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ABSTRACT 

 

Hydrogen (H2) gas has been attracted more attention all over the world to reduce the 

production of carbon dioxide from the traditional fossil fuel-based energy sources (petroleum 

oil, coal, and natural gasoline). Recently, H2 gas is widely employed for fuel cells used in 

transportation or generating electricity and heat in factories and residential buildings. For these 

usages, H2 is transported by pipeline. Since H2 is an explosive gas, it is important to measure 

the H2 gas concentration without making a hole on the pipe surface. This dissertation focuses 

on the measurement of the H2 gas concentration using ultrasound from the exterior of the pipe. 

The concentration of the gas can be measured based on the speed of variation of the ultrasound 

traveling inside the pipe. Drilling a hole in the pipe to extract the gas is not required for the gas 

concentration measurement, which is a unique advantage of ultrasonic method. 

 

Therefore, the first attempt was to measure the non-flowing H2 gas concentration from the 

exterior of the stainless steel (SUS) pipe. Since the noise signal was circling inside the SUS 

pipe itself, the main challenge of this measurement was observing the airborne signal from the 

exterior of the SUS pipe. Noise signal was reduced by pasting sound absorbing material (SAM) 

on the SUS pipe surface and the airborne signal was observed from the exterior of the SUS 

pipe. As a result, the concentration of H2 gas was successfully measured. The propagation of 

ultrasound wave in the SUS pipe was simulated by the finite-difference-time-domain (FDTD) 

method that could explain the ultrasound propagation signals in the SUS pipe. The reduction 

of noise signal using two transmitters was simulated by FDTD method. 

 

Next attempt was to measure the flowing H2 gas concentration from the exterior of the 

pipe, which was more challenging than the measurement of non-flowing gas concentration. 

The concentration of H2 gas was able to be measured accurately up to 39 m/s. Due to the 

fluctuation of waveform, the maximum error in the H2 gas concentration at 39 m/s flow was 

calculated about 0.32%. The response time of measuring the gas concentration was fast as less 

than 0.1 s. Since longitudinal and transverse waves can propagate through the solid, the limit 

speeds of flow were calculated as 30 m/s and 60 m/s for longitudinal and transverse wave, 

respectively. 
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Finally, the ultrasonic signal propagation in two-layer gas flow was studied. In the above 

experiment, the intensity degradation of signal was observed while the signal was propagating 

through the non-uniform H2 and air mixed gas flowing system. An experiment was conducted 

using different concentrations of H2 gas and it was proved that the intensity loss did not depend 

simply on the concentration of H2 gas. To investigate the reason of intensity loss, Schlieren 

photography was taken to visualize the H2 gas motion after the injection into the flowing air 

of 2 m/s. It was observed that high concentration H2 gas was flowing in the middle of the 

airflow without quick diffusion in to the air. A 2D air-H2-air gas flow model was considered 

where 100% H2 was flowing in the middle of the airflow, and the gas layers were separated by 

two fluctuated interfaces. According to the calculation using this model, only limited 

conditions of the signals can reach to the receiver due to the refraction at the fluctuating air-

H2-air gas interfaces while propagating. It was found that the receiver could hardly detect the 

signals; hence, the intensity of the signal looked degraded due to the refraction on the interfaces 

while propagation through more than two-layer gas system. 

 

In conclusion, the findings of this study showed that the ultrasonic gas sensor could be 

effectively applied for the measurement of H2 gas concentration in a pipeline from exterior of 

a pipe. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1.1. INTRODUCTION 
 

Since the beginning of the industrial revolution in the 18th century, the energy carrier that has 

been used to accommodate our extensive daily activities is based mainly on fossil fuels, such as 

coal, petroleum and natural gas. To shape our human civilization, the exploitation of fossil fuel to 

produce energy becomes an important factor. The rapid progress in the industrial and scientific 

revolution has brought about a drastic advancement in many aspects from transportation, 

communication even to medical technology. However, there are significant drawbacks to using 

fossil fuels for primary energy. Fossil fuels are limited in supply [1]. If we run out of fossil fuels 

without a backup plan, our energy demands will be unmet. Furthermore, fossil fuel use is also 

unsustainable for our health and the safety of the environment. Since the combustion of fossil fuel 

emits large volumes of carbon dioxide (CO2), which accounted as one of the greenhouse gases [2]. 

Human fossil fuel use also affects the energy balance on earth, which could force the global climate 

to change [3]. 

 

Increasing concern and interest about finding an alternative energy carrier is also stemmed 

from the strong demand for fuel to support this ever-increasing energy consumption [4]. 

Replacement of fossil fuel with a sustainable alternative is important to reduce and manage the 

emission of greenhouse gases, which keep on rising. Of all the existing alternative energy sources 

and carrier, hydrogen (H2) has been praised and proposed as one of the most sustainable energy 

carriers. H2 can be produced from the abundant source such as water [5]. H2 has favorable 

characteristics because combustion of H2 does not emit CO2 because it contains no carbon. It only 

produces water (H2O) which can be decomposed again into H2 and oxygen (O2) [6]. More 

importantly, as a gas, H2 has a relatively higher (specific) energy content, when compared with 

other fuels (Table 1.1) [7], which makes H2 becoming more attractive than other energy sources. 

Moreover, the renewable energy sources such as wind or solar, cannot produce energy all the time 

made H2 advantageous over these alternative energy sources since H2 production does not rely 
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heavily on nature course. Although H2 gas is currently used primarily for manufacturing chemicals 

[8], a bright future is predicted for it, as an alternative energy carrier to replace the dominant fossil 

fuel for transportation fuel. Fuel cells are being designed and implemented to run on hydrogen fuel. 

This application was already established in aerospace as hydrogen has been used in fuel cells since 

the 1950s for space applications [9]. By the year 2050, an ideal H2 economy is planning to be fully 

implemented [10]; thus, H2 will be used to fuel transportation or to generate electricity and heat 

for industrial and residential use. Since gaseous H2 has a low energy content by volume (Table 

1.1), H2 is compressed and stored at high pressure. 

 

Table 1.1 Comparison of energy per unit volume of several fuels [7]. 

Fuel type Energy (specific) per 

unit mass (J/kg) 

Energy density per unit 

volume (MJ/L) 

H2 liquid 141.90 10.044 

H2 gaseous 141.90 0.01188 

Natural gas 50.00 0.0364 

LNG 50.00 22.2 

LPG 48.80 25.3 

Gasoline 47.40 34.2 

Jet fuel 46.50 35.00 

Fuel oil 45.50 34.00 

Biodiesel 37.00 33.00 

Charcoal 30.00 34.00 

Ethanol 29.90 24.00 

Methanol 22.30 15.6 

 

The expanding use of gaseous H2 as an energy source means that H2 storage and handling will 

have growing importance. Safety issues arise with any handling and storage applications for a 

flammable gas like H2. The use of a combustible energy carrier first requires an understanding of 

its ignition, combustion, and potential detonation behavior [11]. H2 has a larger window (4–75% 

v/v H2) of flammability in comparison to natural gas, gasoline, propane, ethane, methane, 

propylene, etc. However, H2 has low ignition energy (0.02 mJ), and the leakage of H2 of about 4 
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vol. % (lower explosive limit/LEL) in the air could easily create a conflagration [12]. H2 explosion 

incidents, such as the space-shuttle Challenger back in 1986 [13] or at Fukushima power plant in 

2011 [14] is enough to create reservations regarding the safety aspect of H2 handling. Therefore, 

gaining and ensuring public trust regarding the safety aspect of H2 utilization is one of the most 

significant obstacles in the transition from fossil fuel-based to H2 economy. 

 

As a colorless, odorless and tasteless flammable gas, H2 cannot be detected by human senses 

[15]. It is required to detect the presence and quantifying the concentration of H2 gas. Measurement 

of rapid and accurate concentration of H2 gas is essential to alert to the formation of potentially 

explosive mixtures with air and to help prevent the risk of an explosion. Besides the ability to 

detect H2 rapidly, the sensor needs to be a fast response and to have features such as low 

maintenance cost and simple operation. 

 

1.2. CONVENTIONAL APPROACHES TO H2 GAS SENSING 
 

Various mechanisms for H2 gas sensing and detection have been studied so far. Some 

conventional sensing mechanisms that are still widely used in the industry including catalytic 

sensors, solid-state sensors, electrochemical sensors, gas chromatography, and metal oxide sensors 

are popular technologies. This part will introduce conventional H2 gas sensors.  

 

1.2.1. CATALYTIC SENSORS 
 

Jonson discovered the first gas sensor in 1923 [16], [17] and was used for detection of methane 

in mines. So far, Pellistor-type catalytic hydrogen sensors are a well-developed technology and a 

recent market survey of commercially available hydrogen sensors [18]. This type of hydrogen 

sensor is widely available and typically used for hydrogen concentrations up to 4.0%. The working 

principle of catalytic sensors is based on the oxidation of flammable gas. They work by burning 

the target gas and generating a specific combustion enthalpy, thus enabling the detection of low 

concentration analyses in a short response time [19], [20]. This principle can be applied to detect 

any combustible gas including hydrogen. A catalytic palletised resistor (or “Pellistor”) consists of 
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a very fine coil of platinum wire, embedded within a ceramic pellet as shown in Fig. 1.1. The 

surface of the pellet is activated with a suitable catalyst, which is usually a noble metal such as 

platinum or palladium. When the surface becomes hot, it acts as a catalyst to promote exothermic 

oxidation of flammable gases. In operation, the catalyst layer is heated by passing a current 

throughout the underlying coil. In the presence of flammable gas, the hot catalyst allows oxidation 

to occur in a similar chemical reaction to combustion. Just as in combustion, the reaction releases 

heat, which causes the temperature of the catalyst together with its underlying pellet and coil to 

rise. This rise in temperature results in a change in the electrical resistance, which constitutes the 

signal from the sensor. The catalytic gas sensor is a robust and stable gas sensor. It has a long 

lifetime, wide operating temperature range. The operation of these sensors is simple. It can 

measure the flammability of gases. It is a low-cost technology. 

 

 

Fig. 1.1. Schematic diagram of the catalytic gas sensor [21]. 

 

However, the catalytic sensor has some drawbacks that it is not hydrogen-selective. Catalytic 

sensor can detect combustible gases such as methane and cannot differentiate between hydrogen 

and methane. If the sensor is exposed in extreme conditions such as very high humidity, high 

temperatures for a long period of time, sensor performance may be damaged. It consumes high 

power at least 5–10% O2 to operate. This sensor can be poisoned by lead, chlorine, and silicones. 

 

1.2.2. SOLID-STATE SENSORS 
 

Solid-state sensors are the broad category of sensors comprising the bulk of hydrogen sensing 

technologies available. Solid-state semiconductors with a hydrogen sensitive layer are the most 

common of the chemisorbing hydrogen sensors. The basic principle on which this hydrogen 
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sensors function is that hydrogen concentration in a sample gas volume can be detected by 

monitoring the change in the physical properties of a chemisorbing film layer (Fig. 1.2). These 

sensors exhibit a change in electrical conductivity proportional to the amount of hydrogen 

adsorbed onto the surface layer at equilibrium [22]. Thin-film palladium has been the leading 

material investigated for sensing hydrogen due to its unique material response to hydrogen. The 

solid-state gas sensor is robust and able to detect a broad range of gases. It has a wide operating 

temperature range and a long operating life. This sensor is resistant to corrosive environments and 

low humidity. 

 

Fig. 1.2. Schematic diagram of palladium-based solid-state hydrogen sensor [23]. 

 

The main disadvantage of the solid-state gas sensor is the sensor is not commonly selective. 

It consumes high power. 

 

1.2.3. ELECTROCHEMICAL SENSORS 
 

In the 1970s, LaConti and Maget suggested the first electrochemical cell used in hydrogen 

detection [24]. Recently Korotcenkov et al. [25] have reviewed electrochemical hydrogen sensing. 

Electrochemical sensors represent the most commercially successful sensor type due to the 

simplicity of their operation, high sensitivity, and proven sensor mechanisms [26]. These sensors 
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work around the basic principle of oxidation and reduction which results in a flow of current. That 

current is measured by the internal circuitry of the sensor to decide the concentration. Hydrogen is 

detected using a specific electrochemical reaction between the anode and the cathode. The 

resulting signal is either a current or a voltage change in the external electrical circuit. Figure 1.3 

shows the schematic diagram of an electrochemical gas sensor. The electrochemical gas sensor 

measures toxic gases in relatively low concentrations. It can detect a wide range of gases. 

 

Fig. 1.3. Schematic diagram of an electrochemical gas sensor [27]. 

 

However, failures modes are unrevealed unless advanced monitoring technique used. This 

sensor requires air or oxygen to work. 

 

1.2.4. GAS CHROMATOGRAPHY 
 

Gas chromatography (GC) is also a common applied measuring principle for hydrogen 

detection. It is a typical laboratory analytical technique [28]. The principle of GC is the sample 

solution injected into the instrument enters a gas stream. It transports the sample into a separation 

tube known as the "column." The various components are separated inside the column. The 

detector measures the quantity of the components that exit the column (Fig. 1.4). A standard 

sample with known concentration is injected into the instrument. The unknown concentration is 

measured by comparing with the standard sample. The standard sample peak retention time 
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(appearance time) and area are compared to the test sample to calculate the concentration. It can 

measure other gases such as nitrogen, oxygen, and carbon dioxide in the presence of hydrogen. 

The separation performance of gas chromatography is excellent. It is highly sensitive and selective. 

 

Fig. 1.4. Schematic diagram of gas chromatography [29]. 

 

However, gas chromatography is difficult in miniaturization for portable applications. Low 

sensitivity, long response times (minutes) due to the chromatography, time-intensive sample 

preparation, consumable (carrier and calibration gases), and labor-intensive handling procedures 

are the drawbacks of gas chromatography. 

 

1.2.5. METAL OXIDE SENSORS 
 

Metal oxide sensors are known as semiconductor-based sensors since they use a 

semiconducting film as the sensing element [30]. Since the 1950s, the electrical properties of metal 

oxides change when they are exposed to reducing gases [31]. In 1962 Seiyama was the first to 

apply this phenomenon to the detection of gases using a ZnO thin film [32]. In the same year, 

Taguchi [33] patented and subsequently marketed a SnO2 based semiconductor device capable of 

detecting low concentrations of combustible and reducing gases using a simple electrical circuit. 

The most widely researched metal oxide used for sensing applications is a tin oxide (SnO2). The 

principle of measuring the concentration of toxic gas in air is measured by the change in resistance 

inside the sensor. The reaction between the toxic gas and oxygen on the film surface varies, 
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depending on the reactivity of material and surrounding temperature. When gas enters into the 

sensor, it reacts with the film, which in turn triggers the device if the detected concentration is 

above a threshold value. Figure 1.5 shows the schematic diagram of a metal oxide based gas sensor. 

Metal oxide based gas sensor is a low-cost sensor. It has a short response time, a wide range of 

target gases, long lifetime, high sensitivity, short response time. 

 

Fig. 1.5. Schematic diagram of metal oxide based gas sensor [34]. 

 

However, this sensor has relatively low sensitivity and selectivity. It is sensitive to 

environmental factors, and consume high-energy. 

 

1.2.6. SURFACE ACOUSTIC SENSOR 
 

A surface acoustic wave sensor (SAW) is an acoustic wave propagates along the surface of 

an elastic body and has an interesting feature that the energy of the wave is almost entirely 

contained in a thin layer within several wavelengths from the surface of a solid material. Because 

of this property, the propagation of a SAW is sensitive to the surface state and is easily influenced 

by the temperature change and mechanical change of the surface. Using this, a gas-sensitive film 

is formed on the SAW propagation path, and the gas concentration can be detected by using the 

change of the SAW due to H2 adsorption, etc. as a signal [35], [36]. Figure 1.6 shows the basic 
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structure of the SAW-based H2 gas sensor. By using the SAW element as a gas sensor, it was also 

developed as a sensor with much higher detection capability than the Pd resistance change sensor 

based on the principle of H2 storage on metal. The first reported device measured H2 gas using Pd 

thin film as a sensitive film and detected H2 concentration from 100 ppm to several%. In this 

element, a comb-shaped electrode was formed on a substrate of LiNbO3, a high-frequency surface 

wave was generated on the surface of the substrate from this electrode, and a change in phase 

difference measured from the opposite electrode was used as a gas concentration signal. Yamanaka 

et al. [37] describe a ball-shaped SAW sensor for H2 in which the acoustic waves propagate 

multiple times around the same circular path, thereby amplifying the effect and increasing the 

sensitivity of the device. They report a short response time of <2 s and a measuring range of 10 

ppm to 100%. SAW sensor is well known because of detecting nerve and blister agents. Since it 

is battery-less, it could be used for wireless applications. SAW sensor could be placed in harsh and 

rotating parts. However, due to its small size, it is difficult to handle during the fabrication process. 

