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A simultaneous measurement technique for soot temperature and 

volume fraction of sooting flames considering self-absorption through 

hyperspectral imaging 

Abstract 

Due to the complex optical properties of sooting flames, the accuracy of flame emission-based measurement 

techniques depends on an appropriate self-absorption correction strategy. Thus, this paper presents a novel 

iterative procedure to retrieve the soot temperature and volume fraction of sooting flames along with a self-

absorption correction strategy through hyperspectral imaging. Numerical simulations were carried out on 

suppositional flames to investigate the performance of the proposed technique. Relative errors obtained from 

the simulations are below 1.5%, indicating a better accuracy can be achieved by the proposed reconstruction 

technique. A hybrid camera hyperspectral video imaging technique is designed and implemented with the 

concept of compressed sensing. A significant improvement in flame spectrum acquisition has been observed. 

Experiments were carried out under ethylene-air diffusion flames to validate the technique. The reconstructed 

flame soot temperature and volume fraction distributions demonstrated that the proposed hyperspectral video 

imaging technique improves the soot temperature and volume fraction reconstruction accuracy. 

 

Keywords: Hyperspectral imaging, soot temperature, soot volume fraction, self-absorption, diffusion flames 

 

1. Introduction  

Combustion is a complex multidimensional and time-dependent interaction of chemical reactions with 

different transport processes such as mass, momentum and energy. Soot thermal radiation is one of the most 

important and complex phenomena involved in sooting flames and it affects the combustion efficiency, heat 

transfer, and exhaust emissions (NOx, CO) [1]. Therefore, it is important to understand the soot formation and 

oxidation mechanisms in-depth to mitigate soot emissions from practical combustion devices. Over the past 

years, various optical diagnostic techniques have been developed to investigate soot formation. For example, 

laser-based techniques such as light extinction [2-4], coupled light extinction [5], laser elastic scattering [7-9] 

and laser-induced incandescence [10-13] play an important role to measure the soot primary particle size, 

volume fraction and morphology. These laser-based techniques are suitable for studying the soot optical 

properties and distribution in axisymmetric flames due to their reliable accuracy. However, laser-based 

techniques are often used for laboratory-scale flame measurement.  

 

Flame emission-based measurement techniques are also used for soot formation determination due to their 

rapid response, non-intrusive manners, and ease of set-up complexity [14-16]. These techniques are developed 

based on the fact that soot is a strong absorber and emitter of light in visible and near-infrared spectrums. The 

soot temperature and volume fraction can be solved based on the line-of-sight radiation intensity by employing 

inversion analysis procedures. Instead of using complicated laser optical arrangements, a single RGB camera 

can provide adequate flame image data to retrieve the two-dimensional (2D) distribution of temperature and 

soot volume fraction[14-17]. Whereas the three-dimensional (3D) distributions can be achieved through multi-

camera systems [18,19]. Moreover, the emerging light-field imaging devices have also been studied for the 3D 



flame temperature measurement. A single light field camera can capture the 3D spatial information of the flame 

emission., from which the volumetric temperature distribution could be reconstructed [21-23]. Thus, emission-

based techniques have a better application in both axisymmetric and non-axisymmetric flame measurement 

compared to laser-based techniques. 

 

However, the radiation information achieved from three spectral wavelengths (i.e., R, G and B) limits the 

measurement accuracy due to the unknown emissivity of the flame. Therefore, multispectral imaging systems 

are introduced in soot studies for acquiring wider spectral radiation information [24-32]. For instance, De Iuliis 

et.al [24] determined the soot volume fraction of ethylene diffusion flames with the flame spectrum of 300–

800 nm wavelength acquired by a spectrometer. A similar arrangement is also employed by Snelling et al. [25] 

to determine the soot temperature and volume fraction. Recently, hyperspectral imaging techniques have been 

used instead of conventional spectrometers for flame parameter measurements [32-39]. Rather than collecting 

the spectrum at a single point like a spectrometer, these techniques imaged the target area in progressive scans 

and acquired the radiation intensity from tens to hundreds of continuous wavelengths with high spatial 

resolution. For example, Amici et al. [36] proposed a hyperspectral technique to investigate the characteristics 

of wildfires. Liu et al. [37] measured the axisymmetric diffusion flame temperature and emissivity with a 

scanning hyperspectral camera and established the relationship between the emissivity and wavelengths. The 

same hyperspectral camera is also utilized by Si et al. [38, 39] to investigate the characteristics of burning coal 

particles. However, these hyperspectral systems are mainly suitable for fixed or slow-moving objects and 

provide limited temporal resolution due to the nature of the image scanning mechanism [40, 41],  thus unable 

to acquire a clear and full-frame hyperspectral image sequence of dynamic flames. Therefore, an advanced 

computational hyperspectral imaging technology (also known as the snapshot hyperspectral imaging 

technology) is required for solving the lack of temporal resolution. 

 

The computational spectral imaging systems have been developed based on under-sampling and reconstruction 

strategies [42] such as computed tomography imaging spectrometer (CTIS) [43], coded aperture snapshot 

spectral imager (CASSI) [44] and Prism-mask multispectral video imaging system (PMVIS) [45, 46]. Unlike 

the conventional hyperspectral imaging systems, these computational spectral imaging systems can acquire 

high-resolution hyperspectral information with a single snapshot, and even capture high frame-rate spectral 

videos [43-47]. However, the reconstruction error spectrum of CTIS and CASSI is unavoidable due to their 

inherent shortcomings of spectral imaging principles as well as the sparsity assumption for a natural scene [47]. 

In contrast, PMVIS provides better image quality and spectral accuracy, but employing this hyperspectral 

system for flame soot investigation is still challenging due to the complexity of flame spectral distribution. 

 

The main challenge for flame sooting investigation by employing the PMVIS is how to solve the accurate soot 

temperature and volume fraction with the complicated hyperspectral data. The unknown soot temperature and 

volume fraction are strongly coupled in the line-of-sight radiation transfer equations, thus resulting in a 

complicated objective function in the combined reconstruction procedure, especially when self-absorption of 

the flame is considered [48]. Because the resultant line-of-sight emission intensity expression is no longer an 

Abel integral equation and poses an additional difficulty in data inversion [33]. Consequently, the self-

absorption effect is usually neglected in the previous work [24, 26, 28-33]. Although Snelling and Liu et al. 

