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Abstract

:

High-temperature processes can have a direct impact on the state and physicochemical properties of materials, making high-temperature measurements important in scientific research, materials processing, and equipment evaluation. A temperature measurement method of color CCD based on matrix search is reported in this paper. In this method, the traditional temperature reverse calculation process is transformed into the forward matrix search process, and the process parameters such as medium absorption gamma correction are incorporated, which saves the calculation resources and is closer to the actual temperature measurement conditions. A temperature measurement process and a temperature visualization procedure are designed for this high-temperature measurement method, the flame temperature measurement experiments are carried out, and the error results are obtained. By comparing the solution results and chrominance deviation distance between the perturbation emissivity model and the non-perturbation emissivity model, the robustness of the solution method is discussed.
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1. Introduction


With the characteristics of non-contact and long distance, the radiation temperature measurement method has become a more effective method of high-temperature measurement at the present stage. It completes the calculation of object temperature through the collection and processing of thermal radiation signals. However, due to the Wien displacement [1,2] of the high-temperature radiation spectrum, the response range of the high-temperature radiation signal detector should be close to the short wave, resulting in the infrared radiation temperature measurement method is not ideal for high-temperature measurement. CCD pyrometer is widely used in combustion analysis [3,4], metal processing [5,6,7], radiation performance evaluation [8], and other areas of high-temperature measurements while also becoming an important part of the high-temperature measurement field.



In the 1990s, when the development of charge-coupled devices (CCD) tended to mature, they were applied to temperature measurement. In 1996, Renier, E. et al. proposed a method to measure the global temperature of a heat source by solving the CCD grayscale signal with a narrowband filter [9]. It creatively combines the transient spatial information of temperature into the process of temperature measurement. This method was improved and applied to the field of high-speed metal processing by Sutter, G. et al. in 2003. The temperature of the metal cutting processes is measured, which effectively illustrates the practical application value of the method. However, the approximation of the emissivity in this work still has a significant impact on the measurement accuracy [10,11]. With the emergence of subsequent color CCD technology, in 2008, Fu, T., et al. combined the theory of the CCD gray method and colorimetric method to carry out a dual-channel colorimetric temperature measurement study based on CCD devices [12]. In this method, the ratio of the thermal radiation signal intensity of two similar wavelength positions is used to eliminate the influence of emissivity, which effectively ensures the accuracy of temperature measurement. However, this method is greatly affected by dual-channel wavelength selection, and the temperature calculation is different in the case of different channel calculations. In addition, the method is combined with Wien approximation and needs to be completed by solving the logarithmic equation of the pixel grayscale so that the accuracy of the solution is affected. Based on this study, in 2010, Fu, T. et al. carried out a three-channel broadband temperature measurement method based on color CCD cameras, which is called spectral color temperature measurement [13]. In this method, the CCD detector based on Bayer color filtering technology is used to collect the thermal radiation signal of RGB three channels to realize temperature inversion. Meanwhile, the measurement performance evaluation is studied, and the measurement method is further improved [14]. This method puts forward a new idea of temperature inversion from chromaticity information, but the linear emissivity model used in the research still cannot meet the application. In recent years, Qi, P. et al. have carried out a three-channel spectral band colorimetric temperature measurement method to neutralize the effect of emissivity [15], Sauer, V.M. et al. combined multispectral temperature measurement with CCD temperature measurement methods and developed a multispectral image temperature measurement method to avoid the influence of calibration parameters and spectral emissivity [16,17]. However, there are also problems in the study, such as the long solution time and the great influence of the selection of central wavelength on the temperature calculation. It is easy to understand that for the current high-temperature measurement research, the more difficult problem lies in the process of solving and obtaining the emissivity. The main reason is that the solution process cannot meet the closed condition due to the existence of emissivity in the process of solving the inverse temperature problem. The emissivity model that is more complex and in line with the actual situation will increase the difficulty of solving the equation, if the complex algorithm is used, it will increase the amount of calculation, and increase the convergence time [18,19], and reduce the measurement efficiency. Meanwhile, the nonlinear acquisition effect of the device, i.e., the gamma correction process, is neglected in the above study to reduce the complexity of the solution [20], and the thermal radiation signal absorbed by the transmission medium is ignored, which affects the measurement accuracy to a certain extent.