 

Fig. 1.6. Schematic diagram of a SAW sensor [38]. 

 

1.2.7. ULTRASONIC SENSORS 
 

The ultrasonic sensor measures the concentration of H2 gas based on the speed of sound 

variation in H2 and other gases, particularly air. The central element of an ultrasonic gas sensor is 

the ultrasonic generator, the source that provides the electrical energy to the system's ultrasonic 

transducers. The job of ultrasonic generator is to receive and convert energy from the power source 

to the proper frequency, voltage, and amperage. The sensors supplied often take the form of a pair 

of eyes because there are two key parts. The transmitter emits a sound at a defined frequency, and 
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the receiver receives the signal after propagation through the gas. Piezoelectric and 

magnetostrictive are the two most commonly used transducers [39]. Figure 1.7 illustrates two gas 

chambers, which are precisely alike, respectively measuring ultrasonic propagation parameters 

(e.g., sound traveling time difference, Δt) in the H2 gas and the mixture of H2 and air. The gas 

concentration is determined by sound traveling time difference method [40], [41]. 

 

Fig. 1.7. Ultrasonic detection method [42]. 

 

1.3. BASIC AND PROPERTIES OF ULTRASOUND 

1.3.1. ULTRASOUND 
 

The sound is a mechanical, elastic wave spreading through a physical medium in the form of 

longitudinal or compressional waves. The fundamental difference between sound and ultrasound 

is the wave frequency. Generally, sound waves are divided into three categories that depend on 

frequency ranges. (i) Audible waves lie within the range of sensitivity of the human ear (20 Hz – 

20 kHz); (ii) Infrasonic waves are waves having frequencies below the audible range (<20 Hz), 

(iii) Ultrasonic waves are waves having frequencies above the audible range (>20 kHz) and less 

than microwave frequencies (up to 10 MHz) [43]. Figure 1.8 shows three categories of ultrasound 

depends on different frequency ranges. (i) power ultrasound (20 – 100 kHz); (ii) high frequency 

or extended range ultrasound (20 kHz – 2 MHz) and (iii) diagnostic ultrasound (>1 MHz). High-

frequency ultrasound employs to measure gas concentration. 
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Fig. 1.8. Frequency range of sound. 

 

1.3.2. ULTRASONIC WAVE PROPAGATION 
 

 

 

Fig. 1.9. Transverse and longitudinal wave. 
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In solids, two kinds of the wave can propagate with different velocities [44]. Ultrasonic wave 

can propagate in two principle modes that are based on the way the particles oscillate. Ultrasonic 

can propagate as longitudinal wave and transverse wave. In liquid and gas medium, an ultrasonic 

wave propagates as a longitudinal wave, in common with all sound waves [45]. Figure 1.9 shows 

the longitudinal and transverse wave oscillations. 

 

Fig. 1.10. Ultrasonic signal propagation at gas-solid interface. 

 

When a longitudinal wave hits a gas-solid interface at θ1L, both the longitudinal and transverse 

wave transmitted in the solid, as transverse wave can propagate in a solid material, as shown in 

the Fig. 1.10. As shown in Figure 1.10, Z1 and Z2 represent the acoustic impedance of gas and solid, 

respectively. Acoustic impedance is defined as the product of density of the medium and the speed 

of sound in that medium. The transverse wave does not refracted as much as the longitudinal wave. 

This occurs because transverse wave travel slower than longitudinal wave. The refracted transverse 

wave is refracted at a smaller angle than that of longitudinal wave. This is also due to the fact that 

the transverse wave velocity is less than the longitudinal wave velocity within a given material. 

Snell's Law holds true for transverse wave as well as longitudinal wave and can be written as 

follows: 
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  
          (1.1) 

where, v1L is the longitudinal wave velocity in gas medium, v2L is the longitudinal wave velocity 

in solid medium, v2T is the transverse wave velocity in solid medium. θ1L is the incident angle of 

longitudinal wave at gas-solid interface. In solid, θ2L and θ2T are the refracted angles of longitudinal 

and transverse wave, respectively. 

 

The values of the velocity of ultrasonic wave propagation, and other relevant physical 

constants of solids which important for ultrasonic technology, are given in Table 1.2. Constants 

of some gases at a temperature of 20°C are given in Table 1.3. 

 

Table 1.2 Constants of some solid media at a temperature of 20°C [44]. 

Medium Density.103 

(kg/m3) 

Speed of sound (m/s) 

Longitudinal Transverse 

Metals    

Tin 7.30 3320 1670 

Aluminum 2.70 6320 3080 

Magnesium 1.73 5780 3050 

Cast iron 7.20 3500-5600 2200-3200 

Brass 8.10 3830 2123 

Nickel 8.80 3830 2960 

Steel 7.80 5900-6000 3200 

Non-metals    

Ice 1 3980 1990 

Organic glass 1.18 2670 1121 

Polystyrene 1.06 2350 1120 

Quartz glass 2.60 5570 3515 
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Table 1.3 Speed of sound and temperature coefficient of the gases and vapors [46]. 

Gases and vapors Speed of sound (m/s) at 20°C Temperature coefficient (m/(s.°C)) 

Hydrogen 1310 2.2 

Dry air 344 0.607 

Nitrogen 349 0.85 

Oxygen 327 0.57 

Methane 442 0.62 

Helium 1007 1.35 

 

1.3.4. AMPLITUDE AND INTENSITY 
 

The amplitude of the ultrasonic wave is the maximum increase (or decrease) in the pressure 

relative to ambient conditions in the absence of sound wave. Amplitude is used to discuss reflection, 

attenuation, and scattering. For example, sound waves in air are oscillations in atmospheric 

pressure and their amplitudes are proportional to the change in pressure during one oscillation. If 

a variable undergoes regular oscillations, and a graph of the system is drawn with the oscillating 

variable as the vertical axis and time as the horizontal axis, the amplitude is visually represented 

by the vertical distance between the extreme of the curve and the equilibrium value as shown in 

Fig. 1.11. 

 

Intensity of sound, I is proportional to the square of the amplitude, A as given in eq. (1.1): 

2I A           (4.1) 

 

Fig. 1.11. Amplitude of sound wave. 
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1.3.5. ATTENUATION OF SOUND 
 

When sound travels through a medium, its intensity decreases with distance. In an ideal 

material, the spreading of the wave only reduces sound pressure (signal amplitude). However, 

scattering and absorption of sound in other materials reduce the sound pressure. Scattering is the 

reflection of sound in directions other than its original direction of propagation. Absorption is the 

conversion of the sound energy to other forms of energy. The combined effect of scattering and 

absorption is called attenuation. In most cases, attenuation is nearly proportional to the distance. 

 

1.4. APPLICATION OF ULTRASOUND 
 

Ultrasound waves are used in many different fields. Medicine represents one of the widest 

areas of application for the ultrasound. The most common use of ultrasound in the medical 

department is its use in what is called an “ultrasound scan”. This is used to project a moving image 

of a fetus inside a pregnant woman’s body. Ultrasound is widely applied in medicine for therapy, 

diagnosis, and treatment as well [47]-[49]. Using the Doppler Effect in ultrasonic technology can 

be used to measure blood pressure and blood flow [50]. Applying ultrasound techniques using 

Doppler spectral simulation are used especially in the heart organs [51], [52]. It is also used in the 

study of infertility [53]. Ultrasound is also popular in the diagnosis of cancer, e.g.: liver 

(laparoscopy), thyroid [54], [55], or breast [56]; in brain diagnosis [57] and Transcranial [58] or 

osteoporosis [59]. Another application of ultrasound is Physiotherapy [60] as the treatment of 

cervical pain [61], [62]. It is used in surgical and medical instruments for fragmentation and 

removal of biological tissue [63], biopsies [64], activation of transplanted organs [65], orthodontics 

[66], in obstetrics [67] and ambulatory gynecology [68], [69], pediatric anesthesia [70], forensic 

examinations [71] or simply to disinfect medical instruments [72]. Ultrasound technology also 

extends to therapeutic applications [73], [74]. For example, as used in the treatment of dental [75], 

[76], chronic rhinosinusitis [77], ocular surgery [78], body contouring, kidney stone disruption and 

removal of blood clots as well in ultrasonic drugs [79]. 

 

A broad range of industrial applications of ultrasound has been in use for over 50 years from 

automotives to the textiles. Today, ultrasound is considered as one of the useful techniques, which 
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are important for various industrial processes like separation, crystallization and purification, etc. 

[80]. Ultrasonic cleaning is perhaps the oldest industrial application of power ultrasound. It 

continues to be used in numerous industries ranging from semiconductors to engine parts due to 

its low cost and efficient results [81]. For detecting, sizing and locating metal loss and cracks in 

transmission pipelines Ultrasonic In-Line Inspection Tools is used [82]. Nonlinear ultrasonics is 

used to assess damaged concrete in industrial applications like nuclear power plants, bridges, etc. 

[83]. Ultrasonic method is used to detect defects in welds and thick layers of steel, [84], in-situ 

sizing of fastener hole cracks in steel [85]. In the food industry, ultrasonic technology is used for 

freezing [86], and chilling [87]. By utilizing ultrasound technique, the clearing of pollutants from 

wastewater of agro-industry has become possible [88]. In the leather industry, several processes 

including cleaning, extraction, emulsification, homogenization, separation, preservation, diffusion 

and chemical reactions are produced by applying ultrasound [89]. Ultrasound methods and 

processes are used as a strong agent and recently they have got much attention, for treatment of 

wastewater, and in the purification of drinking water [90]. An ultrasonic flow meter is a type of 

flow meter that measures the velocity of a fluid with ultrasound to calculate volume flow [91]-

[94]. 

 

1.4.1. LITERATURE REVIEW OF ULTRASONIC GAS SENSING 
 

Measurement of gas concentration using ultrasonic wave is one of the latest applications of 

the ultrasonic method. 

Joos et al. [95] developed an ultrasonic transmission sensor system based on piezoelectric 

transducers. This sensor can measure the concentration of gases in binary mixtures of known 

constituents, which is highly insensitive with respect to the influence of external parameters like 

total pressure or moisture. The ultrasonic transmission gas-analysis system is shown as in Fig. 1.12. 

There are numerous demands in industrial process control and monitoring where this technique 

can be applied favorably, including the control of mixtures of inert, aggressive or explosive gases, 

remote control of protective gas atmospheres and rapid mixing of gases. The short response time 

of this sensor with respect to gas composition (the order of several milliseconds) is beneficial. 

Other advantages are the accuracy, of the order of l-3% with respect to gas composition, its long-

time stability and the small influence of moisture and gas pressure. 
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Fig. 1.12. Components and set-up of the ultrasonic transmission gas-analysis system [95]. 

 

However, a major restriction of this method is its very limited analytical power with respect 

to unknown or multicomponent gas mixtures. The principle of gas concentration measurement is 

complicated. Further improvements in the accuracy of the method, e.g., an error in concentration 

of less than 0.2 vol. % for CO2-air mixtures in the range below 10% CO2. 

 

Sheen et al. [96] examined two ultrasonic techniques for use in a low-cost, fast-response 

portable helium leak detector. In one technique, a surface acoustic wave (SAW) device is used to 

detect helium gas through changes of thermal conductivity in helium/air mixtures. The second 

technique measures variations of sound speed (SS) in such mixtures. Both of the techniques can 

detect helium leaks as small as 10-4 and 10-5 cm3/s, respectively. A prototype sound speed sensor 

for detecting He in air is showed as in Fig. 1.13. It is a low-cost, fast-response portable helium leak 

detector. 
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Fig. 1.13. Prototype sound speed sensor for detecting He in air [96]. 

 

Vyas et al. [97] fabricated a non-invasive gas sensor. It can measure the gas concentration of 

a specific gas in a binary mixture such as H2, He, etc. mixed in the air based on time of flight 

(TOF) measurements of the ultrasonic signal. The method achieved reliability, and the sensor has 

a long life. The sensor is found to be suitable for the determination of CO2 concentration in human 

exhaled air. A schematic diagram of the experimental setup used for unknown gas concentration 

measurement of test gases in a binary gas mixture is shown in Fig. 1.14. 

 

Fig. 1.14. Schematic diagram of the set up used for measurement of unknown concentrations of 

test gases in a binary gas mixture [97]. 
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Toda et al. [98] described a detection method with a millisecond temporal resolution using 

ultrasound to determine the gas concentration. The amplitude pattern of an ultrasound signal shifts 

due to change in the gas concentration. Based on this principle, a high-speed gas concentration 

monitoring device was fabricated. This device can measure the rapid gas changes from pure 

nitrogen to a mixture of 5% oxygen and 95% nitrogen with a 45 dB signal-to-noise ratio. A 

schematic diagram of the ultrasound chamber having embedded transmitter and receiver is shown 

as in Fig. 1.15. The device can detect the gas concentration on a millisecond time scale. The device 

and the signal processing of this sensor is simple. It does not have the same gas selectivity as a 

GC. Therefore, this sensor is applicable when the variation of the flowing gases is fixed. Moreover, 

this sensor has a long life because this sensor does not employ chemical reactions. Additionally, it 

may work under severe conditions such as at high temperatures or with an erosion gas where 

ordinary reaction gas sensors breakdown. This sensor measures changes in gas concentrations by 

measuring the shift in the gap-dependent curve. 

 

 

 

Fig. 1.15. Ultrasound transmitter and receiver units embedded in the chamber [98]. 
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Fig. 1.16. A schematic diagram of the response time measurement method [99]. 

 

Sonoyama et al. [99] developed a prototype palm size hydrogen sensor having detection time 

around 1~2 millisecond. It uses the difference in sound velocity between hydrogen and the air. 

This sensor can detect hydrogen instantly and accurately (as low as 100ppm). Also, this sensor can 

be fabricated with low cost compare with other ones because it does not use precious metals as a 

catalyst. The change of temperature was compensated for the speed of sound, and the hydrogen 

concentration was obtained accurately even if the temperature varied [46], [100]. This ultrasonic 

sensor has sensing performance whether the gas is hydrogen or not. Figure 1.16 shows the 

schematic diagram of the response time measurement method. This sensor investigated the 

humidity characteristics of the ultrasonic sensor. The humidity characteristics of the ultrasonic 

hydrogen sensor were evaluated by comparing the theoretical value of the ultrasonic wave arrival 

time with the experimental value [99], [100]. The temperature was fixed to two patterns of -20°C 

and 40°C using a small environmental unit, and the relative humidity was changed from 40% to 

90%. The ultrasound arrival time was measured each time the relative humidity changed by 10%. 

It was calculated and adjusted to be Δt=0 when the relative humidity is 50% at 40°C. 
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1.5. MOTIVATION 
 

Recently, hydrogen transportation by pipeline has received much attention due to heat and 

energy provision. Pipelines are regarded as the most efficient method of transporting large 

quantities of hydrogen over long distances. Hydrogen transportation by pipeline is demonstrated 

in some of the leading industrial nations: 210 km in Germany, 400 km from France to Belgium, 

and over 720 km throughout the U.S. [101]. Europe and North America have already started using 

around 3000 km of high-pressure hydrogen pipelines for industrial processes [102]. In addition, 

Japan becomes the first country in the world to realize a hydrogen-based society. The Japanese 

government is planning to develop a H2 energy society as part of its strategy for the Tokyo Olympic 

Games to be held in 2020. H2 will be distributed to support the activities of some 17,000 athletes 

and other guests. Residential facilities, training centers, and buses will be powered by H2. Tokyo 

has already started operating fuel cell buses and has proceeded with plans to use H2 in the Olympic 

and Paralympic villages. After 2020, the Olympic Village will be converted to an H2 based high-

class residential area [103]. Figure 1.17 shows the proposed plan of futuristic ‘Hydrogen town’ in 

Tokyo where H2 will be transported by pipeline to the fuel cell [104]. Thus, monitoring H2 gas 

concentration in a pipe is an important issue for transportation through a pipeline. Furthermore, 

fuel cell technology using hydrogen are being popular in factories and commercial buildings. Fuel 

cell manufacturers are also developing compact and inexpensive cells for home use [105]. Japan 

has set a goal to install fuel cell in 5.3 million homes by 2030, about 10 percent of all households 

[106]. For the advancement of fuel cell and hydrogen technologies, many countries have different 

targets. The European roadmap for the deployment of hydrogen and fuel cell technologies has now 

set a goal of 0.4–1.8 million hydrogen vehicles sold per year by 2020 [107]. Hydrogen 

concentration monitoring that goes in and coming out from a cathode is required for hydrogen fuel 

cell [108]. For city gas, usage of carbon dioxide can be controlled by blending the natural gas with 

hydrogen gas through the existing gas networks [109]. To avoid sudden increase of hydrogen gas 

concentration in the natural gas, the concentration of hydrogen should be carefully controlled 

during hydrogen injection into the natural gas [110]. 
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Fig. 1.17. The proposed plan of ‘Hydrogen town’ in Tokyo [104]. 

