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Abstract

:

Infrared multispectral imaging technology can achieve the long-distance, wide-ranging and fast detection of target gas, and has been widely used in the fields of dangerous-gas detection and environmental monitoring. However, due to the difficulty in acquiring background radiation as well as atmospheric disturbance and noise interference in the detection process, the quantitative detection of gas concentration has become a difficult problem to solve. Therefore, this paper proposes an inversion method for gas column concentration based on infrared multispectral imaging technology. Firstly, infrared background radiation images of the non-target gas absorption spectrum band were collected and converted into background radiation images of the target gas absorption spectrum band according to the dual-channel mapping relationship. Then, combined with the gas radiation images of the target gas absorption spectrum band, the column concentration distribution of the gas was obtained by using the measured calibration relationship between absorbance and column concentration. Experiments of gas detection in different environments were carried out, and the column concentration distribution of the target gas was inverted using this method; the results showed that the average relative error of the inversion of the gas column concentration was 4.84%, which enables the quantitative detection of gas column concentration in a complex environment.
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1. Introduction


Infrared imaging gas detection technology has seen rapid development in recent years; it uses the infrared radiation absorption spectrum of gas to achieve qualitative and quantitative analyses of gas. With the advantages of long-distance, wide-ranging and rapid detection, as well as being dynamic and intuitive, it has been widely used in industrial production, environmental monitoring, national defense security and other fields [1,2,3,4,5]. Infrared imaging detection technology is mainly divided into two forms: active and passive. The active infrared gas imaging detection technology represented by the radiation absorption mode employing a laser light source has the advantages of a high signal-to-noise ratio, high detection sensitivity and no need for a temperature difference between the gas and background [6,7,8]. However, due to the limitations of the laser light source, it also has the disadvantages of a large volume, a narrow spectral detection range, few detectable gas types and low safety, which makes it limited in terms of practical application [9,10,11,12,13,14]. In contrast to this, passive infrared gas imaging detection technology is a new gas detection technology that has developed rapidly in recent years. Compared with the active method, passive infrared gas imaging detection technology has the advantages of simple structure, more types of detectable gases, no active light source, etc. However, it requires a temperature difference between the measured gas and the background and a low signal-to-noise ratio, making it suitable for gas detection under harsh environments and background temperature differences [15,16,17,18,19,20]. Currently, passive infrared gas imaging detection technology can be divided into hyperspectral imaging technology and multispectral imaging technology according to the number of detection bands.



Hyperspectral imaging technology can obtain the spatial and spectral information of gases, has the ability to detect the composition of mixed gases and can detect gas column concentration more accurately. However, it also has the limitations of a complex structure, a large volume and high cost [21,22,23,24]. Meanwhile, multispectral imaging technology is used to image and detect gases with absorption peaks through filters, and is widely used in the field of gas detection as it has the benefits of simple instrument structure, fast response and low cost [25,26,27,28]. Nowadays, there is more and more research on multispectral gas detection technology across the world. In 2017, Migual et al. developed a multi-aperture longwave-infrared multispectral imaging technique and uniquely combined, for the first time, the advantages of high throughput, real-time optimization and low cost. The applicability of this technique to the detection and classification of multiple gases is demonstrated [29]. The Gas Find IR thermal gas imager of the FLIR Company in the United States added a narrow-band filter covering the absorption peak of the target gas between the lens and the infrared focal plane. In order to improve the sensitivity of the imaging system, a variety of adjustable time integration modes were adopted, and a variety of infrared image-processing algorithms were used to achieve gas imaging detection in the narrow spectral band [30]. The above detection instrument can achieve good qualitative detection of gas leaks and distribution, but it cannot achieve the quantitative detection of gas column concentration, mainly because it is affected by the absorption of the target gas, and it is difficult to obtain accurate background radiation information.



