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Abstract. As fossil fuel depletion and environmental pollution problems are becoming increasingly more se-
rious, interest in the efficient use of natural resources and alternative energy is rapidly growing. In particular,
interest in fuels stored as high-pressure gases such as natural gas and hydrogen is also rising. Ultrasonic waves
show various received signals according to characteristics such as density of the medium and acoustic impedance.
An experimental study on the detection of the micro-leakage of fuel stored as high-pressure gas was conducted
based on the characteristics of ultrasonic waves. First, an ultrasonic sensor was manufactured by selecting the
matching layer with consideration of the acoustic impedance. In the experiment, a mass flow controller (MFC)
was attached to a perforated hole in the fabricated chamber to generate micro-leakage, and the signal from the
receiving ultrasonic sensor was then collected. The envelope signal of the received ultrasonic sensor signal was
analyzed through the Gaussian distribution method. The temperature inside the chamber and the received voltage
decreased according to a similar trend and showed a nonlinear result. However, the phase of the received ultra-
sonic sensor signal showed a relatively linear result according to the internal pressure change. Micro-leakage
could not be detected with only the received voltage seen by the ultrasonic sensor. Therefore, the phase shift of
the receiving ultrasonic sensor can be used to detect micro-leakage in a high-pressure gas tank.

1 Introduction

In recent years, problems such as environmental pollution
and the exhaustion of petroleum resources have been emerg-
ing around the world. As a part of efforts to address these
problems, studies have been conducted on thermal efficiency
and the emission characteristics of hydrogen/compressed
natural gas mixture (HCNG) spark-ignition engines (Ma et
al., 2007), and comparative studies have been conducted
on compressed natural gas with direct injection (CNG-DI),
compressed natural gas with bi-fuel direct injection (CNG-
BI), and gasoline with port injection (gasoline-PI) engines
(Kalam and Masjuki, 2011). As evidenced by the aforemen-
tioned studies, interest in and research on natural gas and
alternative energy are increasing rapidly. Among natural re-
sources, natural gas has the same thermal efficiency as fossil

fuels and causes less pollution (Hesterberg et al., 2008). In
addition, among alternative energies, hydrogen does not emit
pollutants such as carbon dioxide, and there is specific inter-
est in fuels stored in gaseous form (Jacobson et al., 2005).
Natural gas has a high calorific value and has the advan-
tage of low emissions of particulate matter (PM), nitrogen
oxides (NOx), and carbon dioxide (CO2). In addition, as its
octane number is high, the power can be improved by in-
creasing the compression ratio compared to general gaso-
line engines. Natural gas is classified according to the stor-
age type: compressed natural gas (CNG) compressed and
stored at 200–500 bar, liquefied natural gas (LNG) stored
in a liquid state, and adsorbed natural gas (ANG) that is
compressed and stored at 30–60 bar in an adsorbent. Among
them, CNG is actively applied and widely used in vehicles
(Aslam et al., 2006). In the case of hydrogen fuel cells, they
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have already been incorporated into vehicles and commer-
cialized and are receiving attention for reducing environmen-
tal pollution. Fuel cells are capable of high-efficiency power
generation by using electrical energy generated through the
reaction of hydrogen and oxygen, and unlike conventional
petroleum fuels, they do not generate exhaust gas, thus mit-
igating air pollution. For this reason, fuel cells are a suit-
able eco-friendly energy source (Hames et al., 2018). The
above two energy sources are both stored in gaseous form
in a storage tank at high pressure and are used as fuel. In the
case of hydrogen, it is compressed to 700–800 bar in the stor-
age tank, while CNG is compressed to 200 bar (Veiga et al.,
2010). However, in terms of public perception, these two en-
ergy sources are highly recognized as flammable gases with
a higher risk of explosion compared to existing petroleum
resources (Li et al., 2018; Liu et al., 2020). The currently ap-
plied high-pressure gas tank micro-leakage detection system
relies on the use of a pressure sensor attached to the regulator
of the fuel line. This measurement method has a disadvan-
tage that errors occur according to changes in the surround-
ing environment. Therefore, in order to address the negative
perception, it is necessary to present a reliable and accurate
measurement method rather than a method of indirectly de-
tecting micro-leakage caused by a pressure change.