 

Conventional and present ultrasonic H2 sensors are described in the previous section. 

However, none of these sensors meets the requirement of measuring gas concentration from the 

exterior of the pipe. They need to extract the gas by making a hole into the pipe for the gas 

concentration measurement. Since H2 is a combustible gas, making a hole may cause danger such 

as leakage or explosion. Therefore, it is required to measure the H2 gas concentration from the 

exterior of the pipe without making any hole. We have proposed an ultrasonic gas sensor, which 

can measure the gas concentration from the exterior of the pipe without making a hole. This sensor 

can measure both of flowing and non-flowing gas concentration from the exterior of different pipe 

materials. Currently, two principles are used to measure the flow velocity using the ultrasonic 

wave. One is the Doppler method in which the flow velocity is measured by the Doppler 

phase/frequency shift of reflected ultrasonic waves [111], [112]. The other often-used method is 

the transit-time method [113], [114]. In this research, the gas concentration measurement is similar 

to this transit-time method and different from the Doppler method. The concentration of the gas 

can be measured based on the speed variation of the ultrasound traveling inside the pipe. Drilling 

a hole in the pipe to extract the gases is not necessary for the gas concentration measurement. 

 

The emerging hydrogen economy concept would make the development of a highly selective 

and sensitive H2 sensor a great interest and highly important. In addition to this, insight into H2 
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sensing mechanism will be useful not only people who work for the gas sensor but also for other 

researcher or practitioners who study various H2 applications. 

 

1.6. RESEARCH OBJECTIVES 
 

The overall objective of this work is to measure non-flowing and flowing hydrogen gas 

concentration by using ultrasound from the exterior of the pipe. To achieve this general objective, 

the works encompassed in this thesis have been organized to fit the following specific objectives. 

 

1. To observe the airborne signal from the exterior of stainless steel (SUS) pipe and measure 

the non-flowing hydrogen gas concentration from the exterior of a SUS pipe. 

 

2. To measure the flowing hydrogen gas concentration from the exterior of polyvinyl chloride 

(PVC) pipe. 

3. To study the ultrasound propagation through the air-H2-air two layer gas system. Intensity 

degradation of ultrasound through the system was studied. 

 

1.7. DISSERTATION LAYOUT 
 

This thesis is organized as follows. It consists of five chapters. Each chapter has its own 

different topics to discuss. In the following, a glimpse of the topic has been pointed out. 

 

CHAPTER 1 discusses the background and the research problem of this study in details. The 

detailed literature review on various topics related to the present work is also discussed. Moreover, 

research objectives and structure of the thesis are included in this chapter. 

 

CHAPTER 2 highlights the measurement of non-flowing H2 gas concentration from the 

exterior of a SUS pipe. A sound absorbing material (SAM) is proposed to reduce the noise signal 

circling in the SUS wall. The circulation of sound in the SUS pipe wall is explained by finite-

difference time-domain (FDTD) simulation method. Different experimental conditions are applied 
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to understand the amplitude of the received ultrasonic signal. A two-transmitter condition is 

proposed to cancel the noise signal. The experimental setup, simulated and measured results are 

summarized and compared in this chapter. 

 

CHAPTER 3 describes the measurement of flowing hydrogen gas concentration from the 

exterior of a PVC pipe. The noise error is measured for various flow rates. The effect of noise error 

on gas concentration is studied. Furthermore, the effect of humidity and temperature on Δt are 

investigated. Finally, the limit of flow is investigated, and an equation is developed to calculate 

the limit of flow. The experimental results are summarized in this chapter. 

 

CHAPTER 4 reports propagation of ultrasound trough two-layer mixed gas. The intensity of 

ultrasonic signal degradation was observed while hydrogen was mixed into air. The concentration 

of hydrogen gas was measured from the exterior of an acrylic pipe and it was found that the 

intensity of ultrasound does not depend on the gas concentration. An acrylic pipe is chosen to 

visualize hydrogen by using Schlieren photography from the exterior of the pipe. Two fluctuated 

interfaces in air-H2-air system is observed. An air-H2-air system is proposed, and the loss of signal 

intensity in this system is described. The simulated results are summarized in this chapter. 

 

CHAPTER 5 draws conclusions and recommendations. This chapter summarizes the whole 

research work and actual findings are briefly mentioned based on the objective of the thesis. 

Moreover, this chapter also incorporates some limitations and recommendations for future works. 
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CHAPTER 2 

MEASUREMENT OF NON-FLOWING GAS CONCENTRATION 

FROM THE EXTERIOR OF A PIPE 

 

2.1. INTRODUCTION 
 

This chapter mainly focuses on the measurement of non-flowing H2 gas concentration from 

the exterior of a pipe. At first, the principle of gas concentration measurement by using ultrasound 

is described. The principle of gas concentration measurement is based on the variation of sound 

speed detected by ultrasound. Usually, carbon steel or stainless steel (SUS) is used as the material 

for the pipelines of H2 gas transportation [1]. In this chapter, concentration of H2 gas in a SUS pipe 

is measured from the exterior of the SUS pipe without making a hole on the pipe surface. However, 

observation of airborne ultrasonic wave traveling in the SUS pipe is difficult because the sound 

wave is also circling inside the SUS pipe itself [2]. A very basic theory of ultrasound propagation 

at boundary is described here. Longitudinal and transverse waves propagate in a solid with 

different velocities [3]. The propagation of longitudinal and transverse waves in solid were 

described in section. 1.3.2. of Chapter 1. Since both of these waves are considered in the finite-

difference-time-domain (FDTD) method, sound propagation through the SUS pipe was visualized 

by using the FDTD method [4], [5]. Simulated and experimental results of ultrasound propagation 

in a SUS pipe are compared. In this chapter, two methods were tried to reduce the noise signal. At 

first sound absorbing material (SAM) was pasted on the surface of the SUS pipe and successfully 

reduced the noise signal. Therefore, the airborne signal was observed from the exterior of the SUS 

pipe. This is the first time that a sound absorbing material (SAM) was selected which can reduce 

the ultrasonic signal circling inside the SUS pipe material. Therefore, it is possible to measure the 

gas concentration from the exterior of the pipe. Secondly, two transmitters and one receiver 

method as tried to cancel the noise signal by interfering each other. According to the FDTD 

simulation method, it has been found that signal amplitude for the condition of using two 

transmitters where the ultrasonic waves interfere with each other and cancel out the noise sound 

signal. Therefore, it could be possible to reduce the noise signal by using two transmitters; however, 
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it is not possible in practice. The probable reasons of the mismatch in simulation and experimental 

results are also discussed in this chapter. 

 

2.2. PRINCIPLE 

2.2.1. GAS CONCENTRATION MEASUREMENT USING ULTRASOUND 

 

This section is described the gas concentration measurement by using ultrasound. Figure 2.1 

shows an image of the ultrasonic detection unit applied in this research. Suppose the distance 

between the ultrasonic transmitter and the receiver is 5 cm, and the time required for the ultrasonic 

wave reach to the receiver is called the sound traveling time. 

 

 

Fig. 2.1. Schematic diagram of the ultrasound detection system. 

 

2.2.1.1. MIXED GASES MEASUREMENT FOR SAME γ AND T VALUES 

 

The theoretical expression for the speed of sound in an ideal gas can be expressed as in eq. 

(2.1): 

P
v

D


          (2.1) 

where, P is the ambient pressure, D is the density of the medium and γ is the ratio of the specific 

heat of gas at constant pressure to that at constant volume. 
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The speed of sound is a unique value for each different types of gases. The principle of gas 

concentration measurement is based on the speed of sound variation of the ultrasound traveling 

inside the pipe [6], [7]. Substituting the ideal gas law (PV=nRT) and the definition of density, D 

(mass per unit volume), the velocity of sound in a gas can be expressed by eq. (2.2) [8], [9]. 

RT
v

M


          (2.2) 

where, γ is the specific heat ratio, R is the gas constant 8.314 J/mol/K, T is the absolute temperature 

and M is the molar mass in kg/mol. 

 

When gas B is mixed in gas A, the concentration of gas B can measure by measuring the sound 

velocity shift [10]. Both of gas A and gas B are considered as diatomic. Sound velocity formula 

for gas B mixed in gas A can be expressed as in eq. (2.3) [8]. 

 1
AB

A B

RT
v

M M



 


 
         (2.3) 

vAB is the sound velocity of the mixed gas. MA and MB are molecular weights of gas A and B, 

respectively. ρ is the volume concentration ratio of gas B in gas A. γ, R and T are assumed to be 

the same for gas A and B. 

 

When the speed of sound v, propagates a distance x, the traveling time can be expressed as t 

= x/v. If the sound velocity of gas B is faster than that of gas A, the sound velocity of mixed gas 

becomes faster for Δv. By using Δt, the difference of sound traveling time between gas A and 

mixture of gas A and B, the speed of sound vAB for mixed gas can be expressed as in eq. (2.4): 

A A
AB

A A

t vx
v v v

t t t t
   

 
       (2.4) 

By using eqs. (2.2) and (2.3), the concentration of gas B, ρ can be calculated as in eq. (2.5). 

2

1A A

A B A

M t t

M M t


   
   

    

       (2.5) 
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Fig. 2.2. The amplitude of the received ultrasonic signal in gas A and the mixture of gas A and gas 

B. Δt is the traveling time difference between gas A and the mixture of gas A and gas B 

[11]. 



40 
 

Figure 2.2 shows an example of measuring sound traveling time difference, Δt. The specimen 

gases (assuming A= air and B= H2) were flown in a PVC pipe that was placed horizontally. Length 

of the pipe was 880 mm with the inner diameter of 39 mm and PVC thickness of 2 mm. Two piezo 

ceramic transmitting and receiving probes were mounted on the pipe surface diagonally on the 

opposite sides of the pipe. The waveform of the ultrasonic signal was shifted after injecting H2 gas. 

The solid line and dotted line show the waveforms of the ultrasonic wave for gas A (air) and the 

mixture of gas A (air) and gas B (H2). The difference of sound traveling time between gas A (air) 

and mixed gas B (air) & B (H2) is shown as Δt. Thus, the concentration of gas B (H2), ρ can be 

calculated using the value of Δt as shown in eq. (2.5). Therefore, it is possible to measure and 

calculate the concentration of gas in a pipe using this ultrasonic method from the outside of the 

SUS pipe, and it does not require making any hole to extract the gases. 
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Fig. 2.3. The relation between H2 concentration and sound traveling time difference, Δt. 

 

Figure 2.3 shows the relation of H2 concentration and sound traveling time, Δt difference. Red 

solid line shows the theoretical value of Δt according to H2 concentration. Assuming that 

transducers are 50 mm apart from each other. From Fig. 2.3, it is observed that Δt is increased 

according to increase of H2 concentration. 
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2.2.1.2. MIXED GASES MEASUREMENT FOR DIFFERENT γ AND T VALUES 

 

In this section, γ and T are considered different for gas A and gas B where gas A and gas B are 

considered as diatomic and monoatomic or polyatomic gas, respectively. The sound velocity of the 

mixed gas of gas A and gas B is given by eq. (2.6). 

      mix
mix

mix

RT
v

M


          (2.6) 

where, γmix is the specific heat ratio of the mixed gas, and Mmix is the molecular mass of mixed gas. 

γmix and Mmix are given by eqs. (2.7) and (2.8) [12], [13], respectively. 

      (1 )mix A B                (2.7) 

      (1 )mix A BM M M            (2.8) 

where, γA and γB are the specific heat ratio of gas A and gas B, respectively. MA and MB are the 

molecular mass of gas A and gas B, respectively. ρ is the concentration (vol.%) of gas B in the 

mixed gas. 

 

When the ultrasonic traveling distance is x, and the sound velocity is v, the ultrasonic traveling 

time is represented as t=x/v. Therefore, the difference of ultrasonic traveling time between gas A 

and the mixed gas is given by eq. (2.9) [13]. 

      
1 1

A mix

A mix

t t t x
v v

 
     

 
        (2.9) 

Finally, the gas concentration ρ can be calculated by using eqs. (2.6) – (2.9). In this study, we 

made a program using the bisection method and performed concentration calculations. Specifically, 

first, assuming that ρ is 50%, Δt was calculated. Next, the calculated Δt was compared with the 

experimentally obtained Δt. From these results, the value of ρ can be assumed as a next value. This 

procedure was repeated to calculate the final concentration ρ. 
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2.2.2. ULTRASONIC WAVE PROPAGATION AT INTERFACE 
 

The amplitude of the incident sound wave depends on the absorption and scattering effects, 

which is due to the variation in the speed of sound in an inhomogeneous medium. The interaction 

of the ultrasonic wave with the material is expressed as its acoustic impedance, which is 

comparable to the electrical impedance [14]. The acoustic impedance (Z) is expressed as in eq. 

(2.10) 

Z Dv        (2.10) 

where Z is the acoustic impedance (kg/m2s), D is the density of the medium (kg/m3) and v is the 

sound velocity in the medium (m/s). 

 

Whenever an ultrasound wave is incident on an interface formed by two materials having 

different acoustic impedances, some of the energy in the wave will be reflected and the remainder 

will be transmitted. The amplitude of the reflected wave depends on the difference between the 

acoustic impedances forming the interface. Consider the case of normal or perpendicular wave 

incidence on a flat interface as shown in Fig 2.4. Acoustic impedances of some materials and gases 

are given in Table 2.1. 

 

 

 
 

Fig. 2.4. Reflection and transmission at interface 
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Impedance, 𝒁𝟏 = 𝑫𝟏𝒗𝟏 
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Impedance, 𝒁𝟐 = 𝑫𝟐𝒗𝟐 
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Sound pressure, 𝑷𝒕 
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Table 2.1. Acoustic impedances of some materials 

Material Speed of sound, c 

(m/s) 

Density, D 

(kg/m3) 

Acoustic impedance, 

Z (kg/m2/s) 

Piezo ceramic 3880 7550 3 × 107 

Stainless steel (SUS) 5900 7800 4.6 × 107 

Polyvinyl chloride (PVC) 2350 1060 2.5 × 106 

Air 340 1.225 4.16 × 102 

Hydrogen 1310 0.089 1.16 × 102 

Helium 1007 0.179 1.8 × 102 

SAM 1700 2588 4.4 × 106 

 

The ratio of the reflected pressure amplitude, Pr, to the incident pressure amplitude, Pi, is 

called the amplitude reflection coefficient as expressed in eq. (2.11): 

2 1

2 1

Reflection coefficient, r
A

i

P Z Z
R

P Z Z

 
   

 
      (2.11) 

where Z1 and Z2 are acoustic impedances of medium 1, and 2, respectively. 

 

The ratio of the transmitted pressure amplitude, Pt, to the incident pressure amplitude, Pi, is 

called the amplitude transmission coefficient as expressed in eq. (2.12): 

2

2 1

2
Transmission coefficient, t

A

i

P Z
T

P Z Z
 


      (2.12) 

The intensity is proportional to the square of the amplitude. Therefore, the intensities of the 

reflected (Rp) and transmitted (Tp) waves at an interface of two materials can be described as in 

eqs. (2.13), and (2.14), respectively [15]: 

2

2 1

2 1

p

Z Z
R

Z Z

 
  

 
       (2.13) 

 
1 2

2

2 1

4
p

Z Z
T

Z Z



       (2.14) 
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Therefore, the difference in acoustic impedance at the interface will control the amount of 

energy reflected. Conversely, if the impedances are similar, most of the energy will be transmitted. 

The reflectance and transmittance of sound between two medium are calculated using eqs. (2.13), 

and (2.14), respectively. The values are given in Table 2.2. 

