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Abstract

:

Due to the rise in global temperature and climate change, the detection of CO2, SO2 and NO pollutants is important in smart cities. In this paper, an H-shaped photoacoustic cell is utilized for the detection of low-concentration gases. The geometry of the cell is miniaturized and designed with specific parameters in order to increase its efficiency and performance. The designed cell eliminates problems such as bulkiness and cost, which prevent the use of sensors in detecting greenhouse gases. The simplicity of the design expands the application rate of the cell in practice. In order to consider the viscosity and thermal effects, the cell is formulized by fully linearized Navier–Stokes equations, and various parameters, such as acoustic pressure, frequency response, sound speed (sound velocity) and quality factor, are investigated for the mentioned gases. The performance of the system is frequency-based, and the target gases can be detected by using a microelectromechanical resonator as a pressure sensor. Quality factor analysis expresses that CO2, SO2 and NO gases have quality factors of 27.84, 33.62 and 33.32, respectively. The performance of the cell in the resonance state can be expressed by the linear correlation between the results. The background noise generated in the photoacoustic research has been removed by miniaturization due to the obtained resonance, and the proposed cell provides a proper signal-to-noise ratio. The results of the proposed system represent the increase in the quality factor, which reduces the losses and thus increases the sensitivity of the system in the study of greenhouse gases.
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1. Introduction


In recent decades, air pollution has caused significant hazards to both human health and the environment [1]. Indeed, the problem of air pollution has reached a threshold of considerable danger. Air pollution has been considered as a major threat to the planet, and human activities such as transportation have global-scale effects upon the environment, the ozone layer and human health [1,2]. Nowadays, greenhouse gas emissions are higher than ever and have had a major impact on global climate change [2]. Unprecedented global warming has been attributed to human activities due to increased greenhouse gas emissions [2]. The combustion of fossil fuels at the final stage of usage releases significant amounts of greenhouse gases [3,4]. Their combustion products are the main cause of global problems such as greenhouse effects, ozone depletion, acid rain and environmental pollution; therefore, their use has a harmful impact [3,4]. Greenhouse gas emissions and global warming not only affect the environment and the economy, but also have significant effects on human health [3,5]. Hazardous gas leakage leads to very dangerous situations if not detected quickly. Human environmental safety is a top priority, and an efficient gas detection system is required. NOX and carbon monoxide are two main pollutants emitted by the transportation system, and they cause serious environmental pollution; air pollutants including CO2, SO2 and NO have an effective role in respiratory problems (including bronchitis, emphysema and asthma) [6]. Toxic gases containing CO2, SO2 and NO, even in lower concentrations, have many impacts on human health. The reliable detection of various gases in low concentrations is necessary in sectors such as industrial production, environmental monitoring, air quality assurance, automotive technology, etc. [7]. The main source of SO2 emissions is the combustion of fossil fuels. The typical concentration of SO2 in industrial exhaust is at the ppm level (particle per molecule). However, SO2 has considerable impacts on environmental pollution (e.g., acid rain) [8].



Nitric oxide (NO) is one of the most common air pollutants found in nitrogen oxides (NOx) in various ratios (x). Nitrogen oxides are important components which, in addition to helping form acid rain and the greenhouse effect, have a great impact on human health, such as in diseases of the respiratory system and, consequently, other vital diseases. The significant effects of NO include the deterioration of lung function due to the prolonged exposure to this gas and the increased risk of respiratory disease [9]. NO2 gas detection has already been studied in [4,5]. The increment of carbon dioxide emissions (which is another effect of gasoline combustion) is related to global warming. The rapidly rising atmospheric concentration of carbon dioxide (CO2) has been considered as a major factor in climate change [10]. The air pollution arising from energy consumption is an important threat to the environment; therefore, the hazardous effects of air pollution on health have attracted much attention in recent years [11]. Thus, the accurate measurement of toxic gases is of considerable importance, not only in industry but also in everyday human life in smart cities.