[25, 33] investigated that the influence of the attenuation error would be small for an optically thin flame 

(usually for lab-scale flames), self-absorption should be considered in flames that are not carefully verified as 

optically thin or industrial sooting flames.  



 

Therefore, it is important to resolve the self-absorption effect for obtaining an accurate distribution of flame 

soot properties. A few attempts have been made to investigate this issue [25, 32-35]. For instance, the 

importance of self-absorption for soot emission was studied by Hall and Bonczyk [6] and Snelling et al. [25].  

They also proposed their flame radiation intensity correction methods respectively, to study the effect of self-

absorption. Freeman et al. [34] also proposed a method to recover the unattenuated line-of-sight emission 

intensities based on a two-path approach. However, the self-absorption correction strategy has not been studied 

to validate the soot investigation systematically [33]. Li et al. proposed a self-absorption correction strategy 

using six wavelengths and the Tikhonov regularized method [32]. Compared with the traditional two-color 

method, the self-absorption corrected results proposed by Li et al.[32] is more consistent with the simulated 

soot temperature and volume fraction profiles. However, the lack of experimental verification makes the 

reliability of this method questionable. Thus, the self-absorption correction strategy remains a significant 

problem that can be explored for an accurate hyperspectral emission-based measurement. 

 

In this study, an iterative method is proposed based on the PMVIS snapshot hyperspectral imaging technique 

to reconstruct the soot temperature and volume fraction distribution of ethylene-air diffusion flames. Based on 

the acquired high-resolution hyperspectral data, a novel self-absorption correction strategy is proposed and 

integrated with the iterative method. Numerical simulations were carried out to assess the reconstruction 

accuracy of the proposed method as well as the robustness, also to obtain optimum parameters of the 

hyperspectral imaging system. Based on the optimum parameters, an optimized PMVIS is proposed and 

fabricated. The quality of spectrum acquisition of the proposed system was verified through a spectrometer. 

Experiments were carried out on lab-scale ethylene-air diffusion flames to validate the proposed system. The 

reconstructed soot temperature and volume fraction obtained from the experiments are presented and discussed. 

  



2. Measurement principle 

2.1  Flame Radiative Imaging model  

In this study, axisymmetric co-flow diffusion flames are considered due to their high repeatability and stability, 

which is regarded as an axisymmetric emitting, absorbing but non-scattering medium [30]. A flame radiative 

imaging model is established where the flame is divided into various layers of voxels according to the flame 

size and axial resolution, as shown in Figure 1. The flame self-absorption effect is carefully considered in this 

imaging model. A hyperspectral imaging system is employed to acquire the monochromatic radiative images 

under different wavelengths between 550-850nm through the flame radiative imaging model.  

 

 

Fig. 1. Schematic diagram of flame imaging model. 

 
Fig. 2. Example of the line-of-sight imaging model for the flame cross-section, where 𝑅 is the maximum radius of one 

layer of flame voxel and each layer contains 𝑀 concentric cylindrical voxels with equal radius intervals ∆𝑅. In total, 𝑁 

rays are considered that can be recorded by a pixel. 

 

Figure 2 demonstrates the line-of-sight imaging model for a flame cross-section. Flame cross-sectional 

radiation transmits along the line-of-sight to reach the detector. The Lambert-Beer law [37] is used to obtain 

the monochromatic radiation intensity 𝐼𝜆(𝑗) along ray 𝑗 recorded by CCD pixel under the distance 𝐿𝐶𝐶𝐷 and 



expressed by Eq. (1).  

 

 𝐼𝜆(𝑗) = ∫ 𝑘𝜆(𝑙)𝐼𝜆𝑏(𝑙) ∙ exp [− ∫ 𝑘𝜆 (𝑙′)
𝑙𝑓(𝑗)

𝑙0(𝑗)
𝑑𝑙′] 𝑑𝑙

𝑙𝑓(𝑗)

𝑙0(𝑗)
  

 = ∫ 𝐻𝜆(𝑙) ∙ exp [− ∫ 𝑘𝜆 (𝑙′)
𝑙𝑓(𝑗)

𝑙0(𝑗)
𝑑𝑙′] 𝑑𝑙

𝑙𝑓(𝑗)

𝑙0(𝑗)
 (1) 

 

where 𝑙 refers to the directional path of the radiative intensity recorded by a CCD, thus ∆𝑙(𝑖) denotes the length 

of the detection path in the 𝑖𝑡ℎ voxel. 𝑘𝜆 is the local spectral absorption coefficient with a wavelength of 𝜆, 

which is causally related to the local soot volume fraction 𝑓𝑣. 𝐼𝜆𝑏 refers to the local monochromatic blackbody 

radiative intensity with a temperature of 𝑇  and wavelength of 𝜆 . 𝐻𝜆  is the local monochromatic emission 

source term. The attenuation caused by scattering has been neglected as absorption by soot particles is shown 

to be at least one order of magnitude higher than scattering, especially at large wavelengths in the visible 

spectrum [24-26]. 

 

The local monochromatic blackbody radiative intensity 𝐼𝜆𝑏  of the 𝑖𝑡ℎ  cylindrical voxel can be obtained as 

follows [20].  

 

 𝐼𝜆𝑏(𝑖) = 𝐶1𝜆−5 [𝜋⁄ ∙ exp (𝐶2 𝜆⁄ 𝑇(𝑖))] (2) 

 

where 𝑇(𝑖)  is the temperature of the 𝑖𝑡ℎ  cylindrical voxel. 𝐶1  and 𝐶2  are the first and second radiation 

constants. In this study, 𝐶1 = 3.7418 × 10−16 W ∙ m2, 𝐶2 = 1.4388 × 10−2 m ∙ K. 