 

Table 2.2. Transmittance and reflectance of sound between two medium 

Material Reflectance, % Transmittance, % 

Piezo ceramic to SUS 2.19 97.80 

Piezo ceramic to PVC 70.10 29.8 

Piezo ceramic to air 99.99 0.004 

Piezo ceramic to H2 99.99 0.001 

Piezo ceramic to SAM 59.87 40.12 

SUS to air 99.99 0.003 

SUS to SAM 68.40 31.59 

SAM to air 99.96 0.03 

Air to H2 34.12 65.87 

 

2.2.3. THE FINITE-DIFFERENCE-TIME-DOMAIN (FDTD) METHOD 
 

The finite-difference time-domain (FDTD) method was first introduced by Yee in 1966 [16] 

for electromagnetic wave propagation and is hence sometimes referred to as the Yee scheme This 

simple and efficient method has been applied to a wide range of acoustic wave propagation 

problems [17]. The FDTD method includes an acoustic FDTD method and elastic FDTD method. 

The acoustic FDTD method is the combination of a continuous expression of sound pressure and 

an equation of motion. The elastic FDTD method is the combination of Hooke’s law and equation 

of motion. When a force is applied to a particle, the particle moves by the force and the behavior 

can be described by the equation of motion. Figure 2.5 shows a particle having dimensions of ΔX, 

ΔY, ΔZ and D is the density [kg/m3] of the medium. ux, uy, uz are the particle velocities [m/s] in X, 

Y, Z directions, respectively and p is the sound pressure [Pa]. 
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Fig. 2.5. Diagram of a particle. 

 

Sound propagation in the SUS pipe is described by two kinds of differential equations, Euler’s 

equation and the equation of continuity [18]. Euler’s equation can be expressed as eqs. (2.15)-

(2.17): 

0Xu p
D

t X

 
 

 
       (2.15) 

0Yu p
D

t Y

 
 

 
       (2.16) 

0Zu p
D

t Z

 
 

 
       (2.17) 

The change of volume, ΔV (m3) of the particle can be expressed as eq. (2.18): 

X Y Zu u u
V Z Y Z

X Y Z

   
       

   
      (2.18) 

On the other hand, if V (m3) is the volume before deformation and ke is the volume modulus 

of elasticity [N/m2], the sound pressure is determined from the definition formula of the bulk 

modulus can be expressed as eq. (2.19). 

e

V
p k

V


          (2.19) 

The equation of continuity can be expressed as eq. (2.20) by substituting eq. (2.18) into eq. (2.19): 

0X Y Z
e

u u up
k

t X Y Z

    
    

    
     (2.20) 

The basic formula of elastic FDTD method are: 

ΔX
ΔY

ΔZ

Z

Y

X
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     sC U T
t


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
      (2.21) 

   D U T
t


    
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       (2.22) 

   1 2 3 4 5 6

t
T TT T T T T        (2.23) 
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 

   
    

     (2.24) 

 
t

          (2.25) 

 

Here, [-T] is a negative stress vector, [C] is the stiffness tensor, and [U] is the velocity of the 

particle. Stress is originally 3 × 3 tensor quantity, but considering the balance of moments, stress 

tensor is represented by a vector of T1 to T6 because the independent element of stress tensor is 

only 6 components. T1 to T3 are normal stress and T4 to T6 are shear stress. Both the longitudinal 

and transverse waves propagate in solid, whereas only longitudinal wave propagate in gas. 

Therefore, there is a term of stress tensor in the elastic FDTD. However, only longitudinal wave 

is considered here for the FDTD simulation. The sound pressure and the particle velocity 

continuously change with respect to space and time. For the finite difference approximation, a 

central difference approximation can be expressed as in eq. (2.26). 

 

  2 2

X X
f X f X

f X

X X

    
         

 
     (2.26) 
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Fig. 2.6. Modeling of particles for different finite-difference-time-domain (FDTD) method. (a) 

The 2-D spatial arrangement of sound pressure and particle velocities. (b) Temporal 

arrangement of sound pressure and particle velocities [19]. 

 

For example, Fig. 2.5 shows the sound propagation directions in the particle. As shown in Fig. 

2.5, sound is propagating to the X-axis and Y-axis. However, assuming that sound is not 

propagating to the Z-axis of the SUS pipe that is the vertical direction as shown in Fig. 2.5. Figure 

2.6(a) shows the sound pressures are defined in the middle of each cell and the particle velocities 

on the faces in their respective coordinate direction. Considering i and j are the spatial step and the 

spatial discrete width, Δh, which is the same in X and Y directions. Spatial definition points of 

sound pressure and particle velocities are set at a half grid apart from each other. As shown in Fig. 

2.6(b) their temporal definition points are also a half time step apart from each other. Here a 

discrete time interval is ΔTF and a is the time step, which usually keeps the half grid. When a 

physical quantity is expressed as q on a spatial grid point (X, Y, Z) = (ih, jh, kh) at time aΔTF, this 
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is described as
,

a

i jq . Thus, the particle velocities and sound pressure can be expressed as
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   (2.29) 

From (2.27)-(2.29), features of the FDTD method can be found. The particle velocity can be 

calculated from past particle velocity and sound pressure, while sound pressure can be calculated 

from past sound pressure and particle velocity. Therefore, it is necessary to store only a one-time 

step of each field by updating the pressure first and then the velocity. 

2.3. EXPERIMENTAL SETUP FOR THE MEASUREMENT OF NON-FLOWING H2 GAS 

CONCENTRATION 

 

This experimental setup is to measure the H2 gas concentration by using ultrasound from the 

exterior of the SUS pipe. Figure 2.7(a) shows a schematic diagram of the experimental setup. The 

length of a cut SUS pipe was 130 mm with an inner diameter of 267 mm and a thickness of 4 mm. 

Figure 2.7(b) shows the photograph of the experimental SUS pipe. Two piezo ceramic transmitting 

and receiving probes (Japan Probe Co. LTD) having the surface area of 20 mm x 15 mm were 

mounted on the pipe surface diagonally on the opposite sides of the pipe as shown in Fig. 2.7(a). 

Pipe surfaces were made flat for attaching the transducers. A sonic gel was placed between the 

transducers and the pipe. As shown in Fig. 2.7(c). In Fig. 2.7(c) the circulating ultrasonic wave 

inside the SUS pipe is expressed as signal ‘NS’ and the ultrasonic wave traveling airborne of the 

pipe is expressed as signal ‘AS’. To observe the airborne ultrasonic signal ‘AS’, SAM was pasted 

on the surface of the SUS pipe as shown in Fig. 2.7(c). Furthermore, 100% N2 gas was replaced 

by a 95% N2+5.0% H2 gas through a thin pipe inserted into the SUS pipe with a flow rate of 0.5 

L/min for 2 hours. Lids were placed on the top and bottom end of the pipe. 
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Fig. 2.7. Gas concentration measurement system for stainless steel (SUS) pipe using ultrasound. 

(a) A schematic diagram of the experimental setup. (b) Photograph of the stainless steel 

(SUS) pipe. (c) SAM (red shaded portion) is pasted on the surface of the SUS pipe. ‘AS’ 

is the airborne ultrasonic signal, and ‘NS’ is the ultrasonic signal which is circulating 

inside the SUS pipe itself [19]. 
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2.4. RESULTS AND DISCUSSION 

2.4.1. OBSERVATION OF ULTRASONIC SIGNAL IN AIR 
 

An experiment was conducted to observe the airborne signal in the air. Figure 2.8 shows a 

schematic diagram of the experimental setup. Transmitting and receiving probes were 267 mm 

apart from each other in the air. The acoustic impedances of the piezo ceramic transmitter and air 

are given in Table 2.1. Ultrasonic signal was transmitted at ceramic-air interface and transmittance 

of the signal was calculated as 0.004% by using eq. (2.14) from the transmitter to the air. Since the 

signal was directly transmitted from the transmitter to the air, the airborne signal should be 

observed in the air even though the transmittance is small. Figure 2.9 shows the experimental result 

of the received signal amplitude in air. According to the calculation, the airborne signal is observed 

clearly around 750 to 800 μs in air as shown in Fig. 2.9. 

 

 

 

Fig. 2.8. A schematic diagram of the experimental setup for the observation of airborne ultrasonic 

signal in air. 
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Fig. 2.9. The received signal amplitude of ultrasound passing through the air. 

 

2.4.2. SIMULATION RESULT OF ULTRASONIC WAVE TRAVELING THROUGH A SUS 

PIPE 

 

To observe the ultrasonic signal propagation in the SUS pipe wall, the signal was visualized 

by using FDTD simulation method. Figure 2.10 shows the modeling an FDTD simulation results 

of the two-dimensional sound propagation inside the SUS pipe. Red color represents the high 

sound pressure of the sound wave. The airborne ultrasonic signal ‘AS’ is not shown here. An 

ultrasonic signal pulse is transmitted from a transmitter and divided into two vertical directions in 

the pipe and propagating upwards and downwards in the pipe as shown in Fig. 2.10(a). One can 

see the frontends of the traveling signals as well as following reflected signals from the inner pipe 

surfaces interfering each other. Figure 2.10(b) shows both sound waves reach to the other side of 

the pipe where the receiver is located. This is when one starts receiving the signals at the receiver 

at around 100 μs as shown in Fig. 2.12. Figure 2.10(c) shows the signal after passing the receiver 

position and going back to the original point. One can see the frontends interfering with the other 



52 
 

reflected signals. The two signals keep circulating inside the pipe. After a long time interfering 

each other, one cannot see the frontends any more as shown in Fig. 2.10(d). FDTD simulation 

results more or less match with the experimental result of received signal amplitude as shown in 

Fig. 2.12. FDTD simulation method was also used to find a way to attenuate this ultrasonic wave 

circulating in the SUS pipe. It may possible to reduce this noise type signal circulating in the SUS 

pipe by interference. 

 

 

  

  

 

 

 

Fig. 2.10. Simulation views of propagating ultrasound inside a SUS pipe using different finite 

difference-time-domain (FDTD) method. (a) Right after a pulse of ultrasound is emitted 

from a transducer. (b) Two sound waves are propagating upward and downward reaching 

to the receiver. (c) Two sound waves are passing the receiver position circulating and 

interfering with other signals. (d) An echo of a sound circulating after a while and 

interfering each other [19]. 
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2.4.3. EXPERIMENTAL RESULT OF ULTRASONIC SIGNAL THROUGH A SUS PIPE 
 

An experiment was conducted to observe the propagation of ultrasonic signal through SUS 

pipe. Figure 2.11 shows a schematic diagram of the experimental setup. A cut SUS pipe having 

130 mm in length, 267 mm in inner diameter and a thickness of 4 mm was used for the experiment 

as showed in Fig. 2.7(b). Transmitter and receiver were attached to the exterior of the SUS pipe. 

The transducer voltage and gain were set as 10 V and 0 dB, respectively, during this experiment. 

 

 

 

Fig. 2.11. Schematic diagram of the experimental setup for the observation of airborne signal 

through pipe. 

 

Propagation of sound through a SUS pipe depends on the transmittance of sound from the 

transmitter to the SUS pipe. The acoustic impedances of the piezo ceramic transmitter, SUS, and 

air are given in Table. 2.1. The transmittance of the signal was calculated as 95.5% by using eq. 

(2.14) from the transmitter to the SUS pipe. Therefore, almost all the signals are transmitted and 

strongly circulated in the pipe wall. Furthermore, from the SUS pipe to the air only 0.003% of the 

signal is transmitted. Since the transmittance of ultrasonic signal from SUS to air is small enough 

comparing that from the transmitter to SUS, observation of airborne signal will be difficult from 

the exterior of the SUS pipe. Figure 2.12 shows the experimental result of the received ultrasonic 

signal through the SUS pipe. As shown in Fig. 2.12, the ultrasonic wave is circulating inside the 

SUS pipe and last for a long time like in a bell. Propagation of ultrasound wave in SUS pipe was 

also simulated by the FDTD method that could explain the ultrasound propagation signals in the 

SUS pipe. 

Receiver Transmitter 

Ultrasonic wave 

Cross section of a SUS pipe 
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Fig. 2.12. The received signal amplitude of ultrasound passing through a SUS pipe. Transducer 

voltage and gain were set as 10 V and 0 dB, respectively during this experiment. The 

observed signal ‘NS’ is kept circling inside the SUS pipe [19], [20]. 

 

2.4.4. NOISE CANCELATION WITH SOUND ABSORBING MATERIAL (SAM) 
 

This section is discussed about a way of noise cancelation of the pipe. Above result shows, 

that observation of airborne signal is difficult from the exterior of the SUS pipe. However, a SAM 

was explored, which can reduce the noise signal by pasting on the pipe surface. It is important to 

reduce the ‘NS’, which is shown in Fig. 2.7(c) and observe only the airborne signal ‘AS’ to 

measure the gas concentration. To observe the airborne signal, it is important to absorb the noise 

signal ‘NS’ by pasting the SAM. 
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Fig. 2.13. Received signal amplitude of ultrasound after pasting SAM on the pipe surface. The 

signal ‘AS’, traveling in airborne of the SUS pipe, is observed. The transducer voltage 

was 300 V and gain were set as (a) 0 dB and (b) 21 dB to observe the enlarged view of 

signal ‘AS’ [19]. 
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Clay was pasted as a SAM on the surface of the SUS pipe. The acoustic impedances of the 

piezo ceramic transmitter, SUS, air, and clay are 3 × 107 kg/m2/s, 4.6 × 107 kg/m2/s, 4.16 × 102 

kg/m2/s, and 4.4 × 106 kg/m2/s, respectively. The transmittance of the signal was calculated as 

95.5% by using eq. (2.14) from the transmitter to the SUS pipe. Therefore, almost all the signals 

were transmitted and strongly circulated in the pipe wall as shown in Fig. 2.12. Furthermore, from 

the SUS pipe to the air, only 0.003% of the signal is transmitted. Since the transmittance of 

ultrasonic signal from SUS to air is small enough comparing that from the transmitter to SUS, 

observation of airborne signal will be difficult from the exterior of the SUS pipe. After pasting 

SAM on the pipe surface, the transmitted signals were calculated according to eq. (2.14) from the 

transmitter to SAM and SAM to SUS pipe and the values are 44% and 32%, respectively. That 

means SAM could absorb the noise signal of the pipe and it is possible to observe the airborne 

signal from the exterior of the SUS pipe. SAM was pasted on the surface of the pipe as shown in 

Fig. 2.7(c). As a result, the signal ‘NS’ traveling around the SUS pipe was suppressed, and 

therefore the signal ‘AS’ traveling airborne of the pipe can be detected at around 780 μs as shown 

in Fig. 2.13(a). In Fig. 2.12(a), the transducer voltage and gain were set as 10 V and 0 dB, 

respectively. Figure 2.13(b) indicates the enlarged view of signal ‘AS' To observe the enlarged 

view of signal ‘AS’ as shown in Fig. 2.13(b), gain and voltage of a receiver were set as 21 dB and 

300 V, respectively. The noise signal was canceled for approximately 50 dB by pasting SAM on 

the surface of the pipe. In this case, the S/N ratio is approximately 5 dB. This airborne signal ‘AS’ 

is used to measure the gas concentration. The signal observed at the earlier traveling time < 400 

μs in Figs. 2.13(a) and (b) were due to the signal ‘NS’ circulating inside the SUS pipe itself. 

Therefore, by pasting SAM on the surface of the SUS pipe, this signal ‘NS’ is suppressed, and the 

airborne signal ‘AS’ is possible to observe from the exterior of the SUS pipe. 

 

2.4.5. MEASUREMENT OF NON-FLOWING GAS CONCENTRATION FROM THE 

EXTERIOR OF THE SUS PIPE 

 

In the above section, we were able to reduce the noise signal and observe the airborne signal 

from the exterior of the SUS pipe. In this section, we are conducted an experiment to measure H2 

gas concentration from the exterior of the SUS pipe. For a practical test, 100% N2 gas was replaced 
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by 95% N2+5.0% H2 gas in a pipe, and the concentration of H2 gas was measured by using 

ultrasound. The waveform of the ultrasonic signal was shifted after replacing 95% N2+5.0% H2. 

In Fig. 2.14, red line shows the received ultrasound signal for 100% N2 gas. The blue line shows 

the received ultrasound signal for 95% N2+5.0% H2 gas which was flown and replacing for 2-hours. 