Ultrasound has various reception characteristics depend-
ing on the density and acoustic impedance of the measure-
ment medium, and, on the basis of these characteristics, it
is widely used in communication devices, medical devices,
actuators, transducers, precision sensors, nondestructive test-
ing (NDT), and measuring devices (Vellekoop, 1998; Choi et
al., 2020). In addition, it has been used in structural health
monitoring (SHM) systems (Guo et al., 2020), liquid level
monitoring systems (Gao et al., 2020), early crack detection
of structural systems (Chakraborty et al., 2019), and gas leak
location detection systems (Wang et al., 2018). In this paper,
an experimental study was conducted to analyze the charac-
teristics of ultrasonic waves for the measurement of micro-
leakage in a high-pressure gas tank instead of the conven-
tional pressure sensor.

Waves are generated by elasticity against compression de-
formation of the particles constituting the medium through
physical vibration, and this is called a sound wave. Sound
waves can be classified into longitudinal waves, transverse
waves, coda waves (vibration that persists for a long time
even after the arrival time of the surface wave), and surface
waves according to the direction of vibration. In addition,
they can be classified into three ranges according to the fre-
quency. Vibration frequencies below 20 Hz are defined as low
frequencies, vibration frequencies in the 20 Hz–20 kHz range
are defined as audible frequencies that humans can hear, and
frequencies above 20 kHz are defined as ultrasonic (Cheeke,
2017). Ultrasonic waves carry wave energy, and phenom-
ena such as dispersion and diffraction occur. In addition, in
the process of being transferred to another medium, some
energy may be lost and attenuation may occur. Ultrasonic

waves move similarly to light waves, but, unlike light waves
that can move in a vacuum, an elastic medium is required
(Sharma et al., 2017). In order to artificially generate ultra-
sonic waves, a sound-emitting body with a high frequency is
required. The sound-emitting body uses the electrical prop-
erties of an object to apply a high-frequency alternating volt-
age to both ends of the object to generate ultrasonic waves
through the vibration of the object. Currently, the most com-
monly used sound-emitting body is lead zirconate titanate
made by mixing lead titanate (PbTiO3) and lead metaniobate
(PbNb2O6) in a certain ratio and sintering it at a high tem-
perature; the resultant product is called PZT (Furukawa et
al., 1979). PZT causes a direct piezoelectric effect that trans-
forms mechanical energy into electrical energy as well as a
converse piezoelectric effect that transforms electrical energy
into mechanical energy, and mutual conversion is also pos-
sible. Ultrasound experiences energy loss due to scattering
and absorption as it passes through the medium. Scattering
mainly occurs at the interface between a solid medium and
a gaseous medium when there is a defect inside the material
constituting the ultrasonic sensor. In addition, loss occurs as
part of the vibration energy that is converted into heat energy
during the transfer of ultrasonic energy (Khimunin, 1972).

The piezoelectric element and the matching layer are the
key factors of ultrasonic sensors. Alvarez-Arenas (2004) in-
vestigated the requirements to select the material of the
piezoelectric element laminated layer. It was found that the
selection of materials with high porosity and fine pores and
the thickness of the matching layer affect the performance
of the ultrasonic sensor. Kim et al. (2019) and Kim and
Lee (2019) conducted a study on the envelope signal change
of the received signal according to the composition of the
matching layer and the mixing ratio of the air /methane mix-
ture and obtained results showing that an ultrasonic sensor
can be used to measure the mixing ratio of the mixed gas. In
addition, through the relationship between the piezoelectric
element and the matching layer, the resonance frequency was
confirmed using the impedance curve; their results showed
that the frequency range changed according to the adhesive
hardness of the matching layer. Sonoyama et al. (2010) tried
to detect the mixing rate of hydrogen and air by using the
difference in the sound velocity between hydrogen and air
and developed an ultrasonic sensor with a very fast response
rate of 84 ms to measure the sound travel time between the
transmitting and receiving ultrasonic sensors. It has been ex-
perimentally verified that an ultrasonic sensor can detect hy-
drogen concentrations as low as 100 ppm at room tempera-
ture. Qian et al. (2020) proposed an ultrasonic sensor using
an electromechanical analogy and argued that the selection
of a frequency with parallel resonance frequency and max-
imum phase shift provides excellent performance including
linearity.