In this paper, the study of the color CCD high-temperature measurement method based on the matrix search process is carried out, and the reverse solution process of high-temperature measurement is transformed into a forward mapping matrix search process. By introducing the actual spectral emissivity data, the absorption model of the transmission medium, and the nonlinear acquisition process of equipment, a temperature measurement method that is more in line with the actual temperature measurement is established. The temperature visualization procedure based on the mapping matrix search are designed, and the performances of the solution method under different situations is discussed, which provides a new idea for CCD temperature measurement.




2. Method


2.1. CCD Temperature Measurement Theory


According to the blackbody radiation theory, the directional spectral radiation intensity of a blackbody satisfies as follows [21]:


   I b  ( λ , T ) =   2 h  c 0 2     λ 5   {  exp  [  h  c 0  / ( λ k T )  ]  − 1  }     



(1)







It represents the spectral radiation intensity of the unit solid angle. Where h = 6.626 × 10−34 J/K, k = 1.381 × 10−23 J/K, respectively, Planck constant and Boltzmann constant, c0 = 2.998 × 106 m/s, is the speed of light in vacuum, T denotes the absolute temperature of the blackbody. For the thermal radiation of non-black matter, the radiation signal is modulated by the spectral emissivity ε(λ), and the absorption of the transmission medium during the transmission process is considered. If the absorption coefficient of the transmission medium is represented by ĸ(λ), and the radiation and transmission distance are represented by l, the CCD camera lens indicates that the received radiation intensity should be expressed as follows:


   I c  = ε ( λ )  I b  ( λ , T )  e −     κ ( λ ) l    



(2)







The radiation intensity reaching the photosensitive surface of the detector is affected by the detector lens and the spectral response characteristics of the detector. Finally, the gray values of each channel of the pixel are expressed as follows [22]:


       H i  =   [ P ( f , d )  g i  ( I )    ∫  380   780     s i  ( λ ) ε ( λ )     I b  ( λ , T )  e     − κ ( λ ) ⋅ l     d λ − D ]    1 γ        ( i = r , g , b )      



(3)




where sr(λ), sg(λ), and sb(λ) are the spectral responsivity functions of the red, green, and blue signals of the CCD camera, respectively, and their specific expressions will be given by the calibration process. D is dark current noise, gi (I) is the grayscale curve of each channel, which characterizes the transfer relationship between thermal radiation intensity and gray level [3], γ is the gamma value representing the nonlinear acquisition degree of the device [20]. Because the CCD detector range is visible light band, the integral domain covers the visible light band. P(f,d) is the instrument parameter affected by the focal length f of the lens and the aperture d. If m is used to represent the magnification, ρ is used to represent the aperture magnification of the asymmetric lens, and Δt is the exposure time. In the case of long-distance quasi-spherical thermal radiation signal acquisition, it can be expressed as follows [23]:


  P ( f , d ) = Δ t ⋅ π   (   4  f 2     d 2      ( 1 −  m ρ  )  2  )   − 1    



(4)







Equation (3) can obtain the relationship between the gray value of each channel and the actual temperature of the object to be measured. Normalize the RGB three-channel signal to the following relationship:


       R j  =    H  rj       ∑  r , g , b     H  i j            G j  =    H  g j       ∑  r , g , b     H  i j            B j  =    H  b j       ∑  r , g , b     H  i j            



(5)







At this time, corresponding to the determined R value and G value, the unique B value can be determined, and the unique temperature value T can be determined. The mapping relationship between the temperature T and the normalized channel output signals R and G will be obtained by substituting the temperature T from the Draper point [2] with a sufficiently small step ΔT (ΔT will directly determine the temperature measurement accuracy), the mapping relationship between the temperature T and the normalized channel output signals R and G will be obtained. Taking R and G values as horizontal and vertical coordinates, the temperature mapping surface in R and G space is calculated by using the nearest neighbor difference algorithm [24]. If the coordinate values in R and G space are divided into small enough intervals, there are the following:


      Δ R =    R  max   −  R  min    p      Δ G =    G  max   −  G  min    q       



(6)




where p and q values determine the sensitivity of temperature measurement is called the sensitivity factor. According to the above relationship, the R channel signal value is used as the column vector index and the G channel signal value is used as the row vector index. According to the temperature mapping relationship with R and G space, the p × q dimensional temperature mapping matrix can be established as follows:


   T  map   =  (      T       11       T       12          ⋯    T       1 j      ⋯        T       1 q         T       21       T       22          ⋯    T       2 j      ⋯        T       2 q            ⋮      T       i 1        ⋮           ⋮      T       i 2        ⋮               ⋯     ⋯     ⋯           ⋮      T       i j        ⋮           ⋯     ⋯     ⋯               ⋮      T       i q        ⋮          T       p 1       T       p 2          ⋯    T       p j      ⋯        T       pq        )   



(7)







Then the normalized R channel value and the normalized G channel value collected during the temperature measurement process can satisfy the following relations through the quotient operation of ΔRΔG in the R-G spatial coordinate interval.