 

The Rayleigh–Debye–Gans approximation for polydisperse fractal aggregates (RDG-PFA) has shown good 

estimates (within 10% uncertainty) of optical cross-sections for soot aggregates, the local spectral extinction 

coefficient 𝑘𝜆_𝑒𝑥𝑡 can be related to the soot volume fraction 𝑓𝑣(𝑖) of the 𝑖𝑡ℎ voxel [49 – 52]: 

 

 𝑘𝜆_𝑒𝑥𝑡(𝑖) = 6𝜋𝐸(𝑚)𝑓
𝑣

(𝑖)(1 + 𝜌𝑠𝑎) 𝜆⁄  (3) 

 

Where 𝜌𝑠𝑎 is the ratio of scattering to absorption and depends on the structure of soot aggregates. The 𝜌𝑠𝑎 can 

be ignored in most cases when scattering is ignored and 𝑘𝜆_𝑒𝑥𝑡 is equal to the soot absorption coefficient 𝑘𝜆 

[24, 51]. Thus, Equation 3 can be expressed as below: 

 

 𝑘𝜆(𝑖) = 𝑘𝜆_𝑒𝑥𝑡(𝑖) = 6𝜋𝐸(𝑚)𝑓𝑣(𝑖) 𝜆⁄  (4) 

 

where 𝐸(𝑚) is a function of the refractive index 𝑚 [53, 54], 

 

 𝐸(𝑚) = im|𝑚2 − 1 𝑚2 + 1⁄ | (5) 

 

Chang and Charalampopoulos expressed 𝐸(𝑚) as the following empirical equations [53]: 

 

𝐸(𝑚) = 6𝑛𝑘 (𝑛2 − 𝑘2 + 2) + 4𝑛2𝑘2⁄  

 

 𝑛 = 1.811 + 0.1263 ln 𝜆 + 0.027 ln2 𝜆 + 0.0417 ln3 𝜆 (6) 



 

 𝑘 = 0.5821 + 0.1231 ln 𝜆 + 0.2309 ln2 𝜆 + 0.01 ln3 𝜆 (7) 

 

Where 𝑛 are 𝑘 real and imaginary parts of the complex refractive index 𝑚 (i.e. 𝑚 = 𝑛 + 𝑖𝑘).The significance of 

𝐸(𝑚) is that the accuracy of its value dramatically affects the accuracy of optical diagnostic results. A common 

approximation of 𝐸(𝑚) is 0.26 (while m=1.57-0.56i). However, it is too strict to approximate this wavelength-

dependent parameter as a fixed value, especially for the multispectral study [54]. Thus, Chang and 

Charalampopoulos [53] expressed 𝐸(𝑚) as a function of wavelength λ, which is employed in this study.   

 

Considering the geometric relationship between the discrete rays and voxels as illustrated in Figure 1, the 

monochromatic radiation intensity of these rays can be described in the discrete form by Eq. (8). 

 𝐼𝜆(𝑗) = ∑ 𝐻𝜆(𝑗, 𝑝)
𝑓𝑗

𝑝=1 ∙ ∆𝑙𝑗,𝑝 ∙ exp [− ∑ 𝑘𝜆(𝑗, 𝑞)
𝑓𝑗

𝑞=𝑖
∙ ∆𝑙𝑗,𝑞]    𝑗 = 1, … , 𝑁 (8) 

 

Then, Eq. (8) can be written as follows,  

 

 𝑰𝜆 = 𝑨𝑯𝜆 (9) 

 

where 𝑰𝜆 = (𝐼𝜆(1) … 𝐼𝜆(𝑁))
𝑇

  represents the exit line-of-sight radiation intensity (also known as projection 

intensity) acquired by the imaging system. 𝑯𝜆 = (𝐻𝜆(1) … 𝐻𝜆(𝑀))
𝑇

is a local monochromatic emission source. 

𝑨 is the coefficient factor related to 𝑘𝜆 as well as ∆𝑙 in each cylindrical voxel.  

 

Assuming that the self-attenuation of the flame is negligible, then Eq. (8) can further be simplified to Eq. (10): 

 𝐼𝜆(𝑗) = ∑ 𝐻𝜆(𝑝)𝑀
𝑝=1 ∙ ∆𝑙𝑗,𝑝   𝑗 = 1, … , 𝑁 (10) 

 

Eq. (10) can be written in matrix form as shown in Eq. (11): 

 𝑰𝜆 = 𝑳𝑯𝜆 (11) 

where 𝑳 is the coefficient matrix constituted with the crossing length in each cylindrical voxel of each ray. 

 

2.2 Hyperspectral inversion of soot temperature and volume fraction  

The local monochromatic emission source 𝐻𝜆, representing the radiation intensity emitted by the soot at a 

wavelength 𝜆 , is governed by 𝐼𝜆𝑏  and 𝑘𝜆 . Thus, considering Eqs. (2) and (4), the soot temperature 𝑇  and 

volume fraction 𝑓𝑣 can be retrieved directly from 𝐻𝜆. In this study, the following procedure is employed to 

determine these two kinds of soot thermal parameters from the 𝐻𝜆 based on the hyperspectral data. According 

to Eq. (1), for 𝑖𝑡ℎ voxel,  𝐻𝜆(𝑖) can be expressed as: 

 

 𝐻𝜆(𝑖) = 𝑘𝜆(𝑖) ∙ 𝐼𝜆𝑏(𝑖) = 𝑘𝜆(𝑖) ∙ (𝐶1𝜆−5 πexp(𝐶2 𝜆⁄ 𝑇(𝑖))) ⁄  (12) 

 

Also, it can be written as: 

 ln(𝐻𝜆(𝑖)π𝜆5/𝐶1) = ln(𝑘𝜆(𝑖)) − 𝐶2 𝜆⁄ 𝑇(𝑖) (13) 

 

where 𝑘𝜆(𝑖) is the local spectral absorption coefficient and it can be expressed as a function of wavelength in 

the form of the Taylor series expansion: 



 ln(𝑘𝜆(𝑖)) = ∑ 𝑎𝑖
𝑝
𝑗=0 𝜆𝑗(𝑝 ≤ 𝑤 − 2) (14) 

 

where 𝑤 is the total number of wavelengths recorded by the hyperspectral imaging system; 𝑝 is the maximum 

order of Taylor series expansion for ln(𝑘𝜆(𝑖)). 

 

Thus, Eq. (13) can be rewritten as: 

 

 ln(𝐻𝜆(𝑖)π𝜆5/𝐶1) = 𝑎0 + 𝑎1𝜆𝑖 + 𝑎2𝜆𝑖
2 + ⋯ + 𝑎𝑝𝜆𝑖

𝑝
− 𝐶2 𝜆⁄ 𝑇(𝑖) (𝑝 ≤ 𝑤 − 2) (15) 

 

Eq. (15) can also be expressed as follows: 

 

 𝑓𝑖(𝑎0, 𝑎1, … 𝑎𝑝+1) = 𝑌𝑖 − (𝑎0 + 𝑎1𝑋1,𝑖 + ⋯ + 𝑎𝑝𝑋𝑝,𝑖 + 𝑎𝑝+1𝑋𝑝+1,𝑖) = 0 (16)  

 

where 𝑌𝑖 = ln(𝐻𝜆(𝑖)π𝜆5/𝐶1) , 𝑎𝑝+1 = − 𝐶2 𝜆⁄ 𝑇, 𝑋1,𝑖 = 𝜆𝑖 , 𝑋2,𝑖 = 𝜆𝑖
2   ⋯   𝑋𝑝,𝑖 = 𝜆𝑖

𝑝
, 𝑋𝑝+1,𝑖 = 1/𝜆𝑖. 