From the measurement of Δt, in Fig. 2.15, the H2 gas concentration was calculated as 4.6% using 

eq. (2.5). It was estimated that with only 2-hours gas flow replacement, H2 concentration did not 

reach to 5.0%. 
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Fig. 2.14. Received signal amplitude of ultrasound for measuring H2 concentration in N2 gas. The 

red line is for 100% N2 gas, and the blue line is for N2+H2 mixed gas. Δt is the sound 

traveling time difference between 100% N2 and N2+H2 mixed gas [2], [19]. 

 

The change of temperature was compensated for the speed of sound, and the H2 

concentration was obtained accurately even if the temperature varied according to eq. (2.9). Since 

there was no hole in the pipe for measuring the gas concentration and temperature, the temperature 

was considered to be similar to the temperature of the pipe surface. In this research, temperature 

variation can be considered and corrected in the calculation using eq. (2.9). In eq. (2.5), it is 
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assumed that the temperature will not change when H2 is mixed in N2. In this experiment, if the 

temperature changes for 1ºC, Δt becomes approximately 1.5 μs so that the error in gas 

concentration is about 0.39%. This value is small enough in case of high concentration 

measurement. The gas concentration is not influenced by the change of pressure, as the pressure 

does not affect the sound speed [20]. It was shown that the concentration of gas is possible to 

measure from the exterior of the SUS pipe. 

 

2.4.5.1. MEASUREMENT ERROR DUE TO THE NATURAL SOUND DRIFT 

 

The measurement error due to the drift was studied. Though the gas was in a static state, a 

small fluctuation of signal was observed during recording. A PVC pipe having the length of 880 

mm with the inner diameter of 39 mm and thickness of 2 mm was considered for this experiment. 

Transmitter and receiver were placed on the exterior of the pipe and signal can pass through the 

PVC pipe. Since the ends of the pipe were open during measurement, the natural airflow was 

coming inside the pipe and the fluctuation of the signal was observed. Therefore, the measurement 

error was calculated. Figure 2.15(a) shows 50 waveforms for the airflow at a speed of 0 m/s. A 

third peak of the signal is shown in a red square in Fig. 2.15(a) was chosen to calculate the sound 

traveling time difference Δt. The enlarged view of the third peak is shown in Fig. 2.15(b). The 

reading of time for measuring the Δt was taken at the intercept of zero intensities of the third wave. 

Δt was calculated approximately 0.1 μs that is about 0.06% in H2 concentration due to the natural 

sound drift. 
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Fig. 2.15. (a) 50 waveforms of the received sound signal at 0 m/s airflow rate. Fluctuation of the 

signal. (b) An enlarged view of a third peak in (a). A red line is the average of the 50 

waveforms. 
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2.4.6. NOISE CANCELATION WITH TWO TRANSMITTERS 

2.4.6.1. SIMULATION LAYOUT AND RESULTS USING TWO TRANSMITTERS 

 

Figure 2.16 shows the simulation model layouts using and two transmitters having one 

receiver. The simulated received signal amplitude from one transmitter is shown in Fig. 2.17(a), 

which is more or less similar to the experimental result as showed in Fig. 2.12. In the simulation, 

the transmitters were considered having the same amplitudes. Figure 2.17(b) shows the simulated 

received signal amplitude for the condition of using two transmitters where the ultrasonic waves 

interfere with each other and cancel out the sound signal ‘NS’. It was possible to reduce the noise 

signal ‘NS’ above 400 μs using two transmitters. According to this FDTD simulation method, Fig. 

2.17(b) shows that signal ‘NS’ is reduced after 600 to 700 μs by using two transmitters. It was 

proved by this simulation that it is possible to reduce this noise type signal circulating in the SUS 

pipe by interference. 

 

 

 

Fig. 2.16. Simulation model layout using two transmitters and one receiver [19]. 
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Fig. 2.17. Simulated received ultrasound signal amplitudes for (a) one transmitter condition and 

(b) two-transmitters condition. Sound waves are interfering each other and decrease 

after about 400 μs for the two-transmitter condition [19]. 
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2.4.6.2. EXPERIMENTAL RESULT USING TWO TRANSMITTERS 

 

The experimental setup and the result using one transmitter was discussed in section 2.4.3. 

The received signal amplitude using one transmitter was showed in Fig. 2.12 where the ultrasonic 

wave was circulating inside the SUS pipe and last for a long time like a bell. In this section, an 

experiment was conducted using two transmitters to reduce the ultrasonic noise for a practical pipe. 

Figure 2.18 shows a schematic diagram of the experimental setup to measure the received signal 

amplitude using two-transmitters. The receiver was attached at the same side of the transmitter 2. 

Since it is difficult to attach transmitter 2 and receiver exactly at the same position, the receiver 

was attached at the bottom of transmitter 2. 

 

 

 

Fig. 2.18. A schematic diagram of the experimental setup using two transmitters and one receiver. 

 

Figure 2.19 shows the experimental received signal amplitude for the condition of using 

two transmitters where the ultrasonic waves interfere with each other however; the signals do not 

cancel out the sound signal ‘NS’. The result showed in Fig. 2.17(b) by simulation was not achieved 

in experiment as shown in Fig. 2.19. Signal cancelation using two transmitters is somewhat 

difficult to achieve in practice. The deviation of experimental result from the simulation might be 

due the difference of amplitudes of the transmitters. To achieve this the two transmitters’ 

amplitudes and frequencies have to be exactly the same, and this is somewhat difficult to control 

in practice. The signal cancelation is affected by the temperature change. When the temperature is 

different, the sound speed will change, and the cancellation will change. 

Transmitter 1 Transmitter 2 

Receiver NS 

NS 
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Fig. 2.19. Experimental received ultrasound signal amplitudes for two-transmitter condition. 

Sound waves are interfering each other however does not decrease after about 400 μs 

for the two-transmitter condition. 

 

2.4.7. INVESTIGATE THE REASON OF EXPERIMENTAL RESULT DEVIATION FROM 

THE SIMULATION 

 

The two-transmitters’ condition was considered to reduce the signal amplitude on the above 

section. However, the simulated and experimental results did not match each other. This section is 

discussed the probable reason of the mismatch in simulation and experimental results. 

 

2.4.7.1. SIGNAL AMPLITUDE OF TRANSMITTERS IN AIR 

 

Variation of signal amplitudes of two different transmitters may one of the reason that signal 

was not canceled out each other in practice. In section 2.4.6.1, two different transmitters were 

considered having exactly the same signal amplitudes in the simulation. In this section, the signal 
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amplitudes of two different transmitters are measured experimentally. Figure 2.20 shows a 

schematic diagram of the experimental setup of measuring signal amplitudes of transmitter 1 and 

transmitter 2. Transmitting and receiving probes were placed at a fixed distance apart from each 

other in the air. The waveforms of transmitter 1 and transmitter 2 were recorded for a certain 

distance. Figure 2.20(a) shows that transmitter 1 is active and transmitter 2 is inactive while 

measuring the amplitude of transmitter 1 and Fig. 2.20(b) shows the measurement vice versa. 

 

 

 

Fig. 2.20. Schematic diagram of the experimental setup of measuring the signal amplitudes of 

transmitters (a) transmitter 1 is active (b) transmitter 2 is active. 

 

Figure 2.21 shows the experimental waveforms of transmitter 1 and transmitter 2. The blue 

solid line and the red solid line show the received ultrasound signal for transmitter 1 and transmitter 

2, respectively. The experimental result shows the signal amplitude of transmitter 1 is 1.6 times 

larger than that of the transmitter 2. It was found that due to the variation of the signal amplitudes 

of the transmitters, the noise signal does not cancel out each other. 
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Fig. 2.21. Observation of signal amplitudes of transmitter 1 and transmitter 2 in air. 

 

2.4.7.2. EFFECT OF WELDED PIPE TO THE SIGNAL PROPAGATION 

 

For practical application, we need to consider a pipe having rough surface, non-uniform wall 

thickness and asymmetric shape. We have investigated how much ultrasonic noise signal can be 

canceled for a practical pipe. In practice, this pipe was a UOE SUS pipe made from a SUS plate 

by welding; therefore, in one side of sound propagation path, there was a joint of the SUS material 

due to the welding as shown in Fig. 2.22(a). Two transmitters’ and one receiver layout was 

considered both in experiment (3D) and in simulation (2D) as shown in Fig. 2.22(a) and Fig. 

2.22(b), respectively. Since it is difficult to attach transmitter 2 and receiver exactly at the same 

position, the receiver was attached below the transmitter 2 for the experiment. The received 

ultrasound signal amplitude was measured experimentally and also calculated by simulation. 
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(b) 

 

 

Fig. 2.22. (a) The schematic diagram of the experimental pipe having weld part, (b) Simulation 

model layout having a welded part. The thick black line shows the welded part of the 

pipe [19]. 
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Fig. 2.23. Influence of the weld part on the ultrasonic signal cancelation. Due to the presence of 

the weld part, noise signal does not cancel each other in simulation result [19]. 

 

As shown in Fig. 2.23 the noise cancelation is not as good as in Fig. 2.17(b) when there is a 

welded part in the pipe. Therefore, it can be concluded that it is rather difficult to cancel the noise 

signal with two transducers. In practice, a pipe having the uniform material with a smooth surface, 

symmetric shape and uniform wall thickness are somewhat difficult. In addition, two transducers 

having exactly the same frequency and signal amplitude are difficult to obtain. 

 

2.5. CONCLUSION 

 

H2 gas concentration was successfully measured using ultrasound from the exterior of a SUS 

pipe without making a hole. Two experiments were conducted to reduce the noise signal that is 

the sound wave circle inside the SUS pipe itself. At first, the airborne ultrasonic signal was able to 

be observed by pasting the SAM on a SUS pipe surface. SAM could reduce the noise signal 

significantly. As a result, it was possible to calculate the gas concentration using Δt, the difference 
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of sound traveling time before and after the gas mixture. Secondly, FDTD simulation was carried 

out to investigate the noise signal cancellation. In the simulation, it was possible to reduce this 

noise signal by cancelation using two opposite transmitters; however, it was found that it is not 

practical after the experiments due to asymmetry in the pipe and two transmitters. 
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CHAPTER 3 

MEASUREMENT OF FLOWING GAS CONCENTRATION 

FROM THE EXTERIOR OF A PIPE 

 

3.1. INTRODUCTION 

 

This chapter mainly focuses on the flowing H2 gas concentration measurement using 

ultrasound from exterior of the pipe. Concentration of flowing H2 gas was measured for the first 

time from the exterior of the pipe, which was more challenging that measuring non-flowing gas 

concentration. The principle of gas concentration measurement is same as described in Chapter. 2. 

Drilling a hole in the pipe to extract the gases is not necessary for the gas concentration 

measurement. In this study, the concentration of H2 gas in the air was measured accurately while 

the air was flowing inside the pipe. Various airflow speeds were examined, and it was estimated 

that it is possible to measure the gas concentration for up to about 60 m/s of the airflow rate. The 

response time for measuring gas concentration was less than 0.1 s. For the practical test, an 

experiment was conducted to replace air with H2 gas in a SUS pipe. 

 

3.2. PRINCIPLE 

3.2.1. DIVERGENCE ANGLE OF THE TRANSMITTER 
 

A transmitter produces a sound field in front. The energy in the beam spread out as it 

propagates through the material. The phenomenon is usually referred as beam spread. Figure 3.1 

gives a simplified view of a sound beam for a transmitter. Beam spread for a flat piston source 

transmitter is a function of the distance between width of the transmitter (r), transmitter frequency 

(f), and the sound velocity (v) in the medium through which the sound is traveling. Equation (3.1) 

can be used to calculate the beam divergence angle, β [1]. This angle represents a measure from 

the center of the acoustic axis to the point where the sound pressure has decreased by one half to 

the side of the acoustic axis. 
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Fig. 3.1. Divergence angle of the transmitter. 

 

3.2.2. OBLIQUE INCIDENCE OF ULTRASONIC WAVE AT INTERFACE 
 

The propagation of longitudinal and transverse waves in solid were described in section. 1.3.2. 

of Chapter 1. When a sound wave in a gas arrives at the boundary between the gas and another 

medium, which have different physical properties, it is partially or totally reflected. During the 

process of reflection, both the amplitude and phase of the wave are changed in general. Sometimes 

a part of the sound wave penetrates this boundary and propagates behind it with a different sound 

velocity and in a different direction. This latter process is called ‘refraction’. As with reflection, 

both the phase and the amplitude differ from those of the primary wave. 

 

 

Fig. 3.2. Reflection and refraction at the boundary between two media. 
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In the following, assuming the extension of the boundary to be unlimited. Let θi be the angle 

between its normal and the direction of the incident wave as depicted in Fig. 3.2 (left side). The 

sound velocity of incident wave is v1 and impedance is Z1. When the sound wave incident on the 

boundary some part reflects in the same medium with the angle of reflection equals the angle of 

incidence. If the ‘wall’ is the boundary interface against another medium with sound v2 and 

characteristic impedance Z2, a third wave appears the ‘refracted’ wave (see Fig. 3.2, right side). 

For the angle θrft of refraction, the law becomes as expressed in eq. (3.2): 

2
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sin

sin
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          (3.2) 

Which is known in optics as ‘Snell’s law’. In this case, reflection coefficient is expressed as in eq. 

(3.3) [2]: 
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       (3.3) 

The amplitude of the refracted wave divided by that of the incident wave is the ‘transmission 

coefficient’, which is expressed as in eq. (3.4) [2]: 
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       (3.4) 

The intensity is proportional to the square of the amplitude. Therefore, the intensities of the 

reflected (Rp) and transmitted (Tp) waves at an interface of two materials can be described as in 

eqs. (3.5), and (3.6), respectively: 
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Here the phenomenon of ‘total reflection’ is introduced. If v2 > v1, the refraction angle is larger 

than the angle of incidence. Since θi can never exceed 90º, there is a maximum angle of incidence, 

the limiting angle of total reflection 

1

2

arcsini

v

v


 
  

 
         (3.7) 

up to which regular refraction according to eq. (3.2) can occur. 
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3.2.3. GENERAL CHARACTERISTICS OF PIPE FLOW 

 

 

 

 

Fig. 3.3. The behavior of colored fluid injected into the flow in (a) laminar, (b) transitional and (c) 

turbulent flows in a pipe. 

 

The nature of the streak-line formed by injecting the dye depends on the fluid velocity. 

 

 When the fluid is moving slowest, get a well-defined streak-line as shown in Fig. 3.3(a). 

This flow situation is called laminar flow. The laminar flow has a constant velocity, which is 

smallest. 
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 When the fluid is moving faster, get an irregular streak-line, which blurs and spreads the 

dye out as shown in Fig. 3.3(b). The streak-line also fluctuates randomly with time. This is called 

turbulent flow. The turbulent flow has a fluctuating velocity about some mean value. The flow rate 

is largest. 

 

 When the fluid is moving at an intermediate velocity, there are irregularities in the streak-

line, but the streak-line is still well defined as shown in Fig. 3.3(c) is called transitional flow. The 

transitional flow has a mostly constant velocity with the occasional fluctuation. 

 

The transition from laminar to turbulent flow depends on the geometry, surface roughness, 

flow velocity, surface temperature, and type of fluid, among other things. After exhaustive 

experiments in the 1880s, Osborne Reynolds discovered that the flow regime depends mainly on 

the ratio of inertial forces to viscous forces in the fluid. This ratio is called the Reynolds number, 

Re and is expressed for internal flow in a circular pipe as expressed in eq. (3.8) [3]. 

Inertial forces
Re=

Viscous forces

avg avgv L Dv L

 
         (3.8) 

where, maxmaximum speed of flow(m/s)

2 2
avg

v
v    is the average flow velocity (m/s), L is the 

diameter of the pipe (m), D is the density of the fluid, υ is the kinematic viscosity of the fluid (m2/s) 

and μ is the dynamic viscosity of the fluid (Pa∙s). 

 

Under most practical conditions, the flow in a circular pipe is laminar for Re ≤ 2300, turbulent 

for Re ≥ 4000, and transitional in between. That is, 

 

Re ≤ 2300  laminar flow 

2300 ≤ Re ≤ 4000  transitional flow 

Re ≥ 4000  turbulent flow 
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3.3. EXPERIMENTAL SETUP FOR THE MEASUREMENT OF FLOWING H2 GAS 

CONCENTRATION 

 

The specimen gases were flown in a PVC pipe that was placed horizontally. Figure 3.4(a) 

shows the photograph of the experimental apparatus. Length of the pipe was 880 mm with the 

inner diameter of 39 mm and PVC thickness of 2 mm. The ultrasonic signal can pass through the 

PVC pipe so that the gas concentration in the pipe can be measured from outside of the pipe. A 

blower was used to control the airflow speed flowing inside the pipe as shown in Fig. 3.4 (b). The 

flow rate of the blower is controlled by frequency, and the speed of flow according to the frequency 

is shown in Table 3.1. The airflow speeds were measured at the exit of the pipe were set at 20, 25, 

30, 35, and 39 m/s. In the experiment, maximum speed of flow was used 39 m/s. 

