanism of hydrogen sensing by a 
quadrotor drone, as proposed in the final paragraph of Sec. 
4.5. This mechanism was originally inferred from smoke 
visualization and CFD simulations, as discussed later in 
Sec. 4.5. 

 

(i) Standby 

 

(ii) 50%FT 

(a) Time histories of hydrogen concentration at each 
sensor 

 

(i) Standby 

 

(ii) 50%FT 

(b) Path of hydrogen dispersion constructed by the 
sensors 

Fig -9: Results of the sensor array experiment. 

4.5 Numerical Simulation of Hydrogen Transport 

Figure 10 shows the distribution of velocity vectors and w 
velocities in the y = 0 plane at t = 0, 31, 45, and 70 s for 
propeller jet speeds of Wj = 0.5, 1, 2, and 11 m/s, 
respectively. Figure 11 presents the distribution of 
massless particles ejected during the hydrogen leak from t 
= 30 to 45 s. 

In all cases, downward jets, represented by blue vectors, 
are emitted from the propellers, as shown in Fig. 10. When 
Wj = 0.5 m/s, the leaked hydrogen rises up to the drone, as 
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indicated by the orange velocity vectors above the leak 
source near x = 0 in Fig. 10, and also by the massless 
particles ascending beyond the drone in Fig. 11. 

At Wj = 1 m/s, the hydrogen rises from the leak source but 
does not ascend significantly beyond the drone height, as 
it is suppressed by the propeller-induced airflow, as seen 
in Fig. 11. When Wj = 2 m/s, the leaked hydrogen initially 

rises only near the leak source and then disperses radially 
due to strong downward jets from the propeller. It is 
subsequently drawn into the propellers by strong suction. 
At Wj = 11 m/s, the hydrogen disperses in the radial 
direction with minimal vertical rise because of the intense 
downward jets. It is then rapidly entrained by the 
propeller-induced suction. 

 

    
 

(a) Wj=0.5 m/s 

    
 

(b) Wj=1 m/s 

    
 

(c) Wj=2 m/s 

     

(d) Wj=11 m/s 

Fig -10: Distribution of velocity vectors and w-velocities in the plane of y=0 at t=0, 31, 45, and 70 s (from left to right) for 
Wj=0.5, 1, 2, and 11 m/s, respectively. The colors represent the w-velocity, and the arrows represent the velocity vectors. 
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(a) Wj=0.5 m/s 

    

(b) Wj=1 m/s 

    

(c) Wj=2 m/s 

    

(d) Wj=11 m/s 

Fig -11: Distribution of massless particles ejected between t=30 and 45 s associated with the hydrogen leak for Wj = 0.5, 1, 
2, and 11 m/s, respectively. The figures show snapshots at t=0, 31, 45, and 70 s from left to right. 

Although not shown in figures, the following findings are 
obtained from the time histories of hydrogen mass 
concentrations measured at heights z=0.05–0.55 m at the 
leak center. When Wj = 0.5 m/s, hydrogen concentrations 
become high at all sensor locations after approximately t = 
30 s, indicating that buoyant hydrogen jets from the leak 
source directly reach the drone. At Wj=2 m/s, hydrogen 

concentrations decrease with height, and the 
concentration at z=0.55 m is approximately 10⁻¹² times 
smaller than that at z=0.05 m, indicating that buoyant 
hydrogen jets do not directly rise to that height. The case 
of Wj=1 m/s represents an intermediate condition 
between Wj= 0.5 and 2 m/s. 
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As these results demonstrate, when the propeller airflow 
is weak, hydrogen from the leak source can rise against it. 
However, when the propeller airflow is strong, hydrogen 
initially rises from the leak source but is pushed 
downward by the propeller downwash. The hydrogen 
then moves outside the downwash region and rises again 
toward the drone, carried by the circulating flows formed 
around the propellers. This transition point corresponds 
approximately to the propeller airflow velocity when the 
drone is in the standby condition. These results agree with 
the experimental results mentioned in Secs. 4.2–4.4. 

 

Fig -12: Proposed mechanism of continuous hydrogen 
sensing with a quadrotor drone. 

Figure 12 shows a schematic diagram of the continuous 
hydrogen sensing mechanism proposed in this study, 
based on experimental and computational investigations. 
This circulation is robust because suction and discharge 
always accompany the propeller thrust, and the reliability 
of hydrogen sensing is enhanced by the flow circulation 
and hydrogen accumulation within the MQ-8 sensor, 
which has a long recovery time. Therefore, the present 
system offers a robust sensing mechanism and enhances 
hydrogen detection. This mechanism remains effective 
even with slight changes in the leak source location or 
drone altitude, as it entrains ambient gas. A future topic is 
to investigate how much ambient gas is entrained during 
cruising, as opposed to hovering (as in this study), or 
under windy conditions, as in outdoor environments. 

5. CONCLUSIONS  

A hydrogen sensing system equipped with a compact 
semiconductor hydrogen sensor on a drone was studied to 
investigate the mechanism by which it detects leaked 
hydrogen. Specifically, dynamic response tests, hydrogen 
leakage experiments, smoke visualizations, sensor array 
experiments, and CFD analyses were conducted to clarify 
the pathways through which hydrogen from a leak source 
reaches the drone. 

1. The dynamic response tests demonstrated that 
both the MQ-8 and μ-CS sensors can detect 
hydrogen rapidly. Although the two sensors differ 

in recovery time, this characteristic can be utilized 
to provide complementary advantages within the 
sensing system. 

2. In the hydrogen leak experiments, hydrogen was 
detected by the drone despite the strong 
downwash generated by the propellers, under 
both standby and 50% full-thrust (FT) conditions. 

3. When the drone’s attitude angle is 0°, hydrogen 
from the leak source rises directly to the drone 
when the propeller jet velocity is low. However, at 
high jet velocity, the hydrogen initially rises 
slightly, is pushed downward by the downwash, 
and then ascends again along a recirculating flow 
formed around the propeller. This indicates a 
morphological transition in the hydrogen 
transport pathway. At an attitude angle of 180°, 
hydrogen reaches the drone more quickly than at 
0°. 

4. The probability of hydrogen detection is enhanced 
by the flow circulation, hydrogen accumulation 
around the MQ-8 sensor, and the sensor’s long 
recovery time, as the propeller thrust 
continuously induces both suction and discharge 
flows. As a result, the system provides a robust 
detection mechanism and improves the reliability 
of hydrogen sensing.  
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