In the literature studies on the selection of an optimal
matching layer for the use of ultrasonic waves for gaseous
medium measurement are dominant. However, relatively few
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studies on situations where flow exists inside the chamber,
such as micro-leakage, have been reported. Therefore, in this
study, basic research was carried out in the state where there
was flow inside a chamber by generating micro-leakage. The
results of the study were analyzed to assess the relationship
between the temperature and the voltage inside the cham-
ber. In addition, the ultrasonic envelope signal underwent
curve fitting and was applied to micro-leakage detection for
a pressure gas tank and verified experimentally.

2 Experimental apparatus and method

2.1 Experimental setup

Figure 1 shows a schematic diagram of the experimental ap-
paratus used in this study, and Table 1 shows the specifica-
tions of the experimental setup. In this study, as shown in
no. 14 of Fig. 1, the method of attaching an ultrasonic sen-
sor inside the chamber was used. In addition, as shown in
no. 9, it was manufactured with a volume of 67 L, focusing
on the capacity of the currently used type-4 tank (tank made
of nonmetallic liner and carbon fiber composite material). In
order to generate micro-leakage, the side of the chamber was
drilled to make a 1/4 in. fitting thread. To investigate the
characteristics of the ultrasonic signal according to the lo-
cation of micro-leakage, a total of five holes were drilled at
intervals of 140 mm from the upper part of the chamber to
700 mm. As shown in no. 11 of Fig. 1, a ball-screw-driven
linear motor was attached inside the chamber to control the
distance between the transmission and reception sensors. As
shown in no. 8, micro-leakage was controlled by a mass flow
controller (MFC) using a hole drilled in the side of the cham-
ber. In order to fill the chamber with compressed air with
an initial charging pressure of 5 bar, as shown in no. 10, a
solenoid valve used for charging and discharging was im-
plemented to be charged according to the specified pressure
capacity, and a thermocouple was installed to monitor the
chamber temperature conditions, as in no. 13. The filling
pressure data were collected using a pressure sensor (Sensys
PTDH0030BCIA-FC). As shown in no. 2 of Fig. 1, all con-
trols except the ultrasonic sensor were controlled using DAQ
(data acquisition device) (NI cDAQ 9263, 9215, 9203, 9213),
and, as shown in no. 5, the ultrasonic sensor was controlled
using the transceiver module (Airmar T1 board). The signal
from the receiving ultrasonic sensor was collected using an
oscilloscope, as in no. 6.

2.2 Design of ultrasonic sensor

Ultrasonic waves experience a loss of energy due to scatter-
ing and absorption during the process of being transmitted
through the medium and have characteristics of transmitting
and reflecting in the boundary layer between media having
different acoustic impedances. Accordingly, in the design of

Table 1. Specifications of experimental equipment.

Item Unit Specification

Volume of chamber L 67
Material of chamber Stainless steel
Type of linear motor Ball screws
Rod stroke of linear motor mm 0–530
Pressure range of solenoid valve kPa 29.4–980.6
Type of thermocouple Type K
Limits of error of thermocouple % 0.4

an ultrasonic sensor, the selection of a matching layer in con-
sideration of acoustic impedance is an important factor.

Acoustic impedance refers to a property that hinders the
propagation of sound waves (Fatemi and Greenleaf, 1998).
Acoustic impedance is calculated by multiplying the density
of a material by the speed of sound, given as follows (Tone
et al., 1985):

ZL = ρ×C, (1)

where ZL is the acoustic impedance (MRayl), ρ (g cm3) is
the density, and C (mm s−1) is the sound velocity.

When ultrasonic waves radiate from the boundary layer of
a medium, transmission and reflection occur, which are de-
termined by the difference in impedance between two differ-
ent media. The reflection coefficient and transmission coef-
ficient are calculated by the following equation (Pedersen et
al., 1982) by the acoustic impedance:

R =
Pr,w

Pi,w
=
Z2−Z1

Z1+Z2
, (2)

T = 1−R = 1−
Z2−Z1

Z1+Z2
=

2Z1

Z1+Z2
, (3)

where Pi,w is the incident wave sound pressure, Pr,w is the
reflected wave sound pressure, T is the transmission coeffi-
cient, R is the reflection coefficient, and Z1 and Z2 are the
acoustic impedances of layers 1 and 2, respectively.