 

Eq. (16) can be expressed more concisely as the matrix form: 

 

 𝒀𝒘×𝟏 = 𝑿𝒘×(𝑝+2) ∙ 𝒂(𝑝+2)×𝟏 (17) 

 

The non-negative least-squares (NNLS) method is applied to solve Eq. (17) [23, 55]. Once 𝒂  is acquired, 

temperature 𝑇(𝑖) and the local spectral absorption coefficient 𝑘𝜆(𝑖) can be achieved through Eq. (15). Then 

𝑓𝑣(𝑖) can be calculated with 𝑘𝜆(𝑖) using Eq. (3). 

 

It is worth noting that the value of 𝑝 affects the reconstruction convergence and accuracy. Where, the larger 

the value of 𝑝 means that the higher-order Taylor series is required to approximate the ln(𝑘𝜆(𝑖)) and more 

precise reconstruction can be achieved. However, it is time-consuming. In this study, 𝑝 is set to 7 [37] by 

considering a trade-off between reconstruction accuracy and efficiency.  

 

2.3 Reconstruction procedure 

Once the emission source 𝑯𝜆  is acquired with the line-of-sight radiation intensity 𝑰𝜆  vector (known as 

projection radiation intensity vector), the unknown soot temperature 𝑇  and volume fraction 𝑓𝑣  can then be 

estimated. Since flame self-absorption is considered in the proposed imaging model, the unknown absorption 

coefficient 𝑘𝜆 is integrated to the coefficient factor 𝑨. Thus, it is impossible to solve the Eq. (9) directly to 

obtain 𝑯𝜆. Therefore, an iterative process is proposed to solve the Eq. (9). To estimate an initial emission 

source 𝑯𝜆 , self-attenuation of the flame is neglected first, and the Eq. (9) is simplified to Eq. (11). The 

estimated 𝑯𝜆  would be updated for an accurate value during the iterative process. Figure 3 describes the 

iterative process and reconstruction procedure of the proposed method. 

 



 

Fig. 3. Reconstruction procedure of temperature and soot volume fraction distribution.  

 

Firstly, estimate the initial value of 𝑯𝜆: Self-attenuation of the flame would be ignored first. For one layer of 

voxels, the coefficient matrix 𝑳 can be directly obtained according to the geometric relationship between the 

light rays and the concentric voxels. Combining the projected radiation intensity vector 𝑰𝜆 of this layer and 𝑳, 

the initial value of 𝑯𝜆 can be obtained using Eqs. (10) and (11) through the NNSL method.  

 

Secondly, to estimate the initial value of 𝑨: The initial temperature value 𝑇 and absorption coefficient 𝑘𝜆 for 

each voxel can be achieved by solving Eq. (12). The obtained initial value of the absorption coefficient 𝑘𝜆 is 

taken into Eq. (9) to estimate an initial result of 𝑨. 

 

Thirdly, to update the 𝑯𝜆 and 𝑨: 𝑯𝜆 can be updated by solving Eq. (9) with the initial result of 𝑨 and 𝑰𝜆. Then, 

𝑇 and 𝑘𝜆 for each voxel is updated again with the latest 𝑯𝜆 by employing the process described in Section 2.2. 

Then the coefficient factor 𝑨 is updated according to the latest results of the absorption coefficient 𝑘𝜆. 𝑯𝜆 and 

𝑨 are updated until the value of temperature 𝑇 converged. 

 

Finally, to obtain the final solutions of temperature 𝑇 and absorption coefficient 𝑘𝜆. The final solution of soot 

volume fraction 𝑓𝑣 can be acquired with the final 𝑘𝜆 through Eq. (3). 

  



3. Numerical Simulation 

3.1 Simulation setup 

Numerical simulations were carried out to assess the reconstruction performance and robustness of the 

proposed reconstruction method. Firstly, simulated flame cross-sections were generated based on the preset 

soot temperature and volume fraction distribution through the radiative imaging model as described in Section 

2.1. It is crucial to consider a reliable preset soot temperature and volume fraction distribution for the numerical 

simulation for an accurate measurement. Thus, the preset soot temperature and volume fraction distribution 

are considered based on the flame data proposed by De Iuliis et.al [24], which is experimentally measured and 

verified. The radiation intensity distribution projected on the simulated CCD is solved under different 

wavelengths by using Eq. (7). The proposed method as described in section 2 is then used to reconstruct the 

soot temperature and volume fraction using projected radiation intensity. The parameters of the radiative 

imaging model are considered in the simulation are summarized in Table 1. The distance between the simulated 

CCD and the numerical flame center was chosen based on the experiment as described in Section 5. The soot 

temperature and volume fraction distribution of three different cross-sections (Height above the nozzle = 30, 

40 and 50mm) are generated through a cubic spline interpolation algorithm [57] as shown in Figure 4. A 

comparative study was carried out between the preset and reconstructed temperature and volume fraction 

distributions to reveal the performance of the proposed method.  

 

Table 1. Parameters of the radiative imaging model 

Parameters  Value  

Maximum Radius 𝑅 4mm 

Radius spacing ∆𝑅 0.1mm 

Total number of voxels 𝑀 in one cross-section  40 

Total number of rays 𝑁 in one cross-section 40 

Distance between the simulated CCD and flame center 𝐿𝐶𝐶𝐷  750mm 

 



 

Fig. 4. The simulated axisymmetric flame temperature and soot distribution under three different cross-sections at 

30mm, 40mm and 50mm height above the nozzle [24]. 

 

3.2 Effects of self-absorption 

The effects of self-absorption on the reconstruction accuracy were investigated first. Based on the optical 

strategy of the hyperspectral system, seven different numbers of wavelength bands are achieved between 550 

to 850nm, they are 15, 21, 35, 55, 75, 89 and 128. These wavelength bands are traversed to investigate the 

effects on the reconstruction accuracy. The case of utilizing 75 wavelength bands was chosen as an example 

here to explain this investigation procedure. The projection intensity of three simulated flame cross-sections 

was solved first through the imaging model described in Section 2.1, as shown in Figure 5. The reconstructed 

temperature and soot distribution were then calculated based on these intensity distributions. Figure 6 presents 

a comparison between the reconstructed and preset distributions of soot temperature and volume fraction. A 

similar trend can be seen between the reconstructed and the preset temperature distribution, and so does the 



soot. Similar results can also be found for the other cases such as 15, 21, 35, 55, 89 and 128 wavelength bands. 