Practical applications such as industrial control processes and long term environmental monitoring require sensitive and selective concentration measurements over long time periods by automatic monitoring devices. In recent decades, PA spectroscopy has been regarded as a highly sensitive and selective measurement and detection method under delicate laboratory conditions. Photoacoustic instruments can be employed for online, long-term and totally automatic industrial-process monitoring. Photoacoustic spectroscopy is an effective and inexpensive method which utilizes sound and light for the purpose of studying the properties of materials in solid, gas and liquid states. In this paper, a photoacoustic cell consisting of two miniaturized buffers and a resonator are used in order to detect and investigate CO2, SO2 and NO gases. In the last ten years, photoacoustic devices have played an important role in applications such as industrial production [12], medicine and spectroscopy [13]. In [14], Thomas Strah et al. investigated a promising idea known as intrinsic miniaturization, i.e., using a typical MEMS microphone as a miniaturized PA cell for photoacoustic trace gas sensing. The obtained results showed that using the MEMS microphone directly as a PA cell offered the possibility of an extremely miniaturized, highly sensitive and very cost-efficient photoacoustic trace gas sensor. In [15], Vafaie et al. used photoacoustic cells in order to investigate pollutants produced by the automotive industry, and the results showed a high potential for photoacoustic cells to expand sensitive laser sensors. An infrared photoacoustic system is considered as a common method for long-term gas measurement [5,15].



Most of the proposed techniques suffer from cross-sensitivity to water. One of the important issues for most gas detectors is selectivity in the presence of water vapor. Therefore, the detection of a target gas in humid air is different than in dry conditions. In [5], Vafaie and et al. designed a miniaturized photoacoustic cell for hydrogen gas detection; the effects of various parameters, such as frequency response, quality factor, acoustic pressure and the temperature effect on the device, were analyzed by the finite element method (FEM). Based on the results, the frequency analysis in the hydrogen gas medium indicates that the first natural frequency of the sensor was 88.563 kHz, a 65 kHz difference to the second natural frequency. The photoacoustic-based measurement technique is based on generating an acoustic wave in the gas, which is accomplished by the absorption of a modulated laser beam (Figure 1a). As shown in Figure 1b, when the gas molecules absorb the laser beam, they are excited to higher energy levels. When these molecules return to the base level, their excess energy is released as heat. Pressure changes are generated by thermal expansion and appear in the form of an acoustic wave. This acoustic wave is detected by using a conventional pressure sensor, such as an MEMS-based resonator [16]. Broadly speaking, the photoacoustic cell-based gas detection consists of four steps, including [5]: (1) amplitude and frequency modulating of the laser radiation at a wavelength at which the target species shows high absorption; (2) stimulation of the target molecules by absorption of the incident radiation; (3) non-radiative transfer of the absorbed energy via collisions with other molecules, hence resulting in periodic joule heating at the modulation frequency; (4) detection of the acoustic waves produced by the heating with the pressure sensors.



As described in [17], in the case of vibrational excitation, radiative emissions do not play a crucial role because the radiative lifetimes of the vibrational levels are longer than the time required to deactivate the collision at pressures commonly used in photoacoustics.



The goal of the current research is to enhance the performance of the sensor in order to detect CO2, SO2 and NO gases. An air pollutant sensor must meet a set of basic requirements, including:




	
High selectivity for detection of target gas rather than different gases, and high sensitivity for detecting low concentrations of substances;



	
Large dynamic domain for monitoring gas components at different concentrations using a unique tool.