   {      R ∈ (  R  m i n   +  (  i − 1  )  Δ R ,  R  m i n   + i Δ R )       G ∈ (  G  m i n   +  (  j − 1  )  Δ G ,  G  m i n   + j Δ G )        



(8)




where i and j are the search addresses of the temperature mapping matrix, and the temperature value of the corresponding point of the pixel position is obtained by searching the i and j position elements in Equation (7). Therefore, the search address can be obtained by analyzing the chromaticity information of each pixel, and the temperature of the corresponding position of the pixel can be further obtained.




2.2. Temperature Measurement Realization


The actual temperature measurement process based on the CCD temperature measurement principle can be summarized into two stages, which are the preparation stage and the solution stage. The relationship and steps of the two stages are shown in Figure 1.



The preparation stage is marked by the blue box in the figure. This stage is completed before the measurement starts, and its ultimate goal is to generate a temperature mapping matrix for a specific temperature measurement environment. In this stage, the specific environment of temperature measurement is first determined, including the spectral response curve of the selected camera, clear imaging focal length and aperture, channel gain, emissivity model of the material to be measured, absorption model of the transmission medium and radiation transmission length, etc. Then, according to the determined temperature measurement environment, the integral equation representing the relationship between the three-channel signal and the temperature described in Formula (3) is constructed. Finally, the appropriate temperature step ΔT is set from the Draper point and substituted into the established integral equation to obtain three-channel signal values corresponding to different temperatures. The normalized three-channel signal values corresponding to each temperature are calculated by Formula (5) to obtain the distribution of temperature T in R-G space. The appropriate sensitivity factors p and q are selected by Formula (6) to calculate the channel signal step ΔR, ΔG to establish the search address. Finally, the temperature T is added to the corresponding address, and the temperature mapping Tmap is established. The solution stage is marked by the red box in the figure. The ultimate goal of this stage is to obtain the temperature solution of the corresponding position of the pixel (specific or global). At this stage, firstly, the temperature field images collected in the measurement are analyzed. As shown in Figure 2, the color images collected by the equipment are analyzed as grayscale images of three primary colors, which are stored in the form of a matrix with the same dimensions as those of the collected images. Three-channel matrices are recorded as ImageR, ImageG, and ImageB, respectively. Use Formula (5) to normalize the three-channel signal and, respectively, construct two normalized matrices ImageRnorm and ImageGnorm, with the same dimension as the image frame. The matrix elements are normalized R value and G value of the corresponding pixel, and each vector corresponds to the pixel position one by one. For the image of r × c dimension, the image normalized matrix Imagenorm is expressed as follows:


        ImageR   n o r m   =  (       R  11      ⋯     R  r 1        ⋮   ⋱   ⋮       R  1 c      ⋯     R  r c        )        ImageG   n o r m   =  (       G  11      ⋯     G  r 1        ⋮   ⋱   ⋮       G  1 c      ⋯     G  r c        )       



(9)







Rmn and Gmn are, respectively, the normalized R value and the normalized G value of the pixel in the m-th row and the n-th column. Then, the quotient operation is performed on the matrix element of each pixel position, and ΔRΔG is set in the preparation stage to obtain the mapping matrix search addresses I and j corresponding to each pixel as follows:


   1  Δ R    (       R  11   −  R  min      ⋯     R  r 1   −  R  min        ⋮   ⋱   ⋮       R  1 c   −  R  min      ⋯     R  r c   −  R  min        )  =  (       i  11      ⋯     i  r 1        ⋮   ⋱   ⋮       i  1 c      ⋯     i  r c        )   



(10)






   1  Δ G    (       G  11   −  G  min      ⋯     G  r 1   −  G  min        ⋮   ⋱   ⋮       G  1 c   −  G  min      ⋯     G  r c   −  G  min        )  =  (       j  11      ⋯     j  r 1        ⋮   ⋱   ⋮       j  1 c      ⋯     j  r c        )   



(11)







Imn and jmn are the search addresses of the temperature mapping matrix of the pixels in the m-th row and the n-th column, respectively. According to the obtained search address of each pixel, the corresponding matrix element in the temperature mapping matrix established in the preparation stage is called, and the value is the temperature calculation result of the corresponding point of the pixel. Finally, the one-to-one temperature calculation result corresponding to the pixel can be obtained, and the result is output in the form of data.