Thus, it is evident that the proposed method is self-consistent under five different wavelength bands. 

 

  
(a) (b) 

 
(c) 

Fig. 5. The simulated projection intensity of the simulated flame cross-sections at (a) 30mm, (b) 40mm and (c) 50mm 

height above the nozzle. 

 

   
(a) (b) (c) 

Fig. 6. Comparison between the reconstructed temperature and soot volume fraction (dots) and the preset data (solid 

lines) at (a) 30mm, (b) 40mm and (c) 50mm height above the nozzle.  

 

Numerical simulations are carried out to study the effect of self-absorption on reconstruction accuracy. In the 

simulation, a similar setup was adopted as Figure 6. The numerical flame data are derived from Ref. [24], and 75 

wavelength bands are used in the reconstruction. The reconstruction results are shown in Figure 7. The reconstructed 

temperature shows a similar trend as the preset temperature but higher. The reconstructed temperature is 17-25K 

higher than the preset temperature, with an average of 23.34K. The reconstructed temperatures near the center and 

the edge of the flame deviate more from the preset temperature. On the other hand, the reconstruction results of the 



soot volume fraction are on average 8.22% lower than the preset soot volume fraction. Similar results can also be 

found in Figures 4b and 4c. For Figure 7b, the reconstruction temperature is 26.51K (average) higher, while the soot 

volume fraction is 7.42% (average) lower. For Figure 7c, the reconstruction temperature is 20.51K (average) higher, 

while the soot volume fraction is 9.65% (average) lower. Based on these results, ignoring self-absorption provides 

a negative effect on reconstruction accuracy. Therefore, the self-absorption correction procedure proposed in this 

study is necessary to achieve better reconstruction accuracy. 

 

   
(a) (b) (c) 

Fig. 7. Comparison between the self-absorption ignoring reconstructed temperature and soot volume fraction (dotted 

lines) and the preset data (solid lines) at (a) 30mm, (b) 40mm, and (c) 50mm height. 

 

The effect of self-absorption has also been studied by F. Liu et al. [33] and carried out numerical simulations 

based on Ref. [24]. It has been demonstrated that ignoring self-absorption resulted in an overestimation of 

flame temperature by 15-31K and an underestimation of the soot concentration by about 10%. This similar 

conclusion by F. Liu et al. [33] also illustrates the reliability of the proposed results in Figure 7.  

 

3.3 Effects of wavelength bands 

The effects of wavelength bands on the reconstruction accuracy were investigated to achieve better integration 

of the imaging system and the proposed method. In the simulation, no noise is added when examining the 

influence of the changing wavelength numbers on the reconstruction accuracy. Because the noise-free 

reconstruction results reflect the difference in the self-consistency of the algorithm accurately. The relative 

errors of the reconstructed temperature and soot volume fraction are calculated based on the following 

equations.  

 

 𝛿𝑇𝑒𝑚 = 100 ∙ |(𝑇𝑅𝑒𝑐 − 𝑇𝑃𝑟𝑒𝑠𝑒𝑡) 𝑇𝑃𝑟𝑒𝑠𝑒𝑡⁄ | (%) (18) 

 

 𝛿𝑆𝑜𝑜𝑡 = 100 ∙ |(𝑓𝑣_𝑅𝑒𝑐 − 𝑓𝑣_𝑃𝑟𝑒𝑠𝑒𝑡) 𝑓𝑣_𝑃𝑟𝑒𝑠𝑒𝑡⁄ | (%)  (19) 

 

 



  
(a) (b) 

Fig. 8. Relative errors of (a) the reconstructed temperature and (b) soot volume fraction under different cases of 

wavelength bands at 30mm height above the nozzle. 

 

For example, at height above the nozzle = 30mm the variations of the errors along the axis are insignificant. 

As illustrated in Figure 8a, 𝛿𝑇𝑒𝑚 decreases first when the wavelength numbers increase from 15 to 75. Then, 

𝛿𝑇𝑒𝑚 under 89 wavelength bands keep a similar distribution with 75 wavelength bands. When 128 wavelength 

bands are applied the relative errors are the same level as the case of 55 wavelength bands. 𝛿𝑇𝑒𝑚 remains lower 

than 0.0001% when the wavelength bands are more than 35. However, it is hard to distinguish the difference 

between the 𝛿𝑇𝑒𝑚 distribution under 75 and 89, 55 and 128 wavelength bands. Similar situations also occur to 

𝛿𝑆𝑜𝑜𝑡 distribution in Figure 8b. Therefore, it is necessary to take a more concise and intuitive parameter to 

characterize the reconstruction accuracy under different wavelength bands. 

 

Here, Fréchet distance was utilized to characterize the reconstruction accuracy more concisely and intuitively. 

Fréchet Distance is a recognized curve similarity evaluation function as expressed by Eq. (18). For instance, 

let 𝑓: 𝐴 → ℝ and 𝑔: 𝐵 → ℝ be two parameterized curves with homeomorphic parameter spaces of 𝐴 and 𝐵. 

The Fréchet Distance between 𝑓 and 𝑔 can be described as: 

 

 𝛿𝐹(𝑓, 𝑔) = inf𝜎:𝐴→𝐵 sup𝑥∈𝐴 ‖𝑓(𝑥) − 𝑔(𝜎(𝑥))‖ (20) 

 

where 𝜎 ranges only over orientation-preserving homeomorphisms and ‖ ∙ ‖ is the Euclidean norm [58]. It can 

characterize not only the similarity between the point-by-point values on the two sets of data but also between 

the overall variation trends of these two data sets. Whereas the smaller the value of Fréchet Distance presents 

the higher the similarity between the two sets of data [58 - 60].  