Photoacoustic spectroscopy satisfies these requirements, which enables this technique to represent significant advantages in the detection of pollutant gases [18]. In addition, photoacoustic sensors can be used to detect gases in hazardous environments or in the presence of high-temperature or strong electromagnetic interference [19]. Using the photoacoustic effect to measure the concentration of gases is an appealing option in the field of optical detection methods. Although this method has been widely used to measure gases in recent decades, its potential as an ultra-sensitive and small device has not been thoroughly investigated yet [20]. Until now, much research has been conducted in the field of gas detection in various sectors, including:



Yong Hugh Liu et al., 2019, examined the reduction process of air pollutants and greenhouse gases in the transportation sector [21]. In 2018, Kalathur S. V. Santhanam et al. conducted studies on the effects of greenhouse gases on the atmosphere and the importance of detecting them [22]. Trieu-Vuong Dinh et al., 2016, conducted research on improving the performance of infrared sensors for use in various sectors, which showed the improvement and development of the performance of these sensors, especially in monitoring air pollution, for which they are in great demand today [16]. J. Rouxela et al., 2015, proposed a photoacoustic sensor which uses an acoustic method to increase the signal level and also improve the detection of minimum concentrations of gas. In order to simplify the sensor for use in various applications and to reduce costs, they used a miniature photoacoustic cell with photoacoustic spectroscopy for detecting gases [23].



A.V. Gorelik et al., 2010, utilized a miniature photoacoustic cell to detect carbon dioxide, which showed a decrease in background noise and an increase in cell function [24].



Based on these studies, a conclusion can be drawn that miniaturization has a considerable effect on frequency response, noise and quality factor. In addition, due to the importance of detecting toxic gases containing CO2, SO2 and NO at low concentrations, we considered the H-shaped photoacoustic cell to be the optimal structure. The goal was to use this structure in the interest of improving its performance for the detection of target gases. In this study, the theory and physics behind photoacoustic sensing will be described in Section 2. It should be noted that the finite element method (FEM) is the most flexible numerical method for modeling a photoacoustic cell. The ability to handle any type of cell geometry is the advantage of using the FEM model. The properties of the photoacoustic cell were investigated in order to detect CO2, SO2 and NO pollutants, and parameters such as resonance frequency, quality factor and sound velocity were calculated for the target gases. In Section 3, a set of simulations will be described which were performed to investigate the effects of frequency response, natural frequencies, acoustic pressure and the heat field inside the proposed cell. Finally, this work is concluded in the Section 4.




2. Theory


The mathematical model for the photoacoustic effect has been in development since the mid-1970s, beginning with a theoretical description of the photoacoustic effect on solids [25]. In reference [25], Duggen et al. investigate the frequency response of photoacoustic cells for gas detection by transferring contaminated gases to a two-volume buffer cell and a resonator. The measurement of other resonance frequencies, as well as parameter modification and the geometrical dimensions of the photoacoustic cell, are important. We investigated the resonance behavior of an H-shaped cylindrical cell by using a mathematical model in the photoacoustic cell which specifically included the effects of pressure. The common model employed in acoustics relies on solving the Helmholtz equations for pressure, which are based on solid presumptions related to the absence of a dissipation mechanism [26]. Approximate models have been established in order to consider heat and viscous losses in boundary layers. In this paper, Navier–Stokes linearized equations are employed for mathematical modeling of the sound wave propagation in the presence of viscous and thermal boundary layers [27]. Here, the harmonic changes are assumed to be neglectable. In order to complete the partial differential equations (PDE), the continuity, motion and energy conservation equations are employed here:
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  i ω  ρ 0   C p   T ˜  = − ∇ .   κ ∇  T ˜    + i ω  p ˜  +  Q e   
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where    p ˜  ,    T ˜    and   u ˜   are the pressure, temperature and velocity fields in gases, respectively.    P 0   ,    T 0    and    ρ 0    are the mean values of the pressure, temperature and density fields, respectively. η and μ are volumetric and shear viscosities. κ, Cp and Qe are thermal conductivity, heat capacity at constant pressure and volumetric heat source, respectively. I is the characteristic matrix [28]. The heat source is expressed as Equation (4), and the Gaussian profile for the laser beam is assumed.