Aiming to address the problems existing in multispectral infrared gas imaging detection technology, this paper proposes a dual-channel mapping–gas column concentration inversion method based on the multispectral imaging principle. Starting from the infrared spectrum absorption characteristics of the gas, considering the known target gas’s influence on the background radiation measurement, the background was imaged through the non-target gas absorption spectrum band. After twice mapping the gray level and temperature, the background gray level image was extracted and the gas column concentration was calculated via combination with the gas column concentration inversion method, and the inversion of gas column concentration by using multispectral imaging technology was achieved. The experimental results showed that the average relative error of this method was 4.84%, which solved the problem whereby existing multispectral infrared gas imaging detection technology faces difficulty in achieving the quantitative measurement of gas column concentrations in complex environments.




2. Method


2.1. Principle of Gas Column Concentration Inversion


When the multispectral infrared imaging system works, the radiation received by the detector unit, including the radiation of the background, target gas and atmosphere. Within a certain detection distance, the influence of the atmosphere on the radiation transmission process is relatively small. Therefore, the infrared radiation received by the detector mainly includes the radiation from the background and the radiation of the target gas [31]. The radiation energy received by the detector can be expressed as follows:


  D  N s  =  τ  g a s   D N    T B    +   1 −  τ  g a s     D N    T  g a s      



(1)




where   D  N s    is the gray level of the detector connected to the output;    τ  g a s     is the transmittance of the target gas;   D N    T B      is the gray value corresponding to the background radiation;   D N    T  g a s       is the gray value corresponding to the target gas radiation;    T B    is the temperature of the background; and    T  g a s     is the temperature of the target gas. According to Equation (1), the relationship between the gas absorbance and each radiation quantity is


  A = ln  1   τ  g a s     = ln   D N    T B    − D N    T  g a s       D  N s  − D N    T  g a s        



(2)




where  A  is the absorbance of the gas. According to Equation (2), the absorbance of the gas can be obtained if the background radiation, the target gas radiation and the radiation received by the detector are known. According to the Lambert–Beer law, the absorbance of the gas is closely related to the column concentration of the gas. Therefore, determining how to accurately obtain background radiation   D N    T B      is the focus of gas column concentration inversion research.




2.2. Dual-Channel Mapping–Gas Column Concentration Inversion Algorithm Based on Multispectral Imaging


In order to solve the problem whereby background radiation is difficult to obtain in gas detection, a dual-channel mapping–gas column concentration inversion algorithm is proposed in this paper. In this algorithm, the absorption spectrum band of the target gas is taken as the target spectral channel, the absorption spectrum band of the non-target gas is taken as the reference spectral channel, and the target gas is imaged through two spectral channels, respectively. According to Equation (2), the absorbance of the gas can be obtained from the grayscale image of the target gas radiation and the grayscale image of the background radiation. Part of the background radiation will be absorbed after passing through the target gas, so the background radiation cannot be obtained by direct measurement. Therefore, we use the infrared absorption characteristics of the gas and the background radiation calibration curve to convert the background gray image of the reference spectral channel into a background temperature image and, finally, into a background grayscale image of the target spectral channel. A schematic diagram and flow chart of this method are shown in Figure 1 and Figure 2.



The gray level information output by the detector can be expressed as [32,33]


  D N =    ∫   λ 2     λ 1       π  A d    4  F 2     λ  h c   η  λ   T  int      c 1     λ 5     1  exp      c 2    λ  T i      − 1   d λ     



(3)




where   D N   is the output gray value of the detector;    A d    is the pixel area of the detector;  F  is the F-number of the optical system;    λ /  h c     is the number of photons per unit energy in the narrow band with a wavelength of  λ ;   η  λ    is the quantum efficiency of the detector;    T  int     is the integration time of the detector,    c 1    and    c 1    are the first and second radiation constants, respectively (according to research, it is known that    c 1  = 3.7418 ×   10   − 12     W  cm 2    and    c 2  = 1.438786   K ⋅ cm   [34]); and    T i    is the temperature of the object. In the spectral range    λ 1  ∼  λ 2   , the surface source blackbody under different temperatures is imaged several times, and the calibration function can be obtained by combining the temperature of the blackbody    T i    and the output signal of the detector   D N  . All the constants in Equation (3), except    T i    and   D N  , are constant. When    λ 1    and    λ 2    are relatively close, Equation (3) is simplified. When the background temperature is    T B   , the grayscale image of background radiation under the target spectral channel   D N    T B      is