The structure of the ultrasonic sensor mainly consists of
two matching layers to increase the frequency bandwidth.
Therefore, the sound wave passing through the first match-
ing layer in the PZT passes through the first matching layer
again at the interface of the second matching layer and re-
turns.

When the transmission coefficient transmitted from the
PZT to the first matching layer is T1 and when the trans-
mission coefficient returned from the interface of the second
matching layer is T2, then the reciprocating transmission co-
efficient Tr is calculated as follows (Pedersen et al., 1982):

Tr = T1× T2 =
2Z1

Z1+Z2
×

2Z2

Z1+Z2
=

4Z1Z2

(Z1+Z2)2 . (4)

As outlined above, ultrasonic waves experience energy loss
due to transmission and reflection according to the acoustic
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Figure 1. Schematic diagram of experimental equipment.

Table 2. Specifications of matching layers.

Material Density ZL
(g cm3) (MRayl)

Chemical wood (SP-170) 0.65 1.85
Ethylene-vinyl acetate 0.92 1.69

impedance of the matching layer. Therefore, in this study,
CW (chemical wood, SP-170) mixed with acetic acid, alco-
hol, synthetic resin, artificial wood, and carbonized acetone
was used as the first matching layer. As the second matching
layer, an EVA (ethylene-vinyl acetate) copolymer was used
in which ethylene and vinyl acetate monomers were copoly-
merized.

Figure 2 schematically illustrates the structure of the ultra-
sonic sensor used in this study. The first matching layer and
the second matching layer were attached in the direction of
the radial plane of the PZT. The PZT generates vibration en-
ergy while repeating deformation and restoration when AC
voltage is applied to both ends; thus, it generates ultrasonic
waves in the direction opposite to the radiation surface as
well as in the direction of the radiation surface. If ultrasonic
waves generated in the opposite direction of the radiation sur-
face are not absorbed, noise is increased due to vibration in-
side the sensor, making it difficult to obtain reliable results.
Therefore, for the ultrasonic sensor fabricated in this study,
a backing layer was constructed by stacking cork and rubber
in a layer opposite to the radiation surface.

In addition, in order to protect the PZT under external en-
vironmental conditions, epoxy, which has elasticity even af-
ter curing, was molded inside the housing of the sensor.

Figure 2. Ultrasonic sensor structure schematic.

2.3 Uncertainty analysis

Factors that can indicate the uncertainty of the ultrasonic
signal include the temperature of the measurement medium,
noise other than the measurement frequency, and an inappro-
priate signal post-processing process. The temperature of the
measurement medium can affect the sound velocity of the ul-
trasonic waves. The velocity of sound in air is given by the
following equation (Kim, 2019):

VS = 331.3+ 0.60714× TC, (5)

where VS is the speed of sound (m s−1), and TC is the tem-
perature of the medium (◦C).

Looking at Eq. (5), it can be seen that the velocity of
sound of ultrasonic waves is affected by the temperature of
the medium, and the speed of velocity increases as the tem-
perature increases. According to Eq. (5), it can be seen that
the velocity of sound decreases by about 0.18 % for every
1 ◦C decrease in temperature. This reduction in the velocity
of sound may cause uncertainty in the ultrasound signal.
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Figure 3. Algorithm of Gaussian distribution for envelope energy.

Other factors that can indicate uncertainty are noise and
signal post-processing, which will be discussed in detail in
the sections below.

2.4 Filter for analysis of received signal

Ultrasonic waves pass through the medium from the trans-
mitting sensor and transmit wave energy to the receiving
sensor. Unnecessary signals also occur during this process.
Therefore, in order to check the frequency of the desired
region without distortion, it is necessary to remove the fre-
quency region received as a noise signal. Therefore, in this
paper, we used a normal band-pass filter that blocks frequen-
cies outside the range between fcl (cutoff frequency lower)
and fch (cutoff frequency higher) in order to filter out general
low-frequency noise (Wang et al., 2021).