   Q e  = a  I 0  exp   − 2      r 2     ω 2         



(4)




where r is the radial coordinate, ω is the radius of laser beam, a is the absorption coefficient and I0 is the power of the laser beam [29]. In acoustics, several hypotheses make it possible to simplify the aforementioned Navier–Stokes equations. The changes are assumed to involve very low pressure, temperature and gas compression velocity. Equation (5) expresses this hypothesis. Variables with zero subtitles indicate the mean values of quantities, and variables with tildes indicate small changes in the average values of the quantities [30].


        P =  P 0  +  P ˜        T =  T 0  +  T ˜        U =  U 0  +  U ˜        ρ =  ρ 0  +  P ˜         



(5)







2.1. Cell Design


Photoacoustic cells are a type of optical sensor which are utilized to detect several gases. The photoacoustic spectroscopy technique is in accordance with the absorption of photons by gas molecules and the creation of sound waves [28]. The main features of this photoacoustic cell for gas detection are small size, simplicity, low gas consumption and fast response. Table 1 presents the input parameters of the designed cell:



The miniaturization has the following advantages:




	(1)

	
These sensors are highly sensitive, but the bulkiness and cost of the sensors prevent them from being used in applications such as greenhouse gas monitoring or indoor air monitoring. Therefore, there is a tendency to miniaturize them [28].




	(2)

	
Given that the photovoltaic signal is reversely related to the volume of the chamber, one solution to improve the accuracy of the sensor is to reduce its dimensions [31].




	(3)

	
The most common noise in photoacoustic systems, which is due to the absorption of light in cell windows, is reduced by miniaturizing the resonator diameter [18]. In this study, a H-type micro-photoacoustic cell was utilized in order to investigate CO2, SO2 and NO gases, as shown in Figure 2. The H-type resonant cell is very simple in its design, with two buffers. The design of the buffer cylinders, as well as the dimensions of the cylinders, are important for the creation of an efficient photoacoustic cell.










2.2. Boundary Conditions


In a resonator, when the length of the buffer volume is 1/4 of the length of the cylinder (   L  r e s   = 2  L  b u f    ), the maximum known noise interference occurs in the buffers and the operation of the buffers increases as the sound filters. Therefore, the external factors cannot influence the produced acoustic signal inside the cell [32]. The frequency of acoustic resonance modes generated in cylindrical cells is calculated by Equation (6):


   F  m n q   =  c 2        (     α  m n    R   )  2  +   (   q L   )  2       1 2     



(6)




where c is the sound velocity and αmn is the nth zero of the derivative of the mth Bessel function at r = R. The parameters R and L are the radius and length of the cylinder, respectively. The normal modes are separated into longitudinal (q), radial (n) and azimuthal (m) modes [33]. The cell walls are considered rigid, and non-slip boundary conditions are applied to the gas. In addition, since the thermal conductivity of metal is much greater than that of gas, it is presumed that the walls are isothermal, heading towards zero thermal perturbation in the walls [34]. In general, the no-slip boundary conditions are applied to the velocity field and adiabatic conditions to the temperature in the system. These two conditions are known as the standard boundary conditions for sound pressure. Standard acoustic pressure boundary conditions are applied in order to prevent any thermal or adhesive boundary layers in the walls (layers are negligible). Eigenmode has a quality factor (Q) that describes the energy stored in the resonator relative to the energy lost in a full period, which is expressed as Equation (7):


  Q =    f  r e s     B W    



(7)




where fres is the resonant frequency and BW is the bandwidth. The lower bandwidth results in a higher quality factor and lower surface losses [35]. When the photoacoustic signal is not excited at the resonant frequency, it has a low and very unstable amplitude, and in the non-resonant mode, sound is not propagated and standing waves are not formed, so the effect of photoacoustic resonance is very crucial [34]. In [34], Ishaku et al. optimized the structure of photoacoustic cell buffers, and the results showed that a short diameter with a short buffer length produced high resonance frequency in the photoacoustic cell. A significant component of optimizing both signal amplitude and signal to noise (SNR) ratio is the geometric design of the cell [36]. During photoacoustic measurement, a measured sample is commonly located in an acoustically isolated cell for the sake of increasing the signal and reducing the noise [37]. The cell is frequently used as a sound resonator, and its features considerably affect the measurement results [38].