 

Table 3.1: Speed of flow according to the blower frequency. 

Frequency 

(Hz) 

0 16 31.7 45 60 

Speed of flow 

(m/s) 

0 10 20 30 39 

 

About 30 ml of hydrogen gas was injected manually, within about 0.1 s into the airflow using 

a glass syringe through a 1/4 in. diam. and 5 cm length pipe, which exit was placed at the center 

of the PVC pipe diameter as shown in Fig. 3.4(c). As the airflow speed increases and ultrasound 

propagation becomes oblique, the transducer starts detecting the longitudinal and transverse 

waveforms or the mixture of both waveforms. Therefore, the receiver has to be move downstream 

according to the airflow speed and placed orthogonally to the pipe axis. 

 

Figure 3.4(c) shows a schematic diagram of the experimental setup of the pipe and a traveling 

signal. The ultrasonic transmitter Tx was mounted near the exit of the pipe. The position of the 

receiver Rx was shifted downstream to detect the maximum signal amplitude as shown in Fig. 

3.4(c). Two piezo ceramic transmitting and receiving probes having the surface area of 20 mm x 

15 mm were mounted on the pipe surface diagonally on the opposite sides of the pipe as shown in 

Fig. 3.4(c). A sonic gel was used between transducers and the pipe. 
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Fig. 3.4. (a) Photograph of the experimental apparatus [4] (b) Photograph of the blower, and (c) 

Schematic diagram of experimental setup and image of ultrasonic wave propagation in 

red with respect to airflow inside the pipe. 
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A JPR-10CN pulsar receiver Japan Probe Co. LTD was used as an ultrasonic generator. 

During the experiment, the frequency and the voltage were fixed at 400 kHz and 60 V, respectively. 

The sampling time was as short as 0.08 s. The width of one pulse was 2 μs. During the experiment, 

temperature, humidity, and air pressure were about 300 K, 55% and 1 atm., respectively. Since 

different transducers were used to transmit and receive the ultrasound, there was no interference 

of reflected signal from the transmitter. Since the inner surface of the PVC pipe is smooth, there 

is no need to consider diffraction phenomena when the sound is reflected inside the pipe. When 

the sound incident from air to the PVC pipe obliquely, both the longitudinal and transverse waves 

need to be considered in the PVC pipe. The effect of longitudinal and transverse waves will be 

discussed later. The other alternative sound paths that connect the two transducers passing 

exclusively inside the PVC pipe walls is the sound circle around the PVC pipe itself. However, 

this circulating signal appears earlier than the airborne signal passing through the PVC pipe 

traveling inside the PVC pipe walls. This experimental result will be shown later. 

 

3.4. RESULTS AND DISCUSSION 

3.4.1. DIVERGENCE ANGLE OF THE TRANSMITTER 

 

The divergence angle was measured experimentally. The received ultrasound signal 

amplitude was measured experimentally by moving the receiver position. Figure 3.5(a) shows the 

schematic diagram of measuring the divergence angle. In this experiment, the air was in steady 

state. 
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Fig. 3.5. (a) Schematic diagram of the experimental setup of measuring divergence angle. (b) 

Variation in the amplitude of the received ultrasonic signal with position x of the 

receiver in still airflow. 

 

Transmitter, Tx and receiver, Rx were placed ro = 1000 mm apart from each other. The 

receiver was moved from x = 0 mm to R1 and R2. The distance between Rx and R1 was considered 

as +x and the distance between Rx and R2 was considered as –x. 50 waveforms of the received 

signal was recorded for each mm of shifted receiver. The average amplitude of each 50 waveforms 
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was calculated. Figure 3.5(b) shows the results of the sound signal spread with the received 

amplitude at each shifted receiver position x as shown in Fig. 3.11(a) for the 0 m/s speed of airflow. 

Maximum amplitude is observed at the position of around x = 0 mm according to the least-squares 

fitting with a dashed line. At x = 40 mm, the amplitude of the received signal becomes half. β can 

be calculated using (3.9). 

1tan
o

x

r
            (3.9) 

The measured value of β becomes 2.3º. In this experiment, the transmitter was used having 

the frequency, f = 400 kHz, radius, r = 10 mm, and speed of sound in air, v =343 m/s, β is roughly 

calculated as about 3º using eq. (3.1). The experimental value and the theoretical value matched 

relatively close to each other. Hence, it was assumed that the sound was not spreading much 

through the experiment and considered the signal as a ray. 

 

3.4.2. OBSERVATION OF ULTRASONIC SIGNAL IN AIR 
 

An experiment was conducted to compare the ultrasonic signal in air and through PVC pipe. 

Figure 3.6(a) shows the schematic diagram of the experimental setup. As shown in Fig. 3.6(a), 

transmitter, Tx and receiver, Rx were placed 39 mm apart from each other in air which is same 

distance of the pipe inner diameter. The waveform of the ultrasonic signal passing through the air 

is shown in Fig. 3.6(b). The second signal around 350 μs is the signal reflected twice at the 

transducer surface for Fig 3.6(b). Air was steady in this experiment. The transmitting and receiving 

probes are having the surface area of 20 mm x 15 mm. As the surface area of the transducers are 

large enough, the signal can reflect many times at the transducer surface. 
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Fig. 3.6. (a) Schematic diagram of the experimental setup to observe the ultrasonic signal in air. 

(b) The received signal amplitude of ultrasound passing in air. 

 

3.4.3. OBSERVATION OF ULTRASONIC SIGNAL THROUGH A PVC PIPE 
 

An experiment was conducted to observe the ultrasonic signal through the PVC pipe. 

Transmitter, Tx and receiver, Rx were mounted on the exterior of the pipe surface diagonally on 

the opposite sides of the pipe as shown in Fig. 3.7(a). 
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Fig. 3.7. (a) Schematic diagram of the experimental setup to observe the ultrasonic signal through 

a PVC pipe. (b) The received signal amplitude of ultrasound passing through the PVC 

pipe [4]. 

 

Figure 3.7(b) shows the received signal of the ultrasonic signal passing through both the PVC 

pipe and the air. In this experiment, the transmitted pulse emission time was set as 0.0 μs. The first 

signal around 110 μs is the direct signal from the transducer in Fig. 3.7(b). The second signal 

around 350 μs is the signal reflected twice at the PVC pipe surface as it was explained in Fig. 

3.4(b). The noise like signal observed earlier than the first signal is due to the ultrasound circulating 
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around the PVC pipe material itself. Since the second signal has less interference from the noise 

earlier than 100 μs, it was used for the measurement and calculation of gas concentration. 

 

3.4.4. CONCENTRATION OF H2 GAS IN DIFFERENT AIRFLOW 

 

For a practical test, H2 gas was injected instantly into an air flowing pipe and measured with 

the ultrasound. As shown in Figs. 3.8 rapid increase in Δt for a period of about 0.3 s was observed 

due to sudden change in speed of sound after instant injection of H2. Figures 3.8(a), 3.8(b), 3.8(c), 

and 3.8(d) show the measured Δt and the calculated H2 concentration for the airflow speed of 20, 

25, 35, and 39 m/s, respectively. The H2 gas concentration was calculated from eq. (2.5) using the 

Δt. As shown in Figs. 3.8 horizontal axis, the ultrasonic signal was recorded for about 3 s before 

and after the H2 gas injection. The readings of the traveling time in air and in the mixture of air 

and hydrogen were taken manually at the intercept of zero amplitudes. The difference between the 

traveling time before and after H2 mixing was read manually as Δt. Although the background noise 

increases with the increase of airflow speed as seen in Figs. 3.8(a) – 3.8(d), Δt that is the H2 gas 

concentrations of each peak are about the same. This result shows the accuracy of the measurement 

method of H2 gas concentration by the ultrasound. For example, Δt = 4.7 μs corresponds to about 

1.2% of H2 gas concentration, which can be observed from Figs. 3.8. 

 

The response time of measuring gas concentration variation is as fast as 0.1 s from the exterior 

of the pipe. Humidity does not affect much to the H2 concentration measurement at room 

temperature. Therefore, the effect of humidity can be neglected for practical use. The change of 

temperature was compensated for the speed of sound, and the H2 concentration was obtained 

accurately even if the temperature varied [5], [6]. The gas concentration is not influenced by the 

change of pressure, as the pressure does not affect the sound speed [7]. 
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Fig. 3.8. Measured Δt and calculated H2 concentration from Δt for (a) 20 m/s, (b) 25 m/s, (c) 35 

m/s, and (d) 39 m/s airflow rate. The horizontal axis shows the ultrasonic signal recording 

time during the H2 injection [4]. 

 

3.4.5. INFLUENCE OF SIGNAL FLUCTUATION ON GAS CONCENTRATION 

 

In this section, we have investigated the influence of signal fluctuation on the gas 

concentration. The blower creates a turbulent flow, which influences the measurement error of the 

ultrasonic signal. The error of the gas concentration was measured for four different speeds. Figure 

3.9 shows 50 waveforms for the airflow at a speed of 39 m/s, and the waves are not stable due to 
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the turbulent flow. A third peak of the signal shown in a red square in Fig. 3.9 was chosen to 

calculate the sound traveling time difference Δt. Figures 3.10(a), 3.10(b), 3.10(c), and 3.10(d) show 

50 waveforms for the airflow at a speed of 10, 20, 30, and 39 m/s, respectively. Figures 3.10 show 

that fluctuation of waveforms increase according to the airflow speed. The average of 50 

waveforms was calculated and shown in a thick red line of Fig. 3.10(d). The reading of time for 

measuring the Δt was taken at the intercept of zero intensities of the third wave. 
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Fig. 3.9. 50 waveforms of the received sound signal at 39 m/s airflow rate. Fluctuation of the signal 

is due to turbulent flow [4]. 
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Fig. 3.10. An enlarged view of a third peak in (a) 10 m/s, (b) 20 m/s, (c) 30 m/s, and (d) 39 m/s 

speed of airflow. A thick red line in (d) is the average of the 50 waveforms [4]. 

 

As described above, the error of Δt was measured by reading minimum and maximum sound 

traveling time of the 50 waveforms recorded for each flow rate. Figure 3.11 shows this error in Δt 

with various airflow rate. The readings of the sound traveling time were taken at the intercept of 

zero intensities of the third wave as shown in Figs. 3.10. Noise error is approximately proportional 

to the airflow rate. The H2 gas concentration in the right axis is the converted from the Δt error  
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values using eq. (2.5). For example, for the airflow rate of 39 m/s, the error of Δt is approximately 

0.54 μs that is about 0.32% in H2 concentration. 
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Fig. 3.11. The error of Δt and its conversion to hydrogen gas concentration versus airflow rate [4]. 

 

3.4.6. RELATION BETWEEN REYNOLDS NUMBER AND ERROR IN ΔT 

 

The Reynolds numbers for different speeds of flow were calculated using eq. (3.8). These 

numbers are shown in Table 3.2. Since the diameter of the pipe and the kinematic viscosity 

coefficient are constant, in this experiment, only the speed of flow is variable. According to Table 

3.2, as the speed of flow increases, turbulence increases. Figure 3.12 shows this error in Δt with 

Reynolds number. Since the kinematic viscosity coefficient and the speed of flow cannot be 

changed in many cases, the diameter of the pipe can be changed to achieve less error in Δt. 
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Table 3.2: Flow type according to the Reynolds number, Re. 

Speed of flow 

(m/s) 

Diameter of the 

pipe (m) 

Kinematic 

viscosity (m2/s) 

Reynolds 

number, Re 

Flow type 

0   0 Laminar 

10   12913 Turbulent 

20 0.039 1.51 × 10−5 25827 Turbulent 

30   38741 Turbulent 

39   51655 Turbulent 
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Fig. 3.12. The error in Δt according to Reynolds number, Re. 

 

3.4.7. POSITION OF THE RECEIVER 
 

We have investigated how much the ultrasound signal drifts towards downstream of the 

airflow. The sound traveling distance from Tx to Rx was determined by using eq. (3.10) [2]: 

 
1

2 2 23 3 a
a p o o

v
x x l d d

v
          (3.10) 
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where, as shown in Fig. 3.13, lo is the inner diameter, and dₒ is the thickness of the PVC pipe. l is 

the propagation length of the ultrasonic wave in airborne of the pipe. d is the propagation length 

inside of the PVC pipe. va is the air flow velocity in the pipe and v is the speed of sound in the air. 

θ1 is the angle between the axis along a pipe diameter and the ultrasound propagation direction 

flowing downstream. θ2 is refracted angle from air to PVC pipe. θ3 is refracted angle from PVC to 

the transducer. 

 

Fig. 3.13. Schematic diagram of experimental setup and image of ultrasonic wave propagation in 

red with respect to airflow inside the pipe [4], [8]. 

 

xa is determined by the airflow speed as shown in eq. (3.11) [4]. 

1tan a a

o

v x

v l
          (3.11) 

(3xa+xp) is the position of the receiver after the second reflection of the sound signal passing 

through the airflow and the PVC pipe. Since the sound travels faster in solid compared with that 

in the gas, the time for which the ultrasonic wave propagates in the PVC pipe can be ignored. 

Therefore, the thickness of the pipe may not be necessary to consider. The sound traveling time 
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through the airborne of the pipe and the PVC pipe are calculated as 114 μs and 0.85 μs, respectively. 

As shown in Fig. 3.13, red arrows represent the traveling sound that attenuates while passing 

through the medium. Black arrows on the two different interfaces represent the reflection or 

transmission of sound at the interface. 
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Fig. 3.14. Variation in the amplitude of the received ultrasonic signal with position x of the receiver 

at 39 m/s airflow [4]. 

 

Figure 3.14 shows the results of this sound drift with the received amplitude at each shifted 

receiver position x (see Fig. 3.13) for the 39 m/s speed of airflow. The receiver was moved from x 

= 0 mm position to 30 mm towards downstream and 50 waveforms of the received signal was 

recorded for each mm shifted of receiver position. The average amplitude of each 50 waveforms 

was calculated. Due to the airflow in a pipe, the transmitted ultrasound was drifted downstream 

for a distance of (3xa+xp) as showed in Fig. 3.13. Maximum amplitude is observed at the position 

of around x =14 mm according to the least-squares fitting with a dashed line. The theoretical value 

of receiver position was calculated as x=13.4 mm by using (3.10) for the 39 m/s airflow. This 

theoretical value and experimental value matched relatively close to each other. 
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3.4.8. LIMIT SPEEDS OF AIRFLOW 
 

In this section, the limit of the airflow speed was investigated. In this experiment, since the 

divergence angle, β is small enough and the distance between the transmitter and the receiver is 

short as 39 mm, the ultrasonic sound wave can be considered like a ray. Since the speed of the 

airflow increases, the ultrasound signal drifts towards downstream of the airflow. Limit of airflow 

speeds were calculated, that is ultrasonic signal does not reach to the receiver due to the internal 

reflection at the PVC/receiver interface. Figure 3.14 shows the experimental and theoretical values 

of the amplitude of ultrasound at the receiver versus the airflow rate in the pipe. The calculation 

of the received ultrasonic intensity I12 is expressed in eq. (3.12) [4] (the derivation is shown in 

Appendix A). 
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    (3.12) 

where, Za, Zp, and Zt are the acoustic impedances of air, PVC and transducer ceramic, respectively. 

The acoustic impedance is the product of sound velocity and density of the medium. αp, and αa are 

the attenuation coefficients of the PVC and the air, respectively. The longitudinal and transverse 

waves propagate in a solid with different velocities [9]. Speed of sound and attenuation coefficient 

of PVC are given in Table. 3.3. 