The purpose of the analysis was to consider all the char-
acteristics of the received ultrasonic sensor envelope signal,
such as the maximum received voltage, increasing area, de-
creasing area, and tail area. Therefore, in this study, the en-
velope signal was analyzed using a Gaussian distribution,
which is mainly used to analyze the probability distribution
of signal change, as shown in Fig. 3, and the equation (Kim
et al., 2019) given below is applied:

y = y0+
A

w
√
π/2

e
−2 (x−xc)2

w2 , (6)

where y0 is the basic data value obtained through the exper-
iment, A is defined as the area for the normal distribution,
σ is the standard deviation, xc is the center of the x axis of
the data, yc is the center of the y axis of the data, and w is
the value obtained by dividing the FWHM (full width at half
maximum) by the square root of the natural logarithm of 4.

Table 3. Experimental conditions.

Parameter Unit Value

Initial voltage V 396
Initial frequency kHz 84.7
Pulse rate Hz 3
Distance between sensors mm 85
Charging pressure bar 5
Micro-leakage location mm 140, 280, 420, 560, 700
Amount of micro-leakage L h−1 3.81
Acquired signal duration time min 60
Experimental start temperature ◦C 24.5± 0.5
Gas type Air

2.5 Experimental method

In order to conduct an experimental study on the applicabil-
ity of measuring the micro-leakage of high-pressure gas fuel
using an ultrasonic sensor, an experiment was conducted us-
ing a method of attaching an ultrasonic sensor to the inside
of the manufactured chamber. The experimental conditions
are listed in Table 3. Through a preliminary experiment, it
was confirmed that the PZT showed smooth reception sensi-
tivity at a frequency of 84.7 kHz. Based on this, the experi-
ment was carried out by fixing the frequency at 84.7 kHz, and
the micro-leakage locations were set at intervals of 140 mm
from the top of the chamber using holes drilled in the cham-
ber. The amount of micro-leakage was fixed at 3.81 L h−1 by
controlling the how much the valve of the MFC was opened.

3 Results and discussion

3.1 Relationship of received ultrasonic sensor maximum
voltage with gas temperature in chamber

Figure 4 shows the temperature variations of the gas inside
the chamber due to micro-leakage and the maximum volt-
age of the receiving ultrasonic sensor. The lower the air tem-
perature in the chamber is, the slower the sound velocity is,
and, as wave energy is transmitted through the vibrations of
the particles constituting the medium, the attenuation of the
amount of energy transmitted varies according to the density
of the gas. The results of the experiment reveal that the tem-
perature inside the chamber decreased from 24 to 22 ◦C. The
maximum reception voltage of the receiving ultrasonic sen-
sor showed a similar tendency to the decline in temperature
inside the chamber due to micro-leakage. From the results
of repeated experiments, the error range of the temperature
sensor and the ultrasonic sensor was within 5 %.

This is due to the characteristics of ultrasonic waves trans-
mitted through the vibrations of the particles: the more ac-
tively the particles constituting the medium move, the less
loss of ultrasonic energy there is during the delivery process.
When the gas medium is measured by a direct measurement
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Figure 4. Relation of received ultrasonic sensor maximum voltage
with temperature in chamber.

method using an ultrasonic sensor, it was found that it re-
acts more sensitively to changes in internal temperature than
to changes in the internal density of the chamber. Therefore,
it is judged that precise measurement is difficult, and reli-
able results would be difficult to obtain when using an ultra-
sonic sensor to detect minute leakage of gaseous fuel from
the viewpoint of the received voltage.

3.2 Phase-shift characteristics according to the location
of micro-leakage

Figure 5a shows the results of curve fitting the envelope sig-
nal of the receiving ultrasonic sensor according to the micro-
leakage at 140 mm of the micro-leakage by the Gaussian dis-
tribution at intervals of 10 min. The Gaussian envelope en-
ergy decreased nonlinearly with the occurrence of micro-
leakage. Figure 5b depicts the change in the pressure in-
side the chamber and the change in phase according to the
micro-leakage. The phase at the initial pressure of 5 bar was
0.371 ms, and it was 0.405 ms at the time of micro-leakage
termination at 60 min. It can be seen that the phase shifted by
0.0057 ms on average. The phase shift according to the oc-
currence of micro-leakage and the pressure inside the cham-
ber showed a similar tendency and changed linearly.

Unlike the relationship between the received voltage and
the temperature, the pressure inside the chamber and the fil-
tered maximum envelope time show linear results. This is
considered to be the result of using a Gaussian distribution
that takes all the characteristics of the receiving ultrasonic
sensor into account.