The output form of the CCD temperature measurement method based on matrix search can be divided into data type and image type. Data temperature results are mainly applied to the temperature measurement of a specific position or the temperature measurement of a small temperature field (such as the temperature field caused by a laser). This result can be obtained directly by reading the data of the corresponding pixel position. The image type result is the output spatial temperature mapping image, which can intuitively obtain the temperature distribution of the whole image or the region of interest. The output of the image type result requires post-processing of the temperature data, which is called the temperature visualization process. The block diagram of the temperature visualization program based on the matrix-seeking temperature measurement method is shown in Figure 3.



After obtaining the heat source image, firstly, the temperature mapping matrix Tmap and the minimum normalized signals Rmin and Gmin were generated in the preparation stage for this measurement into the program. Then the collected heat source image is analyzed to obtain a three-channel image matrix ImageR, ImageG, and ImageB. After the three-channel gray matrix is processed and the normalized R and G values of the image are obtained. Through two nested loop programs, the temperature solution results are assigned to a matrix Mmap which is the same as the dimension of the image frame through two nested loop programs. The loop variables m and n represent the number of rows and columns, respectively, and rmin, rmax, cmin, and cmax represent the minimum number of rows, the maximum number of rows, the minimum number of columns, and the maximum number of columns, respectively. When calculating pixels in a specific area, rmin is the starting pixel line of the area, rmax is the ending pixel line of the area, and the corresponding column values are the same. For full image calculation, the rmin value is 1, rmax is the total number of rows, and the corresponding column values are the same. After the cycle, the matrix variable Mmap corresponding to each pixel composed of temperature data will be obtained. Finally, the Mmap will be converted into grayscale data, and different pseudo-color mapping methods will be selected to obtain the temperature data visualization result.



The temperature visualization process can be well-combined with the relatively complete image processing technology. Using comprehensive image blurring, noise reduction, filtering, etc., the details of the corresponding temperature field distribution and change can be well obtained. In addition, by combining the image edge recognition algorithm, the temperature mapping region can be quickly determined, thus reducing the calculation amount of the image visualization process and effectively saving the calculation resources.



It is worth noting that this method is more inclusive in theory because it transforms the inverse problem-solving process into the forward matrix accurate searching process. It can use a more accurate emissivity model in the measurement and can well deal with the temperature measurement of multi-layer transmission media (such as air to underwater target measurement, etc.). In addition, in the process of solving, only the temperature mapping matrix and the minimum value of the normalized channel signal calculated in the preparation stage need to be stored in the memory during the solution process, which can save internal storage space.





3. Experiments


To verify the correctness of the above high-temperature measurement method, the paraffin combustion flame is used as the heat source, the standard air is used as the transmission medium, and the MER2-134-90GC camera (DAHENG IMAGING Company, Beijing, China) is used to build the temperature measurement system and carry out confirmatory experimental research. Taking the above preparation stage as a guide, this part will be developed from the following four aspects: calibration process, emissivity model selection, calculation of transmission medium absorption, and experimental situation.



3.1. Calibration Experiments


Firstly, with the lens cap installed, the MER2-134 camera is used to acquire a pure black image (lens cap image) to obtain the dark current noise D in 0–12 grayscale units existing in different pixel positions. To obtain the s current-gray conversion coefficient of the camera, the color CCD calibration method described in reference [25] is used to calibrate the MER2-134 camera with the LS1050 standard blackbody of Electro-optical Company as the standard radiation source. The schematic diagram of the experimental set-up is shown in Figure 4.



In the process of calibration, the focal length of the camera is 25 mm, the aperture is f/2.8, and the distance between the camera and the blackbody is 27.5 cm. The calibration begins when the blackbody temperature is 823 K, and then the calibration temperature increases by 50 K, and a total of 11 sets of data are obtained.




3.2. Emissivity Processing Method


In fact, under different spectral emissivity models, the same temperature can show different colorimetric values. Based on the search calculation principle of this method, reverse search based on different colorimetric values can select different spectral emissivity models in a small range.