  D N    T B    =    B 1    exp      R 1     T B      −  G 1     



(4)




where    B 1   ,    R 1    and    G 1    are the three parameters obtained after fitting. If we switch the spectral channel to the reference spectral channel, similarly, the background radiation gray level image   D  N ′     T B      is


  D  N ′     T B    =    B 2    exp      R 2     T B      −  G 2     



(5)




where    B 2   ,    R 2    and    G 2    are the calibration parameters under the reference spectral channel, respectively.   D N    T B      can be expressed as follows according to Equations (4) and (5):


  D N    T B    =    B 1    exp      R 1     R 2    ⋅ ln      B 2    D  N ′  (  T B  )   +  G 2    −  G 1       



(6)







Because the spectral band where   D  N ′     T B      is refers to the reference spectral channel, the acquisition of   D  N ′     T B      is not affected by the target gas. Equation (6) can obtain the background gray image under the target spectral channel which is not affected by the target gas. According to Equations (2) and (6), the absorbance of the gas  A  can be calculated. In order to deduce the column concentration of the gas through the absorbance  A  of the gas, it is necessary to confirm the conversion relationship between gas column concentration and absorbance. Within the target spectral channel range, by measuring the absorbance at different gas column concentrations, the relationship curve between the absorbance and column concentration of target gas can be obtained; the absorbance–column concentration curve of gas is expressed as a quadratic function as


  ln  1   τ  g a s     = a      c  g a s   L    2  + b (  c  g a s   L ) + c  



(7)




where  a ,  b  and  c  are the three parameters obtained after fitting, and    c  g a s     is the column concentration of the gas. According to Equation (7), the corresponding column concentration can be obtained by inverting the absorbance within the wavelength    λ 1  ∼  λ 2   . By combining Equations (2) and (7), the conversion formula of gas column concentration and absorbance can be obtained. When the temperature of the gas and the column concentration of the gas are low, the radiation amount of the gas can be ignored. Finally, the relationship between the gas column concentration and absorbance can be expressed as


  A = ln  1   τ  g a s     = ln   D N    T B      D  N s    = a      c  g a s   L    2  + b    c  g a s   L   + c  



(8)









3. Experimental Verification


In order to achieve the inversion of the gas column concentration, calibration and test experiment platforms were built, the background radiation mapping relationship between the two spectral channels was established, and the corresponding relationship between the absorbance of the target gas and the column concentration was established, and the gas column concentration inversion experiment was carried out.



3.1. Dual-Channel Background Radiation Mapping Experiment


In order to eliminate the influence of target gas on background imaging during column concentration inversion, a two-channel background radiation mapping method is proposed in this paper. A background radiation image acquisition platform was built, as shown in Figure 3, which mainly included a radiation source with stable, uniform and controllable background radiation; a filter wheel that provides spectral range switching; and an optical imaging system composed of an optical lens and a detector. In the experiment, dual-spectral band imaging of the radiation source was achieved by rotating the filter wheel. The radiation source was INFRAMET’s blackbody MTB-6D, and the filter wheel was an FW102C from THORLABS in the United States. The field of view of the optical imaging system was 40° and the F number was 1. The detector used was an uncooled vanadium oxide detector from the Wuhan Guide Company, with a resolution of 640 × 512, a pixel size of 17 μm and a working spectral band of 7~14 μm. We chose SF6, which has a wide range of applications and high safety, as the experimental target gas. According to the rovibrational spectrum of SF6, the absorption peak of SF6 is at 10.56 μm; therefore, in order to fully cover the absorption peak of SF6, a filter with a transmission spectrum range of 9.9~11.45 μm was selected as the target spectral channel, and we selected a filter with transmission band of 7~8.75 μm, which is almost not absorbed by SF6, as the reference spectral channel.