 

Table 3.3: Speed of sound and attenuation coefficient of PVC 

Medium Speed of sound (m/s) [10] Attenuation coefficient (dB/mm) [11] 

Longitudinal 

wave 

Transverse 

wave 

Longitudinal 

wave 

Transverse 

wave 

PVC 2330 1070 0.2 0.12 

 

The attenuation coefficient of the air is about 0.007 dB/mm [2] at around 400 kHz, and the 

influence of this value is negligibly small with the change of humidity. As shown in Fig. 3.15, the 

transverse wave traveling in the pipe material is not detected under 5 m/s airflow rate since the 

wave does not give pressure to the transducer. However, as the airflow increases θ3 increases (see 

Fig. 3.13), a component of the transverse wave starts increasing, and the pressure to the transducer 
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appears. It is calculated that when about θ3>9.7º, the receiver starts detecting the transverse wave 

of the PVC pipe. 
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Fig. 3.15. Experimental and theoretical amplitude of the received ultrasonic signal versus airflow 

rate in the pipe [4], [8]. 

 

As it is known that when the longitudinal acoustic wave travels in the gas phase and 

propagates into the solid phase obliquely, it separates into both the longitudinal and transverse 

wave. According to this phenomenon, the limit of detecting ultrasound wave in the high-speed 

airflow was investigated. As the oblique angle increases the y-axis component (see Fig. 3.13) of 

sound amplitude in increases, therefore, the transverse wave in the PVC pipe can be detected. As 

shown in Fig. 3.15, at low airflow rate below 5 m/s the experimental data (red dotted line) match 

well with the calculated longitudinal wave curve (black dashed line). However, as the airflow rate 

increases the experimental data shift toward a calculated transverse wave curve (blue solid line). 

This deviation may occur due to the mixed observation of the longitudinal and transverse wave as 

the refracted angle θ2 and θ3 increase (see Fig. 3.13). As the airflow rate increases the angle of θ1 

increases due to the drift and thus θ2 reaches the critical angle, therefore no more signal is detected 

at the receiver. For the experimental data, the intensity of the received signal is slightly smaller 

than that of the theoretical values of the transverse wave for the airflow of more than 10 m/s. This 
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deviation might be because of mixed propagation of the longitudinal and transverse wave in the 

PVC pipe and the ceramic of the receiver. The limits of measurement were calculated as 30 m/s 

and 60 m/s airflow for longitudinal and transverse wave, respectively as shown in Fig. 3.15. 

 

3.4.8. REPLACEMENT OF AIR WITH H2 
 

We have conducted an experiment to replace the air with H2 Gas. Figure 3.16(a) shows a 

schematic diagram of the experimental setup to measure the flowing H2 gas concentration by using 

ultrasound from the exterior of the aluminum (Al) pipe. About 2000 mm long hollow square 

aluminum pipe having the width of 36 mm and a thickness of 4 mm was placed horizontally. Two 

piezo ceramic transmitting and receiving probes were mounted on the pipe surface diagonally on 

the opposite sides of the pipe as shown in Fig. 3.16(a). A sonic gel was placed between the 

transducers and the pipe. Figure 3.16(b) shows the front view of the pipe end. During the 

experiment, the frequency and the voltage were fixed at 400 kHz. Since the signal was circulating 

inside the SUS pipe, SAM was pasted on the surface of the SUS pipe to observe the airborne 

ultrasonic signal from the exterior of the pipe. Furthermore, air was replaced by H2 using mass 

flow meter with a flow rate of 5 L/min for 10 minutes. 

 

For a practical test, air was replaced by 100% H2 gas in a SUS pipe, and the concentration 

of H2 gas was measured by using ultrasound. Since the speed of sound in H2 is faster than that in 

the air, the ultrasonic signal traveling time is shorter in H2 than that in air after replacing to  100% 

H2. From the measurement of Δt, H2 gas concentration was calculated as 99.6% using eq. (2.5). It 

was estimated that with only 10-minutes gas flow replacement, H2 concentration did not reach to 

100%. A thermocouple was placed inside the pipe to measure the temperature. The change of 

temperature was compensated for the speed of sound using eq. (2.6), and the H2 concentration was 

obtained accurately even if the temperature is varied by using eq. (2.9) [12]. The gas concentration 

is not influenced by the change of pressure, as the pressure does not affect the sound speed [7]. It 

was shown that the concentration of flowing gas is possible to measure from the exterior of the 

SUS pipe. 

 



94 
 

 

 

  

Fig. 3.16. A schematic diagram of the experimental setup to replace air with H2. (a) Side view of 

the pipe where SAM is pasted on the surface of the Al pipe. Red arrows are ultrasonic 

signals. (b) Front view of the pipe end showing width and pipe thickness. 

 

3.5. CONCLUSION 

 

This Chapter shows that it was possible to measure the gas concentration instantly from the 

exterior of a pipe without making any hole. The speed measurement method by ultrasound was 

used to find the concentration of H2 gas in a flowing air of up to 39 m/s. The concentration of H2 

gas can be measured accurately for different airflow speed. The maximum error in the hydrogen 

concentration at 39 m/s flow was about 0.32% due to turbulence of the airflow. The response time 
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of measuring the gas concentration was less than 0.1 s. The limit speeds for airflow were calculated 

as 30 m/s and 60 m/s for longitudinal and transverse wave, respectively.  

 

APPENDIX 
 

Derivation of (3.12): 

 

As shown in Fig. 12 ultrasonic sound wave generated from the transmitter Tx with an intensity 

Io goes through the PVC pipe and reaches the air medium inside of the pipe with lower intensity. 

Io decreases due to the transmittance To at the transmitter/PVC interface [13]. 

1 o oI I T          (A.1) 

 
2

4 p t

o

p t

Z Z
T

Z Z



        (A.2) 

where, Zp and Zt are the acoustic impedances of PVC and transducer ceramic, respectively. 

The decrease in intensity in the PVC follows Beer-Lambert law. I2 can be expressed as [14]: 

2 1

p od
I I e

 
         (A.3) 

where, αp is the attenuation coefficient of the PVC. dₒ is the thickness of the PVC pipe. 

The decrease in intensity at the PVC/air interface I3 is: 

3 2 1I I T          (A.4) 

where, the transmittance T1 for normal incidence sound at PVC/air interface is 

 
1 2

4 a p

a p

Z Z
T

Z Z



         (A.5) 

where, Za is the acoustic impedance of the air. 

The I3 decreases by the attenuation in the air and I4 will be 
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4 3
a l

I I e
 

          (A.6) 

where, l is the propagation length of the ultrasonic wave in airborne of the pipe. 

The intensity of I4 decreases by reflectance at PVC/air interface and I5 will be 

5 4 1I I R          (A.7) 

where, R1 is the reflectance with an oblique incidence angle of sound at the PVC/air interface 

expressed as [2] 

2

2 1

1

2 1

cos cos

cos cos

a p

a p

Z Z
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Z Z

 

 

 
    

       (A.8) 

where, θ1 is the angle between the axis along a pipe diameter and the ultrasound propagation 

direction flowing downstream. θ2 is the refracted angle from air to PVC pipe. 

The sound intensity is decreased by the attenuation of sound in the air and by the reflection at the 

PVC surface (R1 and R2) as well and shown as I6, I7, and I8. 

Intensity I8 decreases by the transmittance at the air-PVC interface; therefore, I9 becomes: 

9 8 2I I T          (A.9) 

where, T2 is the transmittance with an oblique incidence angle of sound at the air/PVC interface 

expressed as [2] 

 
1 2

2 2

2 1

4 cos cos

cos cos

p a

a p

Z Z
T

Z Z

 

 



     (A.10) 

Intensity I9 decreases by the attenuation in the PVC; therefore, I10 becomes 

10 9

p d
I I e

 
       (A.11) 

where, d is the propagation length inside the PVC pipe. 

Intensity I10 decreases by the transmittance at the air-PVC interface; therefore, I11 becomes: 
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11 10 3I I T        (A.12) 

where, T3 is the transmittance for oblique angle incidence of sound at the PVC/transducer interface 

expressed as 

 
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     (A.13) 

where, θ3 is the refracted angle from PVC to the transducer. 𝑦⃗ component of the received signal 

intensity I12 is expressed as 

12 11 3cosI I         (A.14) 

Using (A.1) to (A.13) into (A.14), the intensity I12 becomes: 
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CHAPTER 4 

PROPAGATION OF ULTRASOUND THROUGH TWO-LAYER 

GAS FLOW 

 

4.1. INTRODUCTION 

 

This chapter mainly focuses on the ultrasonic signal propagation through air-H2-air gas flow. 

Previous chapters showed the concentration of H2 gas mixed in the flowing air could be measured 

from the exterior of the pipe [1]-[4]. In this chapter, the relation between gas concentration and the 

loss of received signal intensity due to signal propagation through two-layer of gas separated by 

two interfaces is studied. The severe intensity degradation of signal was observed while the signal 

was propagating through the air-H2-air two-layer gas flowing system. Different concentrations of 

flowing H2 gas were measured using ultrasound from the exterior of the pipe, and it was calculated 

that the intensity was decreased with increasing H2 concentration. However, this experiment is not 

enough to explain the intensity degradation. To investigate the intensity degradation, Schlieren 

photography was taken to visualize the H2 gas motion after the injection into the flowing air of 2 

m/s. It was observed that high concentration H2 gas was flowing in the middle of the airflow 

without quick diffusion into the air. A 2D air-H2-air gas flow model was considered where 100% 

H2 gas was flowing in the middle of the airflow, and the gas layers were separated by two 

fluctuated interfaces. According to the calculation using this model, only limited conditions of the 

signals can reach to the receiver due to the refraction at the fluctuating air-H2-air gas interfaces 

while propagating. It was found that the receiver could hardly detect the transmitted signals. So 

far, the ultrasonic propagation in gas-liquid [5], liquid-liquid [6], and liquid-solid [7] two-phase 

flows have already been studied; however, the ultrasonic propagation in two gas-gas (air-H2) layers 

has not yet been studied. 
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4.2. PRINCIPLE OF CLASSICAL ABSORPTION COEFFICIENT 

 

The intensity loss of the signal may depends on the absorption and transmission of sound in 

gasses. Considering heat conductivity and viscosity, the absorption of sound in a gas can be 

calculated by Stokes-Kirchhoff’s equation [8]. This absorption due to heat conductivity and 

viscosity is usually called the classical absorption. 

 

Absorption coefficient due to viscosity can be calculated as in eq. (4.1) [9]: 

2 2

3

8

3
vis

f

Dv

 
           (4.1) 

where, f is the frequency (Hz), D is the density of the gas (kg/m3), v is the speed of sound (m/s), 

and η is the viscosity (kg/(m∙s)). 

 

The absorption coefficient associated with heat conduction can be calculated as in eq. (4.2) [9]: 

2 2

3

2 1
hc

p

f k

Dv C


 


          (4.2) 

where, k is the specific heat ratio, Cp is the specific heat at constant pressure (J/(kg∙K)), and χ is 

the coefficient of heat conductivity (W/(m∙K)). 

 

When the absorption is small, it is possible to assume that viscous and thermal conduction losses 

act independently in producing attenuation of sound. This means that the combined classical 

absorption coefficient is the sum of viscosity and heat conduction coefficient as given in eq. (4.3) 

[9]: 

2 2

3

2 4 1

3
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p

f k

Dv C


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 
  

  

        (4.3)  

The amplitude is visually represented by the vertical distance between the maximum of the 

ultrasonic signal, and the equilibrium value. As shown in Fig. 4.1, the amplitudes of ultrasonic 

signals before and after H2 mixture in the air were obtained manually by reading the highest 

amplitudes as Ao, and A, respectively. The intensity ratio was calculated by squaring the ratio of 

the amplitudes as expressed in eq. (4.4): 
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2
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Intensiy ratio

o o
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I A
          (4.4) 

where, Io and I are the intensities of air and, H2 mixed air, respectively. 
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Fig. 4.1. The amplitude of received ultrasonic signal traveling in the air and the mixture of the air 

and H2. The amplitudes of air and H2 mixed air are expressed as Ao, and A, respectively. 

Δt is the sound traveling time difference between air and the mixture of air, and H2 [10]. 

 

4.3. EXPERIMENTAL SETUP 

4.3.1. ABSORPTION OF SOUND IN H2 GAS FOR DIFFERENT CONCENTRATIONS 

 

An experiment was conducted to investigate the absorption of sound for different H2 gas 

concentration. Figures 4.2(a), and 4.2(b) show the schematic diagram and the photograph of the 

experimental setup, respectively. As shown in Fig. 4.2, the ultrasonic transducers, and a 

commercial H2 sensor (Cosmos-XP-3140-H2) were placed into an acrylic pipe. The concentration 

of H2 gas was changed from 0% to 100% with mass flow meter, and the amplitude of the received 

signal was recorded by an oscilloscope. 
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Fig. 4.2. Measurement of the amplitude of sound in H2 mixed air at different concentrations. (a) 

Schematic diagram, (b) Photograph of the experimental setup. 

 

4.3.2. MEASUREMENT OF GAS CONCENTRATION 

 

This experimental setup is to measure the H2 gas concentration by using ultrasound from the 

exterior of an acrylic pipe. In this experiment, an acrylic transparent square pipe having the length 

1000 mm, width 100 mm, height 110 mm, and pipe thickness of 4 mm was placed horizontally. 

Figure 4.3 shows the schematic diagram of the experimental apparatus for measuring H2 

concentration. The ultrasonic signal can pass through the acrylic pipe so that the gas concentration 

in the pipe can be measured from the exterior of the pipe. By using a blower, airflow speed was 

set at 2 m/s, which was measured at the exit of the pipe. About 30 ml of H2 gas was injected 

manually by a glass syringe, within about 0.1 s into the airflow through a 1/4 in. diam., and 50 mm 

length pipe, which exit, was placed at the center of the acrylic pipe diameter as shown in Fig. 4.3. 

Two piezo ceramic transmitting and receiving probes having the surface area of 20 mm x 15 mm 
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were mounted diagonally on the surface of the pipe as shown in Fig. 4.3. Transducers were 

mounted at various distances at Lo = 20, 110, and 190 mm, from the H2 gas injection hole. A sonic 

gel was used between transducers and the pipe. The divergence angle, β of the transducer was 

roughly calculated and confirmed by the experiment as about 3º [2]. Since β is small enough and 

the distance between the transmitter and the receiver is short as 100 mm, the ultrasonic sound wave 

was considered as a ray. A JPR-10CN pulsar receiver manufactured by Japan Probe Co. LTD was 

used as an ultrasonic generator. During the experiment, the frequency and the voltage were fixed 

at 400 kHz and 60 V, respectively. The sampling time was as short as 0.08 s. The width of one 

pulse was 2 μs. The temperature, humidity, and air pressure were about 295 K, 55% and 1 atm., 

respectively during the experiment. 

 

Fig. 4.3. Schematic diagram of the experimental setup and the distance from the H2 injection hole 

to the transducers are Lo=20, 110, and 190 mm [10]. 
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4.3.3. SCHLIEREN PHOTOGRAPHY 

 

The experimental setup of Schlieren photography to visualize the mixing phenomena when 

H2 is injected into the flowing air in the acrylic pipe is shown in Fig. 4.4. Two large Schlieren 

parabolic mirrors having 200 mm in diameter, with a focal length of 2035 mm were mounted on 

adjustable heavy base stands. The acrylic pipe was horizontally paced between the mirrors as 

shown in Fig. 4.4. A diameter of 1 mm pinhole was placed beside the parabolic mirror 2. A white 

LED light was used behind the pinhole as a light source. In this experiment, a camera, shutter 

speeds up to 1/2000 s was used which was placed behind a 1 mm slit. H2 gas was injected into 2 

m/s speed of airflow and H2 was visualized by using Schlieren photography for various distances 

from the gas injection hole that is Lo = 0-70 mm, 70-140 mm, and 140-210 mm, respectively. 

 

 

Fig. 4.4. Schematic diagram of taking Schlieren photography to visualize H2 mixed in the air [10]. 
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4.4. RESULTS AND DISCUSSION 

4.4.1. ABSORPTION OF SOUND FOR DIFFERENT H2 CONCENTRATIONS 

 

For the practical measurement, H2 gas was mixed in the air in different concentrations 

uniformly, and the intensities of the signals were measured. Figures 4.5 show the amplitude of 

received signal for different H2 concentrations. The concentration of H2 was changed for each 10% 

from 0% to 100% and the amplitude of received signal was recorded for each 10% of H2. Figures 

4.5(a) - 4.5(k) show the received signal amplitudes of 0% - 100% H2 concentration. The amplitude 

of received signal is decreasing with increasing H2 concentration as shown in Fig. 4.5. 
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Fig. 4.5 Received signal amplitude for different concentrations of H2 gas. (a) - (k) show the 

received signal amplitudes of 0% - 100% H2 concentration for each 10% change of H2. 