Figure 6a shows the results of curve fitting the envelope
signal of the received ultrasonic sensor according to the
micro-leakage at 280 mm of the micro-leakage by the Gaus-
sian distribution at intervals of 10 min. The Gaussian enve-
lope energy decreased nonlinearly with the occurrence of
micro-leakage, as in the case of the micro-leakage location
of 140 mm. Figure 6b is a graph comparing the change in the

pressure inside the chamber and the change in phase accord-
ing to the micro-leakage. The phase at the initial pressure of
5 bar was 0.376, and it was 0.408 ms at the time of micro-
leakage termination at 60 min. It can be seen that the phase
shifted by 0.0053 ms on average.

Figure 7a shows the results of curve fitting the envelope
signal of the received ultrasonic sensor according to the
micro-leakage at 420 mm of the micro-leakage by the Gaus-
sian distribution at intervals of 10 min. The Gaussian enve-
lope energy shows nonlinear results according to the micro-
leakage, as in the previous results. Figure 7b is a graph com-
paring the change in the pressure inside the chamber and the
change in phase according to the micro-leakage. The phase
at the initial pressure of 5 bar was 0.357, and it was 0.388 ms
at the time of micro-leakage termination at 60 min. It can be
seen that the phase shifted by 0.00517 ms on average.

Figure 8a shows the results of curve fitting the envelope
signal of the received ultrasonic sensor according to the
micro-leakage at 560 mm of the micro-leakage by the Gaus-
sian distribution at intervals of 10 min. The Gaussian enve-
lope energy shows nonlinear results according to the micro-
leakage, as in the previous results. Figure 8b is a graph com-
paring the change in the pressure inside the chamber and the
change in phase according to the micro-leakage. The phase
at the initial pressure of 5 bar was 0.368, and it was 0.395 ms
at the time of micro-leakage termination at 60 min. It can be
seen that the phase shifted by 0.0045 ms on average.

Figure 9a shows the results of curve fitting the envelope
signal of the received ultrasonic sensor according to the
micro-leakage at 700 mm of the micro-leakage by the Gaus-
sian distribution at intervals of 10 min. The Gaussian enve-
lope energy shows nonlinear results according to the micro-
leakage, as in the previous results. Figure 9b is a graph com-
paring the change in the pressure inside the chamber and the
change in phase according to the micro-leakage. The phase
at the initial pressure of 5 bar was 0.367, and it was 0.400 ms
at the time of micro-leakage termination at 60 min. It can be
seen that the phase shifted by 0.0055 ms on average.

3.3 Phase shift according to the pressure inside the
chamber

Experiments show that the thickness of the primary conver-
gence layer of the ultrasonic sensor, as shown in Seo (2021),
is similar to the frequency wavelength length (the minimum
length in which a wave repeats the same shape at a given
time), resulting in a relatively linear change in phase varia-
tion depending on the internal pressure of the high-pressure
gas tank. This is attributed to stably transmitting signals, be-
cause the phase change is small when ultrasonic waves pass
through the matching layer due to the thickness of the first
matching layer of the ultrasonic sensor being the same as the
frequency wavelength length. In addition, due to this effect,
it is determined that the ultrasonic signal reacts sensitively
according to the density change in the chamber.
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Figure 5. Phase shift of ultrasonic sensor envelope signal filtered through a Gaussian distribution for micro-leakage location of 140 mm.

Figure 6. Phase shift of ultrasonic sensor envelope signal filtered through a Gaussian distribution for micro-leakage location of 280 mm.

Huang et al. (2002) found that, when the temperature in-
side a chamber changes from 24 to 22 ◦C at the same pres-
sure, the sound speed of ultrasonic waves changes from about
312.1 to 323.7 m s−1 at a distance of 5 cm between sensors.
As a result of converting this to the unit of milliseconds
(ms), the phase appears to have changed by 0.005741 ms. In
this paper, an experiment was conducted to simulate the ac-
tual situation after the occurrence of micro-leakage; thus, the
pressure change and the temperature change inside the cham-
ber existed at the same time. Therefore, it appears that the
phase shifted about 6.25 times more than the phase change
of the previous study.