In order to obtain the mapping relationship between the background gray values under the target spectral channel and the reference spectral channel, the temperature of the surface source blackbody was set to 30 °C, 40 °C, 50 °C, 60 °C and 70 °C, successively, and the surface source blackbody was imaged through the target spectral channel and the reference spectral channel. The temperature of the surface source blackbody and the gray value output by the detector underwent calibration using least squares method. The pixels of the uncooled detector will accumulate noise in the working process, which will also result in the output gray value being offset. In order to eliminate the impact of noise on the calibration accuracy, the gray image of the surface source blackbody and the low-temperature TEC (Thermoelectric Cooler) were collected by way of low-temperature correction, and the gray value difference was used as the surface source blackbody radiation at this temperature. Since each pixel in the detector has a different response to the same blackbody radiation, each pixel needs to be calibrated and fitted separately, as shown in Figure 4a,b. Figure 4a is a temperature–gray level calibration curve of the reference spectral channel, and Figure 4b is a gray level–temperature calibration curve of the target spectral channel. For convenience of display, the calibration curve of 20 × 30 pixels in the central region of the detector is selected in these two figures, and the following parameters are analyzed by taking the mean of all pixels. Under different spectral channels, the fitting determination coefficients R2 of the calibration curves between the detector output gray level and blackbody temperature are 0.99912 and 0.9979, the average relative errors (AREs) are 0.4538% and 1.5562% and the Root-Mean-Square Errors of Cross-Validation (RMSECVs) are 2.4135 °C and 10.1289 gray level, indicating that both calibration curves have high fitting accuracy. According to the calibration curves under the two spectral channels, the gray mapping relationship between the two spectral channels was obtained, as shown in Figure 4c. The background gray image under the reference channel can be mapped to the gray image under the target spectral channel through the calibration curve.



We analyzed the error of the dual-channel background radiation mapping, set the blackbody temperature to 55 °C and collected the blackbody gray images under the target spectral channel and the reference spectral channel, respectively. Through the mapping relationship, the blackbody temperature distribution image and the blackbody gray image under the target spectral channel could be obtained. We calculated the difference between the mapped blackbody grayscale image and the blackbody grayscale image actually captured through the target spectral channel, and the smaller the difference, the higher the mapping accuracy. The mapping results are shown in Figure 5 and Table 1. Figure 5a is the blackbody grayscale image captured through the reference spectrum channel, Figure 5b is the mapped temperature distribution image, Figure 5c is the mapped blackbody grayscale image and Figure 5d is the gray value difference image. The values of the temperature distribution image and the gray value difference image are evenly distributed, the error of the temperature distribution image is about 0.3%, the average of the temperature distribution image is 55.138 °C, and the difference error of the gray image is about 1.9%, indicating that the mapping has high precision.




3.2. Column Concentration Parameter Fitting Experiment


The experimental setup for gas column concentration calibration is shown in Figure 6.



Based on the dual-channel background radiation mapping experiment, to the column concentration calibration system, we added a gas pool with a length of 30 cm to constrain the gas to be measured. During the experiment, the blackbody temperature was kept constant, and different concentrations of gas were injected into the gas pool. The detector passed through the target gas radiation and the gas pool to image the blackbody, and the absorbance of the gas under different column concentrations was obtained through the grayscale image. After fitting the calibration curve of gas absorbance–column concentration, the calibration parameters were obtained.



Under standard atmospheric pressure, SF6 of different concentrations was introduced, the absorbance of ten different column concentrations of gas, ranging from 3000 to 30,000 ppm·m, was measured, and the fitting calibration parameters   a = − 7.04 × 1  0  − 10    ,   b = 3.91 × 1  0  − 5     and   c = 0.0254   were obtained. The calibration curve of SF6 gas absorbance–column concentration is shown in Figure 7. The fitting determination coefficient R2 of the absorbance–column concentration calibration curve is 0.894, the average relative error (ARE) is 3.8331% and the Root-Mean-Square Error of Cross-Validation (RMSECV) is 3.8331.