2.3. Simulation


The COMSOL Multiphysics FEM (finite element method) software was employed to simulate a miniaturized photoacoustic cell to investigate CO2, SO2 and NO gases. It should be noted that our simulation study was verified by [3]. The parameters in Table 1 were selected in such a way that the system is able to increase the target signal and, at the same time, minimize both the negative role of the window background signal and external noise for the selected mode. The effect of various parameters was investigated in this study by simulating the miniaturized H-shape geometry. The simulation study of the photoacoustic cell for target gas detection in the FEM model was validated using the experimental results from [28]. It should be noted that the cell was filled by the gases at 293 °C and a pressure of 1 atmosphere.





3. Results and Discussion


In this section, in order to analyze the greenhouse gases, as mentioned before, a photoacoustic cell was used. It was simulated by employing the finite element method and applying boundary conditions. The influence of different parameters was investigated when the simulated cell was filled with the CO2, SO2 and NO gases.



3.1. Acoustic Pressure


Figure 3 represents the acoustic pressure for carbon dioxide gas. The goal was to find the best position for the pressure gauge sensor, where the pressure would reach its maximum. Based on the results obtained from Figure 3, it can be concluded that the maximum pressure for carbon dioxide occurred at the first natural frequency, 18.101 kHz, which indicates the appropriate location for the sensitive microphone (i.e., pressure sensor). The same FEM analysis was performed for different gases, and it was also observed that the maximum pressure for different gases occurred at the first natural frequency; for the CO2, SO2 and NO gases, these were 18.101, 26.888 and 23.329 kHz, respectively. Hence, the first natural frequency is considered as the resonance frequency for the target gas.




3.2. Frequency Response


The frequency response of the proposed system is shown in Figure 4. The main point in designing a sensor is to select the proper resonance frequency for a target gas as an excitation frequency of the photoacoustic cell. Thus, studying the frequency response is of great importance.



At low resonant frequencies, higher noise levels are observed, which results in a further reduction in the signal-to-noise ratio. According to Figure 4, it can be seen that miniaturization solved the problem of low resonance frequencies, because the smaller the diameter of the resonator, the better the signal-to-noise ratio. Based on the results acquired in the acoustic pressure section, the main resonant frequencies for carbon dioxide CO2, sulfur dioxide SO2 and nitric oxide NO were 18.101, 26.888 and 23.329 kHz, respectively. The quality factor can be calculated using the frequency response curve. Both the frequency response and quality factor were calculated in order to evaluate the proposed cell’s performance.




3.3. Quality Factor


According to Equation (7), the quality factors of carbon dioxide, sulfur dioxide and nitric oxide gases were calculated, and the results are shown in Table 2.



The results shown in Table 2 express that another advantage of miniaturization is achieving a high quality factor. A low quality factor indicates high losses, which reduce the cell’s sensitivity. Resonance frequency and quality factor are related to losses. It should be pointed out that the results of reference [39] represent that longitudinal resonance modes with high quality factors generate the highest photoacoustic signals.




3.4. Temperature


The photoacoustic effect is produced using a mechanical wave that travels on the surface of the material and is then detected using a pressure sensor. Therefore, for the purpose of calculating acoustic behaviors, the sound velocity must be calculated. Several factors affect the resonant frequency, and these factors depend on the sound velocity. The sound velocity changes with temperature, and a change in temperature results in a change in the resonance frequency. Figure 5 shows the changes in sound velocity versus the changes in temperature.