The spectral emissivity model [22,26,27,28,29] for many substances has been proposed in previous temperature measurement studies, but the temperature effect of the emissivity has not been discussed in detail. According to the actual flame spectral emissivity measurement data published in reference [30], the change of emissivity in a smaller temperature range is not linear with temperature but irregular within a certain range. Therefore, the regional spectral emissivity model is considered; that is, the region where the spectral emissivity varies with temperature is filled by introducing perturbation. The model can also verify the emissivity automatic selection ability of the method and characterize the robustness of the method.



The average spectral emissivity model disclosed in reference [30] is selected as the non-perturbative spectral emissivity, and Gaussian noise is added as the emissivity perturbation caused by temperature rise. The specific expressions of the non-perturbation emissivity model ε and perturbation emissivity model εw are as follows.


  ε ( λ ) =  (   a 1   λ 2  −  a 2   )  ε (  λ c  )  



(12)






   ε w  ( λ ) =  (   a 1   λ 2  −  a 2   )  ⋅  (  1 +  a 3  ( m )  e  −    a 4    ( λ , m )  2     a 5  ( m )      )  ε (  λ c  )  



(13)




where a1 is 1.989 × 10−6; a2 is 0.002; a3 is a function of parameter m, expressed as 0.03 m; a4 is represented as λ − (580 − 15 × |m|); a5 means 5000 + 3000 × |m|; λc is the reference wavelength with a value of 710 nm. When the m value is from 0 to ±4, the perturbation emissivity model is shown in Figure 5b. It has the same range as the measured data in Figure 5a.



It is worth noting that the model is a normalized result based on the emissivity of 710 nm, while the spectral emissivity of 710 nm can be eliminated in the normalization processing of the channel signal of Equation (5), so the model can be applied to the method.




3.3. Calculation of Transmission Medium Absorption


The absorption and scattering of short-wave electromagnetic radiation by air are more intense, and the air transmittance is only 0.43 near 400 nm [31]. Therefore, in the case of long-distance temperature measurement, the neglect of the absorption of radiation signal by air will have a great impact on the calculation results. To obtain the variation of ĸ(λ), the MODTRAN® is used to calculate the air spectral transmittance under standard conditions, as shown in Figure 6.




3.4. Experimental Situation


In this study, the experimental device shown in Figure 7 is set up. The calibrated DAHENG IMAGING MER2-134-90GC camera is used as the main measurement device, the platinum-rhodium thermocouple is used as the temperature check device, and the paraffin combustion flame is used as the heat source to conduct validation experiments.



The position of the flame is located in the center of the camera acquisition, and the thermocouple is inserted into the center of the flame. The thermometer inputs the current to the thermocouple and obtains the thermal resistance at the endpoint of the thermocouple by measuring the return current and using the resistance value to obtain the temperature. The thermocouple measurement location is marked in the corresponding pixels of the camera before the experiment starts, which in this experiment is the square area surrounded by the horizontal 532–540 and vertical 370–380 pixels, as shown in Figure 8.



During the experiment, a synchronous trigger is used to link the camera to the thermocouple header, and the acquisition frame frequency of the high-speed camera and the thermocouple output frequency is synchronously set to 10 fps. Ignite the flame and start to trigger synchronously when the flame stabilizes and the flame image corresponding to the thermocouple temperature measurement data at each moment is obtained. The corresponding pixels of the point thermometer measurement position in the flame image are calculated and compared with the thermocouple data to verify the accuracy of measurement accuracy. The lens and camera parameter settings in the experiment are shown in the table.



For image temperature measurement methods, the measurement effect is directly affected by the background light. The grayscale output of the detector is proportional to the integral of the luminous flux during the exposure time, which also means that the lower exposure time can make the signal lower than the response range of the detector. In this study, this feature was used to reduce background light by using a short exposure time to reduce the luminous flux. For the temperature field to be measured, there is a quantitative relationship between the acquisition intensity and the instrument parameters in Equation (4), so it is less affected by exposure time, while the background light attenuates obviously under short exposure, as shown in the comparison between Figure 8 and Figure 9. In addition, a longer focal length is selected to ensure the clarity of the flame image acquisition. Meanwhile, a large aperture (a small number of apertures corresponding to a larger aperture) is used to make the captured image have a smaller depth of field to realize the virtual flame background, which makes the flame background intensity uniform and chromaticity single after the background light attenuation [32].





4. Results and Discussion


4.1. Calibration Results


The calibration experiment has been carried out according to Figure 4. When the exposure time is 1300 us, the calibration results of the current-gray conversion coefficient and the spectral response curve of the camera are shown in Figure 10.