Due to the length limitation of the gas pool, the upper limit of the gas column concentration in the calibration curve is 30,000 ppm·m, this column concentration can already meet most usage needs. In order to invert SF6 with a column concentration above 30,000 ppm·m, calibration can be performed on SF6 gases with higher column concentrations. Although the absorbance of the SF6 is close to saturation at 30,000 ppm·m, this method is still effective within a certain range beyond 30,000 ppm·m, but the accuracy may be reduced.




3.3. Column Concentration Inversion under Different Environments


3.3.1. Inversion of Gas Column Concentration under a Stable Environment


Under relatively stable conditions in the laboratory, a gas column concentration inversion experiment was carried out with the surface source blackbody as the background. The experimental equipment is shown in Figure 8.



During the experiment, the surface source blackbody was adjusted to 55 °C, and SF6 gas with 99.99% concentration was released between the surface source blackbody and the imaging system through the gas path. The gray level image of the target scene was obtained through the reference spectral channel when the SF6 gas was released, and a background temperature image and a background gray level image under the target spectral channel were obtained by combining the mapping relationships. As shown in Figure 9, Figure 9a is the grayscale image under the reference spectral channel, and because it is not affected by SF6 gas in the reference spectral channel, the gas distribution cannot be observed; Figure 9b is the temperature distribution image; and Figure 9c is the grayscale image under the target spectral channel obtained through mapping.



The absorbance distribution of the target gas can be calculated according to the gray image of the gas under the target spectral channel and the gray image of the background radiation obtained by mapping. We inserted the absorbance distribution into the calibration curve of the gas column concentration to invert the gas column concentration distribution. The results are shown in Figure 10, where Figure 10a is the absorbance distribution image and Figure 10b is the column concentration distribution image. From the column concentration distribution image obtained from the inversion, it can be clearly seen that the column concentration of the target gas shows a distribution trend of being high in the middle and low at both ends. The measured gas distribution accords with the result of Gaussian distribution fitting, and the background absorbance and column concentration outside the target gas are close to 0. The gas path diameter of the released gas is 8 mm, the concentration of the released gas is approximately 100% and the pressure of the exhaust port is about 0.125 mpa. Therefore, when the gas is released into the atmosphere and the pressure is reduced, the column concentration of the gas is about 9871.67 ppm·m, and the peak of the column concentration obtained by inversion is 10,258 ppm·m, with a relative error of 3.9%. The inversion results are relatively close to the actual situation and have good inversion accuracy.




3.3.2. Inversion of Gas Column Concentration under a Dynamic Environment


In order to verify the inversion effect of this method in an actual environment, an outdoor gas column concentration inversion experiment was set up. The experiment was carried out on a sunny day with a high outdoor temperature, and the experimental scene is shown in Figure 11. SF6 gas with 99.99% concentration in the gas cylinder was directly released into the atmosphere, and the concentration distribution of the gas column was retrieved using the above method.



Figure 12 is a grayscale image under different channels during the operation of the exhaust in the experiment, and Figure 12a,b are gas release images of the target spectral channel and the reference spectral channel, respectively. In the image of the target spectral channel, the gas leakage position and its diffusion in the atmosphere can be observed. Since the experimental environment was outdoors and the gas diffusion was fast, the gas column concentration at the gas cylinder exhaust port was relatively high, and the gas column concentration decreased with an increase in diffusion distance. Compared with the target spectral channel, in the grayscale image under the reference spectral channel, we cannot observe the gas at all, indicating that the background image under the reference spectral channel is not affected by the target gas.