Kim et al. (2019) compared the ultrasonic envelope sig-
nal according to the mixing rate of CH4 and air. As a result,
it was seen that the amplitude was different according to the
mixing ratio, but the phase did not change. This appears to be
the result of measuring the signal by controlling the tempera-
ture inside the chamber. However, in this study, we simulated
the actual micro-leakage situation and conducted an experi-
ment, and it is judged that the decrease in the sound velocity
due to the decrease in the temperature inside the chamber
affected the phase shift. In addition, in Figs. 5–9a, it can be
confirmed that the creating point moved as the micro-leakage
progressed.

However, as a result of comparing the characteristics of the
phase change according to the location of the micro-leakage,
a certain tendency could not be confirmed. Therefore, it is
difficult to detect the location of micro-leakage by a direct
measurement method in which an ultrasonic sensor radiates
ultrasonic waves into a gas medium.

4 Conclusions

In this paper, a study was conducted on the applicability of
ultrasonic sensors to the measurement of micro-leakage in
gas fuel tanks. To proceed with the research, a chamber was
manufactured according to the capacity of a high-pressure
gas tank currently in wide use. The following conclusions
were obtained by detecting the received signal according to
the location of the micro-leakage using a direct measurement
method:

1. The received voltage of the ultrasonic sensor showed a
similar tendency to the change in temperature. This is
judged to be a result of the relationship that the speed
of sound decreases as the temperature decreases. There-
fore, it is concluded that reliable results cannot be ob-
tained in detecting the micro-leakage of gaseous fuel
from the viewpoint of the received voltage.
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Figure 7. Phase shift of ultrasonic sensor envelope signal filtered through a Gaussian distribution for micro-leakage location of 420 mm.

Figure 8. Phase shift of ultrasonic sensor envelope signal filtered through a Gaussian distribution for micro-leakage location of 560 mm.

Figure 9. Phase shift of ultrasonic sensor envelope signal filtered through a Gaussian distribution for micro-leakage location of 700 mm.

Table 4. Phase shift according to the pressure shift inside the chamber.

Micro-leakage
location 0 min 10 min 20 min 30 min 40 min 50 min 60 min

140 mm 0.371 ms 0.381 ms 0.388 ms 0.394 ms 0.397 ms 0.402 ms 0.405 ms
280 mm 0.376 ms 0.384 ms 0.394 ms 0.398 ms 0.402 ms 0.405 ms 0.408 ms
420 mm 0.357 ms 0.365 ms 0.373 ms 0.379 ms 0.381 ms 0.385 ms 0.388 ms
560 mm 0.368 ms 0.378 ms 0.384 ms 0.388 ms 0.391 ms 0.395 ms 0.395 ms
700 mm 0.367 ms 0.377 ms 0.384 ms 0.390 ms 0.393 ms 0.397 ms 0.400 ms
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2. The phase change of the results of curve fitting the enve-
lope signal received by the ultrasonic sensor by a Gaus-
sian distribution after the occurrence of micro-leakage
showed linear results according to the pressure change
inside the chamber. Because the thickness of the first
matching layer is close to the frequency wavelength
length, when ultrasonic waves pass through the match-
ing layer, there is little phase deviation over time, and
this is attributed to stably transmitting and receiving sig-
nals.

3. In addition, curve fitting using a Gaussian distribution
has the advantage of taking into account all the recep-
tion characteristics appearing at the receiving ultrasonic
sensor. Accordingly, it was possible to effectively an-
alyze multiple factors of the received ultrasonic signal
according to the pressure change in the chamber.

4. Regarding the characteristics of the phase change ac-
cording to the location of the micro-leakage, it was diffi-
cult to detect the location of the micro-leakage with the
direct ultrasonic measurement method, because a cer-
tain tendency could not be confirmed.

The results of this study revealed that it was difficult to
use the received voltage for curve fitting the envelope signal
of an ultrasonic sensor to a Gaussian distribution; the phase
change shows linear results; thus, it is considered that it can
be applied as a new micro-leakage measurement method for
a high-pressure gas tank.

This study is focused on analyzing signal changes ac-
cording to internal flow and temperature change by generat-
ing micro-leakage, unlike previous studies that experimented
with no flow inside a chamber. In addition, a new application
method utilizing a phase shift by post-processing the ultra-
sonic reception signal was proposed. By using the ultrasonic
sensor, a different method was proposed for the measurement
of micro-leakage of gaseous fuel that relied on the existing
pressure sensor.
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