Figure 10a is provided by the product manual of the camera photosensitive chip Onsemi PYTHON 1300. Figure 10b shows the corresponding relationship between the output gray level of each channel and the standard blackbody temperature. With the increase in blackbody temperature, the gray change rate of the R channel is the largest, followed by the G channel, and the change of the B channel is the smallest. On the one hand, because the blackbody radiation is mainly concentrated in the long wave in the calibration temperature range, the radiation flux in the spectral range of the R channel is larger than that of the other two channels. On the other hand, the amplitude of the spectral response curve of the G channel and B channel is relatively low, which makes the intensity modulation of the thermal radiation signal more obvious, and finally forms the calibration result of the lower change rate of B and G channels.



The two sets of curves correspond to the spectral response curve si(λ) and the current-gray scale conversion factor gi in Equation (3), respectively, which will be used as the basis for the establishment of the mapping matrix and the final temperature solution.




4.2. Solution Accuracy


Combined with the experimental parameters of Table 1 and the non-perturbation spectral emissivity model in Equation (12), the temperature mapping matrix for this measurement is calculated. The p and q values of the temperature mapping matrix established in this experiment are 30 and 40, respectively. The reason is that p is the indexing of the red component, and q is the indexing of the green component. The rate of the red component rising with the radiation is higher, and the temperature range of the red component is smaller, while that of the green is relatively large in the range of 0–255. For a more uniform distribution of the temperature matrix, the case of p = 30 and q = 40 is selected to solve the problem.



After ten consecutive triggers, the chromaticity data of 99 pixels within a specified pixel region of the image (corresponding to the pixel of the thermocouple detection position) are read, and the mapping matrix is searched to obtain the corresponding position temperature. If h is the ordinal number of pixels, N is the total number of pixels in the region, Tmea is the temperature measurement value obtained by the point thermometer, and Tcal,h is the temperature solution value of the h pixel obtained by this method, then the solution error is expressed as follows:


   Error =     T  m e a   −   ∑  h = 1  N    T  c a l , h     / N    T  m e a      



(14)







Equation (13) takes the average value of all the temperature solution values in the specified pixel region as the region temperature and compares it with the point thermometer measurement data of the corresponding time period to obtain the measurement error within the trigger time period. The calculation results are shown in Figure 11.



It can be seen in Figure 11 that the error of this method can be stabilized within the range of 2.5–2.7%. Considering that the measurement uncertainty of the thermocouple is 0.04%, the overall error range of the measurement is modified to 2.5% (±0.04%)–2.7% (±0.04%).



In principle, the error comes from the following three aspects: the first is the calibration data fitting error. In the calculation, in order to ensure that si(λ)ε(λ)I(λ,T) is integrable, the spectral response curve is fitted as a continuous function, which results in some measurement errors. Secondly, the spectral reflectance ignores the error. When the thermal radiation is transferred to the camera lens and image plane, part of the radiation is reflected, and the reflection is also spectral dependent. Although this point is also ignored in the calibration experiment, the spectral reflection of the lens and image plane still affects the actual temperature measurement because of the difference between the radiation behavior of the heat source and the calibration experiment. Finally, there is an error caused by the division of the minimum chromaticity interval. Because the pixels in the range of chromaticity interval ΔR and ΔG will be solved to the same temperature, the error of the solution will be caused. This error will be discussed quantitatively below.




4.3. Comparison of Emissivity Perturbation Effects


To explore the robustness of the solution method visually, the effect of temperature solution under the no-perturbation emissivity and perturbation emissivity models is analyzed according to the spectral emissivity model of Equations (12) and (13). The two emissivity models are used to build the search matrices, and the temperature mapping matrices are used to solve the non-perturbation emissivity model and the perturbation emissivity model. The results are shown in Figure 12.



According to the solution results, both show an overall trend that the temperature of the outer flame is higher than that of the inner flame, which is consistent with the results of existing experimental studies. However, there is significant noise in the calculated results under the perturbation emissivity model, but the image has not been seriously distorted. The two-dimensional image of the solution is transformed into a statistical diagram of temperature distribution, as shown in Figure 13.



In the figure, the horizontal axis represents the temperature, and the vertical axis represents the statistical number of temperature values that appear throughout the image. It can be seen that the spectral response curve under the perturbation emissivity model has high noise and severe oscillation in the temperature range. Generally speaking, the two have the same trend. The reason for the noise may be that when solving the perturbation emissivity model, it is necessary to calculate all the emissivity models in the range and establish the search matrix. Because the model is similar, the chromaticity values at similar temperatures are similar. According to the chromaticity search, the result is calculated as a similar temperature value on different emissivity; thus, the solution fluctuation occurs.