The background gray image under the target spectral channel was obtained by mapping the gray image under the reference spectral channel. The absorbance distribution image of the gas was calculated in combination with Figure 12a. The absorbance distribution image was substituted into the column concentration calibration parameters to obtain a column concentration distribution image of the gas, as shown in Figure 13a. Figure 13b is the column concentration distribution image. In Figure 13b, the maximum value of the gas column concentration is 7579.8 ppm·m, and the gas column concentration is close to 0 in the background part without gas.



The applicability of this method under different conditions was verified by repeating the experiments in different environments. Different scenes were selected as the gas release background, and the flow rate of gas released from the gas cylinder was reduced. The experimental results are shown in Figure 14, where Figure 14a is the experimental scene, Figure 14b is the gas release image and Figure 14c is the gas column concentration inversion image. The background of the experiment was an asphalt pavement, the temperature was 51.9 °C and the maximum value of gas column concentration was 6810 ppm·m. In the gas column concentration distribution image, it can be clearly distinguished that the gas column concentration was high in the middle and low at both ends.



In order to test the inversion effect of the system under a relatively low-temperature background, the background was replaced with a cement pavement with a lower temperature of 42.3 °C, and the gas release was further reduced. The inversion results are shown in Figure 15, where Figure 15a is the experimental scene, Figure 15b is the gas release image and Figure 15c is the gas column concentration inversion image. As the temperature difference between the gas and the background decreases, the system is limited by the performance of the uncooled detector, and the inversion image is fuzzy, but the column concentration distribution of the gas can still be distinguished. The peak of the gas column concentration is 4587 ppm·m. It can be inferred from the experimental results that the inversion effect decreases with a decrease in the background temperature and gas column concentration.



The Adaptive InfraRed Imaging Spectro radiometer (AIRIS) from Physical Science Corporation (PSI) in the United States can achieve a detection limit of 1000 ppm·m for methane gas when the temperature difference between the background and target is greater than 2 K [35]. This system is lower than this method on the detection line, mainly due to the high noise of uncooled detectors, and when the column concentration of the target gas is too small, it will be submerged in the noise. Therefore, improving the sensitivity of the detector in this method can effectively improve the detection sensitivity of the system.






4. Error Analysis


In the gas column concentration inversion experiment, the gas escaped rapidly under the influence of the atmosphere, and it was difficult to calculate the specific optical path of the gas at a certain position, so the accuracy of the inversion method could not be evaluated. In order to obtain the accuracy of gas column concentration inversion, the error of gas column concentration inversion was analyzed using a dual-channel mapping error analysis experiment and a gas column concentration inversion error evaluation experiment.



4.1. Dual-Channel Mapping Error Analysis Experiment


In the inversion process, dual-channel background radiation mapping is affected by many factors, such as calibration error, atmospheric change and detector noise. All of these factors become the main sources of error in the inversion process, which far outweigh the influence of other steps. Therefore, the accuracy of the background gray image obtained by the dual-channel background radiation mapping reflects the accuracy of the gas column concentration inversion to a certain extent. By using the gas column concentration inversion experimental platform, the background gray image taken when the target gas was not released was compared with the mapped background gray image to determine the accuracy of the dual-channel background radiation mapping. The comparison results are shown in the following figure.



Figure 16a is the background grayscale image taken when the target gas is not released, Figure 16b is the background grayscale image obtained through the mapping relationship and Figure 16c is the grayscale value difference between the two. By comparing these images, it can be seen that the gray level difference of the two images is within ±10, which proves that the gray level of the background grayscale image of the target spectral channel under the condition of no gas release is similar to that obtained through the mapping relationship, and the error is small. Further, a gas column concentration distribution image was obtained by calculating the background grayscale image of the target spectral channel without gas release and the background gray image obtained through the mapping relationship, respectively, as shown in Figure 17.