 

Fig. 9 illustrates the Fréchet Distance between the preset and the reconstructed temperature and soot 

distribution under five different wavelength bands at 30mm, 40mm and 50mm height above the nozzle. The 

smaller Fréchet Distance has been obtained when the number of wavelengths bands are greater than 55 and it 

demonstrates that the reconstructed temperature and soot are highly like the pre-set distribution. This result 

suggests that the proposed reconstruction method provides a better reconstruction accuracy when the data can 

be acquired under the 55, 75, 89, 128 wavelength bands between 550nm and 850nm. This also indicates that 

the hyperspectral imaging system should be designed by using wavelength bands greater than 55 to ensure the 

reliability of the reconstruction. In practice, these constraints can be considered during the design of the 

hyperspectral imaging system, which is explained in Section 4. 

 

 



  
(a) (b) 

Fig. 9. The Fréchet Distance between the preset (a) soot temperature and (b) soot volume fraction distribution and the 

reconstructed ones under the different number of wavelengths bands. 

 

3.4 Robustness of the algorithm  

It is important to investigate the robustness of the proposed method. Because during the flame acquisition 

process, inevitable interferences such as noises can be occupied in the radiation intensity. The interferences 

can also be deposited in the radiation intensity during the digitalization process and thus affects the 

performance of the reconstruction process. In this study, different signal-to-noise ratios (𝑆𝑁𝑅s) are added to 

the radiation intensity and the SNR is defined as follows:  

 

 𝑆𝑁𝑅 = 20 log10(𝐼𝑠𝑖𝑔𝑛𝑎𝑙/𝐼𝑛𝑜𝑖𝑠𝑒) (21) 

 

where, 𝐼𝑠𝑖𝑔𝑛𝑎𝑙 and 𝐼𝑛𝑜𝑖𝑠𝑒 represent the intensity of signal and noise, respectively.  

 

Without noise, the reconstruction accuracy of 55, 75, 89, and 128 wavelengths are better than the 15, 21, and 35 

wavelengths. Therefore, the impact of noise at 55, 75, 89, and 128 wavelengths are investigated in this study. The 

SNRs from 60dB to 40dB with an interval of 10dB is added to the simulated flame cross-sections as mentioned in 

Section 3.1 and are produced at 55, 75, 89, and 128 wavelengths, respectively. The temperature and soot are then 

reconstructed for these cross-sections and compared with the preset soot temperature and volume fraction 

distributions. As an example, results achieved at 55 wavelengths are presented here to show the effects of noise. 

Figure 10 shows a comparison of the reconstructed and preset soot temperature and volume fraction distributions at 

55 wavelengths.  

 

The difference between the reconstructed and the preset temperature and volume fraction distributions increases 

with decreasing the SNRs. A significant discrepancy between the reconstructed and the preset temperature and soot 

can be seen at SNRs = 60dB and 50dB, especially at the boundary and center of the flame. However, despite these 

errors, the reconstructed temperature trends along the radial direction are similar to the preset values. The 

reconstructed ones accurately represent the peaks, valleys, and fluctuations in the preset temperature and soot 

volume fraction distributions. Thus, it shows the reconstruction method is reliable at SNRs = 60dB and 50dB. In 

other words, the noise at SNRs = 60dB and 50dB are “tolerable” for the reconstruction method.  

 

The reconstruction accuracy is worsened at SNR = 40dB. For example, at 30mm, the maximum temperature relative 

error is 2.62%. It occurs at an axial width equal to -0.7mm, where the reconstructed value is 1694.46k, and the 



preset one is 1651.23K, as shown in Figure 2(a3). Although the maximum relative error is less than 3%, when 

examining the entire reconstructed temperature distribution, it has been noticed that the reconstructed temperature 

curve fluctuates strangely. These strange fluctuations make the radial trend of the reconstructed temperature 

distribution very different from the preset value. It is suggested that the SNR = 40dB is not tolerable for the proposed 

reconstruction procedure. A similar conclusion can also be drawn for the soot volume fraction reconstruction. 

 

Like the description above, analysis of the cases of 75, 89, and 128 wavelengths also obtained their lowest tolerable 

SNRs. The results are summarized in Table 1 as an essential reference for further hardware optimization. It is 

suggested that the hyperspectral imaging system with a lower number of wavelength bands should be designed by 

considering a higher SNR. In this study, the proposed hyperspectral imaging system is fabricated with 55 wavelength 

bands, which can accurately reconstruct the flame temperature and soot with SNR => 50dB. 

 

Table 2. Relationship between the lowest tolerable 𝑆𝑁𝑅s and the number of wavelength bands 

Number of wavelength bands SNR (dB) 

55 50 

75 50 

89 50 

128 40 

 

  



   
(a1) (a2) (a3) 

   
(b1) (b2) (b3) 

   
(c1) (c2) (c3) 

Fig. 10. Comparison between the reconstructed and preset soot temperature and volume fraction distribution at 55 

wavelength bands with different 𝑆𝑁𝑅s: (a1) (b1) and (c1) at 60 dB; (a2) (b2) and (c2) at 50dB; (a3) (b3) and (c3) at 

40dB. 

  



4. Hyperspectral imaging system 

4.1 Principle of the imaging system 

A hyperspectral imaging system is proposed and fabricated in this study which is mainly based on the concept 

of Prism-mask multispectral video imaging system (PMVIS) [45-47]. Figure 11 (a) and (b) illustrate the 

technical strategy of the proposed imaging system. The system mainly consists of an occlusion mask, a prism, 

a grayscale and an RGB video camera. 

 

Fig. 11. Overview of the proposed hyperspectral imaging system. (a) schematic of the imaging system; (b) 

associated components; (c) Overview of hyperspectral video imaging processing. 

 

In general, a hyperspectral data cube with three-dimensional (3-D) spectral data (two spatial and one spectral 

dimension) can exceed a size of 10 GB. Recording such a large amount of data with a single frame exceeds 

the limits of Shannon's sampling law [47]. Therefore, in the proposed hyperspectral system, a sparse sample 

of the target’s spectrum distribution is formed by the prism-mask system to ensure that the amount of data for 

a single frame is within an acceptable range, which can be recorded by a grayscale video camera. 

 

Figure 11(a) and (b) illustrate the hybrid-camera hyperspectral system. For ease of understanding, the devices 

and optical path are shown as a 2D slice of the actual 3D system. Incoming light from the measured target 

would reach a beam splitter, which reflects half of the light along the yellow path while transmitting the 

remainder along the green path. The light on the yellow path is measured in RGB at a high spatial resolution. 

The light transmitted through the beam splitter (green path) is dispersed by the prism onto the grayscale sensor, 

which measures numerous channels of its spectra.  