Considering that the matrix search is to calculate the temperature of the pixel points whose chromaticity falls into the determined chromaticity range as the same temperature value, the amount of deviation of the pixel points from the given chromaticity interval in the measurement is the important reason that affects the accuracy of the temperature solution. As shown in Figure 14a, the chromaticity values corresponding to the temperatures T, Tpq, and Tp+1,q will be solved at the same temperature value in the actual solution because they fall within the same divisions. However, the chromaticity of T is located at the edge of the indexing range, so its reverse search error will be minimum. Tpq and Tp+1,q are far away from the indexing boundary, so if they are classified as temperature T, there is bound to be an error, and in theory, the farther the distance, the greater the error. Therefore, the deviation distance of the measured chromaticity from the solved chromaticity is defined as the quantity characterizing the degree of error, which is denoted by l. If H denotes the three-color vector of the nearest index boundary and H′ denotes the measured three-color vector, then l is expressed as follows:


  l =    ‖  H −  H ′   ‖   2   



(15)







Then, to characterize the robustness of the calculation method, the statistical distribution of the deviation distances calculated in the case of perturbation spectral emissivity and non-perturbation emissivity are plotted as shown in Figure 14b.



It can be seen that the deviation distances trend of the two-emissivity models is the same, most of the positions coincide, with only a small amount of deviation at the most probable deviation distance position, i.e., where the deviation distance statistic is the largest. The perturbed emissivity model combined with the multi-emissivity model refines the search matrix. The perturbed emissivity model combined with the multi-emissivity model refines the search matrix. This also makes it possible to find a solution in which the chrominance deviation distance is smaller than that of the non-perturbative emissivity solution under the perturbation model, so the chromaticity deviation distance curve of the perturbation emissivity model is smoother. The part that not changed is the chrominance deviation distance in the process of solving the black background, so the two are the same.



According to the above experimental results, the CCD temperature measurement method based on matrix search has better temperature reduction capability. In addition, by comparing the solution results of the perturbation and non-perturbation emissivity model, the emissivity model with perturbation will introduce noise into the solution, but it has little effect on the overall solution. This indicates that the matrix searching method has strong robustness and has certain anti-interference capability.



Because of the forward calculation principle of the method, the complexity of solving the integral equation does not need to be considered, and the complex conditions such as atmospheric spectral absorption and gamma correction can be taken into account, which makes the temperature measurement closer to the real situation. In addition, only the temperature mapping matrix needs to be called in the calculation process, which can save computer’s memory and better adapt to the computer working mechanism. At the same time, because of the mechanism of fuzzy classification in the search, this method has high robustness and adapts to the actual temperature measurement conditions.





5. Conclusions


This paper proposes a color CCD high-temperature measurement method based on matrix searching, and the actual temperature inversion method is established by prior calculation. The inverse solution process is transformed into a forward mapping matrix searching process, which adapts to the working mechanism of the computer and effectively saves computational resources. The actual measurement process of the color CCD high-temperature measurement method based on matrix searching is systematically described, and the temperature visualization program is designed. The camera is used as the measuring equipment, and the paraffin combustion flame is used as the measured object to carry out confirmatory experimental research. The collected flame pictures are calculated and compared with the temperature measured by the thermocouple. The results show that the measurement error is in the range of 2.5% (±0.04%)–2.7% (±0.04%). At the same time, by comparing the solution results and chrominance deviation distance of the perturbation and the non-perturbation emissivity model, the influence of disturbance on the method is discussed. The results show that the method has high robustness and that its solution depends on forward-searching, which makes the method well-adapted to complex measurement environments and conditions and provides a new idea for high-temperature measurements.
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Figure 1. Flow chart of temperature measurement. 
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Figure 2. Schematic diagram of temperature field acquisition image analysis. 
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Figure 3. Block diagram of the temperature visualization program. 
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Figure 4. Diagram of calibration experimental device. 
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Figure 5. (a) No perturbation emissivity model; (b) perturbation emissivity model. 
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Figure 6. Air spectral transmittance solution results. 
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Figure 7. Diagram of the experimental device. 
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Figure 8. Position identification of thermocouple. 
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Figure 9. Background light attenuation effect. 
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Figure 10. (a) Spectral response curve; (b) current-grayscale conversion factor. 
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Figure 11. Error calculation results. 
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Figure 12. (a) Results of the non-perturbative emissivity model; (b) results of the perturbative emissivity model. 
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Figure 13. Statistical distribution of temperature results from two emissivity models. 
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Figure 14. (a) Schematic diagram of the effect of chromaticity deviation distance; (b) statistical distribution of chromaticity deviation distance of two emissivities. 
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Table 1. Table of experimental parameters.
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	Parameter
	Parameter Value