Figure 17a is a column concentration image calculated from the background grayscale image of the target spectral channel without gas release, and Figure 17b is a column concentration image calculated from the background grayscale image obtained from the mapping relationship. The gas column concentration image has a high consistency, the column concentration of the background part without gas is close to 0, and the gas shape and concentration distribution in the figure are consistent. Figure 17c shows the ratio between Figure 17a,b. In order to directly reflect the accuracy of column concentration inversion, a column concentration ratio image was obtained by dividing the two column concentration distribution images. When the ratio of the two is closer to 1, the similarity between the two is higher and the error of the inversion method is smaller. From the ratio images, it can be seen that the ratio of the background part without gas is far greater or less than 1 because the column concentration is approaching 0, while the ratio of the part with gas is within the range of 0.9~1.1. Therefore, it can be inferred that the relative error of column concentration inversion is within ±10%.




4.2. Gas Column Concentration Inversion Error Evaluation


Although the inversion accuracy detection method based on actual imaging can evaluate the inversion accuracy of gas column concentration under practical application scenarios, the error introduced in the latter half of the inversion process is ignored by using the intermediate quantity as the standard, and it is difficult to fully represent the error in the whole process of column concentration inversion. At the same time, when SF6 gas is directly discharged into the atmosphere through gas cylinders, it is difficult to determine the optical path of the gas in a certain location, and it is impossible to infer the concentration of the gas column at that location, resulting in an inability to evaluate the accuracy of the inversion of gas column concentration. Therefore, gas sampling bags were used instead of gas release to evaluate the inversion accuracy. The experimental installation is shown in Figure 18.



In order to reduce the influence of the gas sampling bag itself on the inversion, polyethylene with less infrared spectrum absorption was selected as the material for the gas sampling bag, and SF6 gas was added to the gas sampling bag until the gas sampling bag was completely filled. The completely filled gas sampling bag was not easy to deform, and could better confirm the optical path of a certain point of the gas. After filling, the central thickness of the gas sampling bag was about 13.4 mm. In the experiment, a surface source blackbody at 40 °C was selected as the background. The transmittance of the polyethylene gas sampling bag was measured before the experiment, which eliminated the influence of the transmittance of the gas sampling bag in the subsequent column concentration inversion process.



SF6 gas at different concentrations was added to the gas sampling bag to achieve different column concentrations. The gas column concentration distribution in the gas sampling bag was obtained through the column concentration inversion algorithm, and the average column concentration in the 50 × 50 pixel area in the center of the gas sampling bag was calculated. Since the center area of the gas sampling bag was relatively flat and the collection area was small, it can be considered that the radiation path received by each pixel was equal. The theoretical column concentration was deduced according to the thickness of the center of the gas sampling bag, and the inversion errors under each column concentration were calculated, as shown in Table 2. The mean relative error of the inversion was 4.8%.



The above two experiments evaluated the error of the inversion method of dual-channel mapping–gas column concentration inversion from different angles, among which the error introduced by gas column concentration calibration in the inversion process was ignored in the dual-channel mapping error analysis experiment. The inversion error evaluation experiment with a known gas column concentration was able to calculate the actual gas column concentration according to the thickness of the inflated gas sampling bag. According to a comprehensive analysis of the two methods, the relative error of this method is less than 10%, and the average relative error is 4.8%.



Mason Paulec et al. [36] used an infrared Fourier transform spectrometer (IFTS) to measure the content of CO2 and water vapor in the exhaust gas emitted by a turbo engine, with an average error of less than 5%. Burrows et al. [37] from the University of Bremen in Germany used the infrared DOAS algorithm to invert the spectra measured by the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY), and the inversion accuracy of the total column concentrations of H2O, CO2 and CH4 obtained was better than 1% [38]. Lei Hao et al. [39] proposed a spectral measurement method using an infrared thermal imager as a field-of-view aid and a spectrometer as the main measurement device; the test results showed that this method can effectively obtain the infrared spectral radiance of the exhaust plume, and the measurement uncertainty was 19.54%. Compared with existing multispectral infrared imaging techniques, the method proposed in this paper has advantages in accuracy. However, compared to active and hyperspectral imaging systems, the method proposed in this paper has lower accuracy, mainly due to the use of uncooled detectors and higher noise. In order to improve the accuracy of this method, detectors with higher sensitivity or methods such as image processing can be used.