 

As shown in Figure 11(b), the light penetrating through the hole of an occlusion mask can be referred to as the 

sampling rays. The point on the target that emits these sampling rays are referred to as the sampling points. 

The number of holes on the occlusion mask determines the possible maximum sampling point of the target 

within the field of view (FOV). These sampling rays would disperse by the prism into the spectrum and diffuse 

along with horizontal directions on the CCD sensor so that the intensities at different wavelengths can be 

recorded by different pixels on the sensor. Thus, the spectral data of this kind of point is directly collected by 

the system. For each frame of the grayscale, the full-frame image is divided into small regions and each region 

contains spectral intensity information of the corresponding sampling points. 



 

The triggering of the two cameras is synchronized, such that high-resolution RGB video frames and low-

resolution multispectral video frames are captured simultaneously. The two cameras are aligned to capture the 

same view. Each sampling point of the multispectral imager has a counterpart pixel in the RGB camera that 

shares the same incoming light ray. The correspondences are used by the propagation algorithm to produce 

high-resolution multispectral video, just as shown in Figure 11(c) [46]. The system frame rate can be achieved 

up to 25FPS (frame per second), and is about 175 times faster than that of the commercial hyperspectral camera 

[37]. 

 

The spectral propagation algorithm is mainly based on the color similarity, spatial proximity, and temporal 

consistency of the low-resolution spectral and RGB video frames. Thus, the number of sampling points for 

grayscale frames affects the reconstruction accuracy of the algorithm. the greater the number of sampling 

points, the higher the degree of restoration of the real spectral distribution can be achieved. 

 

4.2 Proposed optimization strategy 

The ethylene-air diffusion flame employed in this study has a narrower radial dimension, but its spectral 

characteristics exhibit obvious variations along with the radial directions. Therefore, the number of sampling 

points along the radial directions has a significant impact on the reduction of spectral distribution. It is a great 

challenge to increase the number of sampling points within such a narrow flame.  

 

A simple and reliable approach to increasing the number of sampling points within the flame range is to 

increase the number of holes on the occlusion mask, where each hole of the mask corresponds to a spectral 

sampling point. Therefore, the more holes on the mask, the more sampling points can be accommodated within 

the field of view (FOV) and thus better restoration of the actual spectral distribution can be achieved. However, 

due to the fixed CCD sensor size, increasing the sampling points means that the number of CCD sensor pixels 

corresponding to each sampling point would be less as shown in Figure 12. In other words, more sampling 

points lead to lower available spectral bands for the hyperspectral system.  

 

A trade-off between the number of sampling points and the number of available spectral bands can be 

considered. Simulation results suggest that (as discussed in Section 3.2), at least 55 wavelength bands are 

needed to ensure the reconstruction reliability, which is the priority that needs to be met when increasing the 

sampling points. Based on the lens settings of the proposed hyperspectral system and the experimental burner 

size, the captured flame image size would not exceed 900(V) x 300(H) pixels. Thus, in this image range, the 

number of sampling points can be increased from 1250 to 2909 when reducing the number of spectral bands 

from 128 to 55. But this is still far from satisfactory considering the flame size. 



 

Fig. 12. Influence of changes in the number of mask holes on sampling points and spectral bands.  

 

Further to increase the number of sampling points, two plane mirrors are set up in front of the system to obtain 

flame images under two additional viewing angles. Figure 13 illustrates the physical construction of the 

hyperspectral imaging system. The two plane mirrors are set up to reflect the flame images from 30° and -30° 

angles within the FOV of the proposed system. With the help of these mirrors, three images from 30°, 0° and 

-30° angles can be recorded by the RGB and monochrome cameras simultaneously. Since the flame is 

approximately axisymmetric, the images obtained from 30° and -30° angles are highly like the 0° angle, but 

their corresponding sampling points are different. Therefore, the proposed optical arrangement increases the 

number of sampling points from 2909 at 0° angle to almost 2909*3 from all three angles, improving the 

reliability of acquired flame spectral distributions. The spectrum acquisition accuracy of this optimized system 

is examined and discussed in Section 5.2.  

 

 
Fig. 13. Schematic diagram of the proposed hyperspectral imaging arrangement. 

 

4.3 Intensity calibration 

The hyperspectral imaging system used in this study obtains the electrical signal of the projection radiation of 



the flame directly, rather than the radiation intensity value. Therefore, it is necessary to establish a relationship 

between the grayscale intensity of the CCD sensor and the projection radiation intensity through a blackbody 

furnace. The blackbody furnace employed in this study is LANDCAL R1500T. The proposed hyperspectral 

imaging system is used to obtain the grayscale images of the blackbody furnace cavity under different 

wavelengths and temperatures. The grayscale images of the blackbody furnace are obtained from 1173 K to 

1523 K with an interval of 50 K, as shown in Figure 14. During the calibration process, the optical parameter 

settings of the hyperspectral imaging system are kept consistent with the flame experiments. Figure 15 shows 

a relationship between the radiation intensity and corresponding grayscale at multiple wavelengths (partial 

results). The curves in Figure 15 are fitted via a second-order polynomial as below.  

 

 𝐼 = 𝑎 ∗ 𝐺𝜆
2 + 𝑏 ∗ 𝐺𝜆 + 𝑐 (22) 

 

Here, 𝐼 is the radiation intensity of the blackbody furnace and 𝐺𝜆 is the normalized grayscale under the case of 

wavelength λ. 𝐺𝜆 is normalized to the range between 0 and 1. 𝑎, 𝑏 and 𝑐 are fitting coefficients, which are obtained 

during the fitting process. The values of the fitting coefficients and Goodness of Fit R2 are listed in Table 2 below. 

 

 

Fig. 14. Example of grayscale images of the blackbody furnace under different temperature settings at wavelength 

692.7nm.  

 

 

Fig. 15. The relationship between the radiation intensity and corresponding grayscale of the hyperspectral imaging 

system (partial results). 