Figure 4.6 shows the intensity ratio of the received signals for different concentrations of H2 

gas mixed in the air. As shown in Fig. 4.6, only 7% of the signal is transmitted to the receiver in 

case of 100% H2. When the H2 concentrations are about 2 or 3%, there should be almost no 

attenuation. This result conflict with that in Figs. 4.5(a´), 4.5(b´), and 4.5(c´). According to these 

results, it appears that this intensity ratio decreasing does not only depend on the H2 concentration. 
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Fig 4.6. Ultrasound receiver intensity ratio with respect to the various H2 concentration where H2 

is mixed with the air uniformly. Intensity of ultrasonic signal decreases with increasing 

the concentration of H2 gas in uniform H2 gas mixture [10]. 
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4.4.2. INTENSITY LOSS OF RECEIVED SIGNAL DUE TO AIR AND H2 TWO-LAYER GAS 

FLOW 

 

H2 gas was injected into an air flowing pipe, and the concentrations were measured using 

ultrasound in various distances from the H2 injection hole. After instant injection of H2, a rapid 

increase in Δt was observed due to the sudden change in the speed of sound as shown in Figs. 

4.7(a), 4.7(b), and 4.7(c). Figures 4.7(a), 4.7(b), and 4.7(c) show the measured Δt and the calculated 

H2 concentration for Lo = 20, 110, and 190 mm, respectively. H2 gas concentration was calculated 

from eq. (2.5) using the Δt. As shown in the horizontal axis of Figs. 4.7(a), 4.7(b), and 4.7(c), the 

ultrasonic signal was recorded for about 3 s after the H2 injection. As shown in Figs. 4.7(a), 4.7(b), 

and 4.7(c), the peak height is getting smaller as the value Lo increases. The highest value of Δt = 

6.0 μs, which corresponds to about 4.8% of H2 concentration was measured for Lo = 20 mm as 

shown in Fig. 4.7(a). As shown in Fig. 4.7(b), and Fig. 4.7(c), with the increasing value of Lo = 

110 mm, and 190 mm, the highest value of Δt are decreased to 4.7 μs, and 3.7 μs, respectively 

which corresponds to about 3.7%, and 3.1% of H2 concentration, respectively. These results show 

that H2 is diluted as the value of Lo increases. 
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Fig. 4.7. Measured Δt and calculated H2 concentration from Δt which are measured at (a) Lo=20 

mm, (b) Lo=110 mm, and (c) Lo=190 mm from the H2 gas injection hole. The horizontal 

axis shows the ultrasonic signal recording time during the H2 injection. Ultrasound 

receiver intensity ratio measured at (a´) Lo=2 mm, (b´) Lo=110 mm, and (c´) Lo=190 [10] 
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A loss of receiving signal intensity was observed when the H2 gas was injected into the airflow. 

The intensity ratios of received ultrasonic signals while injecting H2 in the airflow are shown in 

Figs. 4.7(a´), 4.7(b´), and 4.7(c´). The amplitudes of ultrasonic signals before and after H2 mixed 

in the air were obtained manually by reading the highest amplitudes as Ao and A, respectively (see 

Fig. 4.1 for example). As shown in Figs. 4.7(a´), 4.7(b´), and 4.7(c´), the intensity ratio I/Io, which 

was calculated by squaring the ratio of amplitudes decreases rapidly after injecting H2. For 

example, as shown in Fig. 4.7(a´), considering the lowest intensity ratio point (time ≈ 1.1s, 

corresponding H2 concentration is about 4.8%), only 25% signal can be transmitted to the receiver 

compared with the pure air case. For Lo = 110 mm, and 190 mm, according to Figs. 4.7(b´) and 

4.7(c´), only 14% and 30% of the signal can be transmitted, respectively. These values correspond 

to H2 concentrations of only 3.6% and 3.1% as showed in Figs. 4.7(b) and 4.7(c), respectively. To 

investigate the reason of intensity ratio becoming quite low even with a small amount of H2 

concentration, the transmittance of signal from air to H2 was calculated theoretically and measured 

experimentally. By using eq. (2.10) (see Table 2.1), the acoustic impedances of air and H2 are 

calculated as 416 kg/m2/s, and 116 kg/m2/s, respectively. 

 

4.4.3. VISUALIZATION OF H2 GAS USING SCHLIEREN PHOTOGRAPHY 

 

It is assumed that the injection of H2 gas in airflow does not make a uniform mixture. The 

signal intensity may lose due to the non-uniform mixture of H2 with air. To confirm this 

assumption, Schlieren photography was used to visualize the gas mixing phenomena. Three 

different positions from the gas injection hole were chosen to visualize H2 gas. Schlieren 

photographs were taken at Lo = 0-70 mm, 70-140 mm, and 140-210 mm. H2 gas was injected into 

the airflow at the center of the pipe diameter, and the interfaces between air and H2 were observed. 

As shown in Fig. 4.8(a), the interfaces between air and H2 are observed clearly for Lo = 0-70 mm. 

However, as Lo increases, the interfaces are observed rather blurry as shown in Figs. 4.8(b), and 

4.8(c). These results confirm that H2 is diluted in the air with the increasing value of Lo. It is also 

confirmed that H2 gas was not mixed uniformly in air, and the intensity of the ultrasonic signal 

may lose while passing through the interfaces of H2 and air. 
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Fig. 4.8. Visualization of H2 gas by using Schlieren photography (a) Lo=0-70 mm, (b) Lo=70 140 

mm, and Lo=140-210 mm distance from the H2 injection hole. H2-air fluctuated interfaces 

are observed [10]. 
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4.4.4. ULTRASOUND PROPAGATION THROUGH AIR-H2-AIR TWO-LAYER MODEL 
 

We have considered a 2D model having air-H2-air two layer interfaces in order to calculate 

the ultrasound propagation. At 1 atm. pressure and 20ºC temperature, the speed of sound in air and 

H2 are 343 m/s and 1304 m/s, respectively. The refraction of sound at interfaces is calculated using 

Snell’s law. The geometric configuration for the signal propagation and interfaces is provided in 

Fig. 4.9. Figure 4.9 is a model of two gas layers having two fluctuated interfaces. 

  

Fig. 4.9. The proposed 2D model having fluctuated interfaces of air-H2-air two-layer gas flow 

system. Red lines show the sound propagation direction. ϕ1 and ϕ3 are the incident angles 

towards the fluctuated interfaces from air and H2 side, respectively. ϕ2 and ϕ4 are the 

refracted signal angles at the H2 and air interfaces [10]. 

 

The model is considered that air-H2-air two-layer gas is flowing inside a pipe. Transmitter Tx 

and receiver Rx are placed at the position x = 0 and orthogonal to the pipe surface as shown in Fig 

4.9. In this model, it is assumed that 100% of H2 gas is flowing in the middle of airflow. Since the 

air-H2-air interfaces are fluctuated, the average thicknesses of the air and H2 gas layers are assumed 
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as da, and lH, respectively. The thickness ratio of each gas layers in the air-H2-air system is 

considered as 2:1:2. Red arrows indicate the propagation of the sound wave. First and second 

refractions are occurred at air-H2 and H2-air interfaces, respectively. At first, the ultrasonic signal 

incidents on the air-H2 curved interface with an angle of ϕ1, and then refracted into the H2 medium 

with a refraction angle of ϕ2. Not all the signals passing through air layer can reach to the H2 layer, 

since the speed of sound in air is lower than that of the H2, total reflection will occur for some 

signals. As ϕ1 increases and reaches the critical angle; therefore, the values of −15.2𝑜 < 𝜙1 <

+15.2𝑜 were used for the calculation. The incident angle ϕ1 is considered for both positive and 

negative values in the calculation. Then the refracted signal incidents on the H2-air interface with 

the incident angle of ϕ3. Then the signal is refracted with an angle of ϕ4 at the H2-air interface. All 

the signals passing through H2 gas layer can reach to the air layer since the speed of sound in H2 

is larger than that of the air, and total reflection does not occur. The positive and negative values 

of ϕ3 are also considered. xt that is the distance between the center of Rx and the signal arrival 

position is determined by using eq. (4.5) and (4.6): 

1 2tx x x            (4.5) 

     1 2tan ,   and  tanH ax l x d            (4.6) 

where, x1 is the distance between first and second refraction points, and x2 is the distance between 

the second and third refraction points. δ is the angle between the first refracted wave and y-axis. ξ 

is the angle between the second refracted wave and y-axis at second refraction point. 

4.4.5. LIMIT ANGLES OF TRANSMITTED SIGNAL 

 

Using Snell’s law, it was found that ϕ1 is limited to -15.2o≤ϕ1≤15.2o, due to the total 

reflection. Figure 4.10(a) shows the calculated values of xt vs. ϕ3 with different values of ϕ1. Figure 

4.10(b) is the enlarged view of Fig. 4.10(a). Since the width of the receiver is 20 mm, signals can 

be only received for the values at −10 mm ≤ 𝑥𝑡 ≤ 10 mm as shown between red lines in Fig. 

4.10(b). For example, according to Fig. 4.10(b), ϕ1 is limited to only about -12o≤ϕ1≤12o, and when 

ϕ1=0º, the signal can be detected only for the case when about -20o≤ϕ3≤20o. In practice, the gas 

layers are not limited to two-layer as shown in Figure 4.9. The signal might not be observed due 

to having many interfaces in the gas mixture. 
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Fig. 4.10. (a) ϕ3 dependence to the theoretical value of xt. ϕ1 was calculated and found that for the 

value of -15.2o≤ϕ1 ≤ 15.2o, the signals could be reaches to the receiver side. (b) Enlarge 

view of Fig. 4.10(a) where the red box shows that the signal can be received 

at−10 mm ≤ 𝑥𝑡 ≤ 10 mm [10]. 
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For the fluctuated interface condition, it is unlikely that the transmitted signal can reach to the 

receiver. These phenomena can occur only when the sound signal is propagating without spreading. 

Since the divergence angle of the transmitter signal is as sharp as 3º, loss of signal was observed. 

The loss of received signal intensity could be solved by using a transmitter having a larger angle 

of divergence. 

 

4.5. CONCLUSION 

 

The ultrasonic signal propagation through the ‘air-H2-air’ two-layer gas flowing system was 

studied. The degradation of intensity was observed while sound propagation through air-H2-air 

two-layer gas flowing system. Different concentrations of flowing H2 gas were measured using 

ultrasound from the exterior of the pipe, and it was calculated that the intensity degradation of 

signal did not simply depend on the H2 concentration. 

To investigate the intensity degradation, 100% H2 gas was injected into the airflow pipe and 

two fluctuated interfaces (air-H2 and H2-air) were observed using Schlieren photography. By using 

ultrasound measurement, H2 concentration was calculated for about only 3-5%, thus the ultrasound 

intensity should not degrade. However, the experimental results showed the received intensity 

degraded to about 10-20%. 

The intensity loss of the ultrasonic signal was calculated by calculating the refraction of sound 

in two fluctuating interfaces. According to the refracted angle calculation, only the signals having 

the incidence angle towards the first fluctuating interface (air -> H2) of about -12o≤ϕ1≤12o and 

with the incidence angle towards the second fluctuating interface (H2 -> air) of about -20o≤ϕ3≤20o 

can transmit to the receiver. Therefore, only a part of the signals with specific incident angles was 

received. It can be concluded that the intensity loss of ultrasonic signal propagation through two 

fluctuated interfaces of air-H2 two-layer gas flow was due to the refraction at the interfaces. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1. CONCLUSIONS 

 

The purpose of this dissertation is to measure of H2 gas concentration in a pipe using 

ultrasound. The gas concentration was measured from the exterior of the pipe without making a 

hole in the pipe. Since gas is not extracted for the measurement, there is no risk of explosion, which 

is a unique and attractive advantage of this ultrasonic gas sensor. This research focuses measuring 

both the non-flowing and flowing gas. Different kinds of pipe material were used to observe the 

airborne signal from the exterior of the pipe. The concentration of gas is measured based on the 

speed of sound variation in various gasses, this method is simple comparing with other sensors. I 

have summarized the experimental results obtained during my PhD tenure as below: 

 

At first, non-flowing H2 gas concentration was measured from the exterior of the SUS pipe. 

Since the noise signal was circling inside the SUS pipe surface itself, the airborne signal was 

difficult to observe from the exterior of the pipe. Two experiments were conducted to reduce the 

noise signal. One of them was pasting SAM on the SUS pipe surface and the airborne signal was 

observed. As a result, the concentration of H2 gas was successfully measured. Two transmitters 

condition was applied to cancel the noise signal. FDTD simulation method revealed that it is 

possible to cancel the noise signal circulating in the pipe by using two transmitters having exactly 

the same frequencies and amplitudes, however it was difficult in practical test. 

 

Next, the flowing H2 gas concentration was measured instantly from the exterior of the pipe, 

which was more challenging than measuring non-flowing gas concentration. The concentration of 

H2 gas was measured based on speed variation of the ultrasound traveling inside the pipe. H2 gas 

was flowing inside a PVC pipe and the concentration of H2 gas was measured accurately up to 39 

m/s. Since the PVC pipe was used for this experiment, the airborne signal was clearly observed. 

The response time of measuring the gas concentration was fast as less than 0.1 s. Due to the 

fluctuation of waveform, the maximum error in the H2 gas concentration at 39 m/s flow was 
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calculated about 0.32%. Since longitudinal and transverse waves can propagate through the solid, 

the limit speeds of flow were calculated as 30 m/s and 60 m/s for longitudinal and transverse wave, 

respectively. 

 

In the above experiment, the large ultrasonic signal intensity degradation was observed while 

H2 gas was mixed into the airflow. Hence, the ultrasonic signal propagation passing through the 

‘air-H2-air’ two-layer gas flowing model system was studied. It was proved that the intensity loss 

did not depend on the average concentration of H2 gas. A Schlieren photography experiment was 

conducted to study the relation between intensity loss and the H2 gas concentration. 100% H2 gas 

was injected into the middle of the air flowing pipe; therefore, two fluctuated interfaces (air-H2 

and H2-air) were observed using Schlieren photography. Comparing with the photograph, a 2D 

‘air-H2-air’ model was considered having two fluctuated interfaces. According to the refracted 

angle calculation, only the signals having the incidence angle towards the first fluctuating interface 

(air -> H2) of about -12o≤ϕ1≤12o and with the incidence angle towards the second fluctuating 

interface (H2 -> air) of about -20o≤ϕ3≤20o can transmit to the receiver. Therefore, only a part of 

the signals with specific incident angles was received. It can be concluded that the intensity loss 

of ultrasonic signal propagation through two fluctuated interfaces of air-H2 two-layer gas flow was 

due to the refraction at the interfaces. 

 

This research is related to the rapid growth of H2 based society. For example, this ultrasonic 

sensor can be applied to the H2 based Tokyo Olympic village. This sensor is also applied to the 

concentration measurement of other explosive gasses, such as measurement of methane (CH4) gas 

concentration in the mine ventilation. Therefore, it can be concluded that this study is critically 

significant for introducing as accurate as well as instant measurement of gas concentration using 

ultrasound from the exterior of the pipe (different pipe materials) without making a hole. 
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5.2. FUTURE WORK 

 

The research work described in this dissertation can be very interesting and challenging 

possible future research directions in ultrasonic gas sensor applications. In this dissertation, the 

concentration of non-flowing and flowing H2 gas was measured and the propagation of ultrasonic 

signal through air-H2-air was discussed. Based on this research work, some future works are 

suggested: 

 

1) The principle of measuring H2 gas concentration is highly accurate. Since this principle is 

applied to the gasses having the same heat capacity ratio, it is not applicable for the gasses having 

different heat capacity ratio. The principle of measuring gas concentration having different heat 

capacity ratio was derived roughly. Hence, the principle needs to improve to measure other gas 

concentrations. Further research is required to measure other gas concentrations. 

 

2) This is the first time that noise signal was reduced by using SAM on the surface of a metal pipe. 

It is important to explore another way to cancel the noise signal to observe the airborne signal from 

the exterior of the pipe. 

 

3) In this research, the concentration of H2 gas was measured only when the pipe was placed 

horizontally. However, the pipe is bent and somewhere vertical in practice. Further research is 

required to investigate the dangerous places that are difficult to replace the gas and the efficiency 

of the replacement methods. 

 

4) In this study, the propagation of ultrasound was studied only for the air-H2 layer. Study of sound 

propagation through other gasses such as He will give the proper idea about the loss of sound 

intensity. 
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