5. Conclusions


This paper is aimed at solving the problem of difficulty in calculating the gas column concentration in gas concentration detection with background radiation acquisition affected by the target gas. In this paper, a dual-channel mapping–gas column concentration inversion method based on multispectral infrared gas imaging detection technology was proposed. The infrared radiation was separated by switching the spectral channels, the infrared radiation absorption characteristics of the gas combined with the dual-channel background radiation mapping experiment were utilized to acquire background radiation, and finally, we conducted a column concentration calibration experiment to achieve the column concentration inversion of the target gas column. The mapping relationship between the temperature and gray value of two spectral channels, the absorbance of the target gas and the column concentration was established. The experimental results showed that the relative error of the dual-channel background radiation mapping method was about 1.9% in the laboratory environment. The feasibility of this method was verified by the inversion of SF6 gas column concentration in different indoor and outdoor environments, and the accuracy of the method was verified in a variety of ways. The average relative error of the inversion method was 4.8%, which enables the detection of gas column concentration.
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Figure 1. Schematic diagram of gas column concentration inversion. 
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Figure 2. Flow chart of gas column concentration inversion. 
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Figure 3. Dual-channel background radiation mapping experiment. 
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Figure 4. Background radiation calibration curve. (a) Temperature–gray level value calibration curve of reference spectral channel; (b) gray level–temperature calibration curve of target spectral channel; (c) dual-channel gray value mapping calibration curve. 
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Figure 5. Background radiation conversion experiment verification results. (a) Background gray image captured through the reference spectrum channel; (b) mapped temperature distribution image; (c) mapped background gray image; (d) gray value difference image. 
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Figure 6. Column concentration calibration experimental device. 
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Figure 7. Absorbance–column concentration calibration curve. 
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Figure 8. Experimental device for inversion of gas column concentration in the laboratory. 
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Figure 9. (a) Gray image of reference spectral channel; (b) temperature distribution image; (c) gray image of inversion. 
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Figure 10. (a) Absorbance distribution image; (b) column concentration distribution image. 
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Figure 11. Outdoor gas column concentration inversion experiment. 
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Figure 12. (a) Image under the target spectral channel; (b) image under the reference spectral channel. 
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Figure 13. (a) Image of absorbance distribution; (b) image of column concentration distribution. 
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Figure 14. (a) Experimental scene; (b) gas release image; (c) gas column concentration inversion image. 
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Figure 15. (a) Gas release experimental scene; (b) gas release image of target spectral channel; (c) gas column concentration inversion image. 
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Figure 16. Background grayscale image comparison: (a) the background grayscale image taken when the target gas was not released; (b) the background grayscale image obtained through the mapping relationship; (c) the difference between (a) and (b). 
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Figure 17. (a) Column concentration image calculated from the background grayscale image of the target spectral channel without gas release. (b) Column concentration image calculated from the background grayscale image obtained from the mapping relationship (c) ratio of (a) to (b). 
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Figure 18. Experimental diagram of inversion accuracy detection of gas sampling bag inflation. 
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Table 1. Precision of background radiation conversion.
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	Maximum
	Minimum
	Mean





	Grayscale image
	678.4651
	531.5849
	604.3265



	Image of temperature distribution (°C)
	55.7802
	54.3816
	55.1380



	Image grayscale difference
	4.9083
	22.8577
	11.4555










 





Table 2. Inversion accuracy under different column concentrations.
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	Mean Inversion Column Concentrations (ppm·m)
	Theoretical Column Concentration (ppm·m)
	Relative Error





	1228.4
	1340
	9.1%



	2834.4
	2700
	4.8%



	3792.7
	3600
	5.1%



	4406.2
	4500
	2.1%



	5080
	5000
	1.6%



	5234.7
	5400
	3.2%



	7835.8
	7200
	8.1%
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