Temperature is one of the major influential environmental factors in the practical applications of photoacoustic spectroscopy. Temperature changes must be considered to be remarkable for the purpose of avoiding a non-resonant state and obtaining enhanced performance in photoacoustic spectroscopy. Therefore, the measurements of the frequency response at different temperatures were examined. Figure 6 shows that an increase in temperature led to an increase in the frequency response in the cell, which indicates the function of the cell in the resonance state. The results show that the frequency response increases or decreases directly according to the temperature.





4. Conclusions


In this study, the design and description of miniaturized photoacoustic cells were investigated for the detection of CO2, NO and SO2 gases. The finite element method was used in the interest of investigating the frequency response, quality factor, temperature and sound velocity. The results of the obtained frequencies show that the most suitable place for the pressure sensor is where the first natural frequency occurs, which is considered as the resonance frequency. This frequency is 18.101, 23.329 and 26.888 kHz for the CO2, NO and SO2 gases, respectively. We studied an optimal photoacoustic cell to investigate the aforementioned gases. Due to the fact that affecting factors of the frequency response depend on sound velocity, the results were investigated inside the cell based on changes in sound velocity at different temperatures, as well as changes in frequency response versus changes in sound velocity. The linear correlation between the obtained results (increase in temperature results in an increase in the sound velocity; increase in sound velocity increases the frequency response) indicates the performance of the cell in the resonance state. The obtained resonance expresses that the background noise generated in the photoacoustic studies was removed by miniaturization, and that the proposed cell has a proper signal-to-noise ratio. These results show that the proposed model provides accurate measurements of the resonant frequency, sound velocity and quality factor. Photoacoustic spectroscopy reveals that it has high sensitivity and accuracy for detecting greenhouse gases. The results of this research are useful and will be efficient for environmental science and smart city studies. For future research, it is suggested that the device be fabricated and that the effect of background noise be evaluated.
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Nomenclature




	Parameter
	Description



	   p ˜   
	Pressure field



	   T ˜   
	Temperature field



	   u ˜   
	Velocity field



	    P 0    
	Mean value of the pressure



	    T 0    
	Mean value of the temperature



	    ρ 0    
	Mean value of the temperature



	Κ
	Thermal conductivity



	Cp
	Heat capacity at constant pressure



	Qe
	Volumetric heat source



	r
	Radial coordinate



	ω
	Radius of laser beam



	a
	Absorption coefficient



	I
	Characteristic matrix



	I0
	Power of the laser beam



	c
	Sound velocity



	R
	Radius of the cylinder



	L
	Length of the cylinder



	fres
	Resonant frequency



	BW
	Bandwidth
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Figure 1. Photoacoustic phenomenon from excitation to propagation. 
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Figure 2. Modeled photoacoustic cell. 
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Figure 3. Eigen frequency versus pressure of photoacoustic cell (the cell filled by carbon dioxide molecules). 
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Figure 4. Frequency response of the cell; (a) carbon dioxide, (b) sulfur dioxide, (c) nitric oxide. 
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Figure 5. Speed of sound changes for different temperatures. 
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Figure 6. Frequency response changes for different temperatures. 
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Table 1. Geometrical dimensions of the cell.
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	Parameter
	Description
	Value [cm]





	Lres
	Length of the resonator
	0.6



	Lbuf
	Length of the buffer
	0.3



	Rres
	Radius of the resonator
	0.3



	Rbuf
	Radius of the buffer
	3 × Rres
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Table 2. Quality factors and frequency results.






Table 2. Quality factors and frequency results.





	Gas
	1st Natural Frequency
	2nd Natural Frequency
	3rd Natural Frequency
	Quality Factor





	CO2
	18.101 (kHz)
	31.718 (kHz)
	48.997 (kHz)
	27.84



	SO2
	26.888 (kHz)
	47.114 (kHz)
	72.782 (kHz)
	33.32



	NO
	23.329 (kHz)
	40.891 (kHz)
	63.158 (kHz)
	33.61
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