	Lens focal length
	75 × 10−3 (m)



	Aperture size
	f/2.8



	Magnification
	0.5



	Gamma value
	1



	Pixel dimensions
	20 × 10−6 (m)



	Exposure time
	300 (us)



	Camera distance
	1 (m)
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
G

Gui

@)

Ry

Runt






media/file8.jpg





media/file27.png
(a)

Rn+1

‘N

4

500

400

Quantity

(98}
S
=)

[\®)
S
S

Undisturbed

——— Disturbed

0.1 0.2

0.3
Gray Level Deviation

0.4





media/file13.png





media/file12.jpg





media/file18.jpg
Wasekeogthiam)

Temperstrsek)






media/file9.png
e o = = < T
W o) 9 o o =

Relative emissivity(%)

o
~

0.3

0.2

350

v

Average
1800K
2300K
2200K

550 600
Wavelength(nm)

(a)

650

700

750

Relative emissivity(%)

e
o0

e
2

o
o

o
W

<
~

0.3

0.2 L 1 1 1 1 1 L
350 400 450 500 550 600 650 700

Wavelength(nm)

(b)

750





media/file14.jpg





media/file20.jpg
3.0

o =

(%)H011g danePY

15

10

Image number





media/file23.png





media/file5.png
image
| Load Ty, Ruin, Guin

v

A=ImageR+Im
ageG+ImageB
A 4

R =ImageR/A
G =ImageG/A
\ 4

| M=T'yin |
v

| N=Cpin |

i=(l(mn'llmin)/ AR '
j =((;mn'G min)/ AG

Output
ing ima

v | m=m-+1 |

n=n+1 | | [Mmap(m,n) -Toap(i,§)|<A |
A






media/file15.png





media/file19.png
5000

4000

3000

Response

2000

1000

~= (a)

300 400 500 600 700 800
Wavelength(nm)

630

540

450

Gray level

—#— R Channel
—#— G Channel
—#— B Channel

(b)

800

900

1000
Temperatrue(K)

1100

1200






media/file2.jpg
ImageR ImageG ImageB






nav.xhtml


  applsci-13-05334


  
    		
      applsci-13-05334
    


  




  





media/file11.png
Transmittance

0.8

0.7 -

0.6 -

0.5 1

0.4 4

0.3
400

500

600 700
Wavelength (nm)

800






media/file6.jpg





media/file24.jpg
400 —— Undisturbed
Disturbed

350
300
250

Quantity

150
100

50

=50
1350 1400 1450 1500 1550

Temperature(K)






media/file1.png
Stage

Preparation

Spectral Spectral Transmission
responsivity emissivity medium
function model absorption
l ] ]
v

Constructing integral equation

Establish

Get search address i & j

A

Normalized R
channel signal

Norma'lized G

channel signal

Normalized B
channel signal

- o 4 -ﬁ----------------

:I Results \

Solution
Stage





media/file10.jpg
0.8

pir)
S

P
S S
dduenrwsue ],

=
S

o0
<

600 700 800
Wavelength (nm)

500

400





media/file7.png





media/file16.jpg





media/file3.png





media/file22.jpg





media/file17.png





media/file4.jpg
Load Ty, R,

¥

A=ImageR+Im

ageG+ImageB
v

mageR/A
mageG/A

=G
=
wRuin)/ AR
Gun/AG
m=m+1
+

n=n+l

M=Ty?

Gray Mgy






media/file25.png
Quantity

400

(98]

DN

(e
T

[U8]

S

o
T

\O]
(9,
e}

200

P
|94
e}

—
S
(=]

50

2
wregw

Disturbed

A As aald

Undisturbed

VIV VTWOW

_50 M 1 M 1
1350 1400 1450

Temperature(K)

1500

1550





media/file0.jpg
Spectral Spectral Transmiss

responsivity emissi medium
funetion model absorption
Preparation
ot Constructing integral equation

Get search address i &

———— ————

Normalized G Normalized B
channel signal | | channel signal

channel signal






media/file21.png
3.0

Ne} [

o o\
(%)I1011y A R[Y

1.5

10

Image number