 



Table 3. The values of the fitting coefficients and Goodness of Fit R2 

Wavelength 𝒂 𝒃 𝒄 R2 

Case 1: 

692.7nm 
2.941E9 -1.305E9 1.741E8 0.97506 

Case 2: 

729.8nm 
4.786E9 -2.105E9 2.907E8 0.97683 

Case 3: 

741.1nm 
5.047E9 -2.048E9 2.737E8 0.97709 

 

5. Experimental Results and Discussion 

5.1 Operation conditions 

To generate a stable flame, a co-flow burner is used in this study. The co-flow burner is consisting of a vertical 

central brass duct, which has an 11 mm effective diameter of fuel injection [24, 25]. The co-flow air is supplied 

through the concentric 102 mm inner diameter stainless steel cylinder. The air passes through glass beads and 

porous metal disks to smooth the flow and prevent flame instabilities. The details can be found elsewhere in 

Ref. [21-25]. The fuel (ethylene) and airflow were controlled by two digital mass flow meters (i.e., Sevenstar 

CS200A) with an accuracy of 0.01SLM. During the experiments, the fuel flow is set to 0.22 SLM, and the 

airflow is set to 5 SLM. An example of ethylene-air diffusion flame images under different wavelengths and 

directions is shown in Figure 16.  

 

Fig. 16. Example of flame image:(a) Flame RGB images under different directions; (b), (c) and (d) Flame 

hyperspectral images are extracted at different wavelengths. 

 

5.2 Evaluation of spectrum acquisition 

To evaluate the effectiveness of the proposed hyperspectral imaging system, an evaluation of spectrum 

acquisition was carried out and compared with the existing hyperspectral camera and a spectrometer. The 

proposed and existing hyperspectral imaging [46] system and a spectrometer (ASD FieldSpec 4) are used to 

acquire spectral intensity at different heights of an ethylene-air diffusion flame. Note that, the spectrometer 

only acquired spectral projection intensity at 0° angle which is considered a reference. Figures 17 - 19 illustrate 

the flame radial spectral intensity acquired by the spectrometer and these hyperspectral imaging systems under 



different perspectives. The flame radial spectral intensity obtained by these hyperspectral systems has a similar 

intensity profile as the reference at 0° angle. The proposed system provides better performance on spectrum 

acquisition. The flame spectral intensity profiles obtained by the proposed system have a high degree of 

coincidence with the reference, indicating the effectiveness of the optimization strategy described in Section 

4.2. 

 

   

(a) (b) (c) 

Fig. 17. Flame radial spectral intensity acquired by the spectrometer at three different heights from 0°, which is 

considered as a reference. 

 

   
(a) (b) (c) 

Fig. 18. Flame radial spectral intensity acquired by the existing hyperspectral system at three different heights from 0°. 

 

   
(a) (b) (c) 



   
(d) (e) (f) 

Fig. 19. Flame radial spectral intensity acquired by the proposed hyperspectral system at three different heights. 

(a)(b)(c) are acquired only from 0°; (d)(e)(f) are acquired from 0°, 30° and -30° angles. 

 

For an intuitive evaluation of the proposed system, the similarity between the intensity profiles captured by 

the proposed optimized system and the reference are characterized by Fréchet Distance and shown in Figure 

20. The spectral profiles established from the multiple angles are more consistent with the reference acquired 

by the spectrometer. For example, in Fig. 20(a), the Fréchet Distance of the multiple angles (combination of 

0°, 30° and -30°) is 1/3 of the single angle (i.e., 0°). This indicates a better similarity between the spectral 

profiles established from the multiple perspectives and the reference, showing that the multiple perspectives 

data improve the accuracy of spectral intensity. A similar conclusion can be drawn for the other two flame 

cross-sections.  

   
(a) (b) (c) 

Fig. 20. Similarity (Characterized by Fréchet Distance) between the flame radial spectral distribution acquired by the 

proposed optimized hyperspectral system at different heights and the reference. 

 

The 𝑆𝑁𝑅s of the spectral intensity acquired by the hyperspectral system at 0° and multiple angles are calculated 

using Eq. (21) and shown in Table 3. The measured 𝑆𝑁𝑅s of radial spectral intensity are all above 50dB under 

the multiple angles, which means that the measured radial spectral intensities meet the 𝑆𝑁𝑅 requirements of 

the proposed temperature and soot reconstruction method as discussed in Section 3.4. Therefore, the 

assessment results demonstrate that the optical optimization strategy considered in this study is useful for 

measuring spectral intensity accurately and the 𝑆𝑁𝑅  ratio of the proposed hyperspectral system meets the 

requirements for reliable reconstruction of soot temperature and volume fraction. 

 

 

 

 



Table 3. The measured 𝑆𝑁𝑅 (dB) of spectral intensity at different heights under various angles. 

Height above the nozzle At 0° Combination of 0°, 30° and -30° 

31.1 36.5 56.1 

40.4 27.4 55.2 

49.7 45.3 57.4 

 

5.3 Reconstruction of soot temperature and volume fraction 

To examine the performance of the proposed hyperspectral measurement system, soot temperature and volume 

fraction of the ethylene-air diffusion flame are reconstructed based on the procedure as described in Section 2.  

During the experiments, it has been found that the flame is stable but not strictly symmetrical. Thus, the original 

radiation model in Section 2 was unsuitable for the reconstruction of the experiment flame. To increase the 

confidence of the results, the flame is treated as a left and right part, i.e., the flame is a combination of two half 

flames. That is, half of the flame is treated as a collection of semi-annular voxels (elements), and the 

reconstructions of temperature and soot volume fraction are conducted through this ‘half’ line-of-sight 

radiation imaging model, as shown in Figure 21. A similar arrangement can also be found in Refs. [25, 33, 37], 

where the measured flame is also be considered as a combination of two half frames, and the temperature and 

emissivity (or soot volume fraction) distributions of this half flame are reconstructed through a ‘half’ line-of-

sight radiation imaging model similar to this study.  

 

 

Fig. 21. Schematic diagram of the reconstruction arrangement for the experimentally measured flame. 

 

The soot temperature and volume fraction of these two parts are reconstructed, respectively. Figures 22 and 23 

show the reconstructed flame temperature and soot distribution. It can be seen that the measured temperature 

range is within 1554K to 1971K. The highest temperature zone appears on the flame border at flame heights 

30mm to 55mm where the airflow clings to the flame. A lower flame temperature profile can be seen in the 

middle. A similar profile can be seen for the soot volume fraction. The peak soot volume fraction appears on 

the outside of the flame near the outside airflow, while the lower soot concentration is in the middle of the 

flame. Similar soot temperature and volume fraction profiles can also be found in Refs. [21-25, 33, 37, 61]. 

Results obtained from the experiments ensure the validity of the proposed hyperspectral system for flame soot 

temperature and volume fraction measurement. 



 

Fig. 22. Reconstructed flame temperature distribution: (a) Cross-section temperature distribution curves of several 

heights; (b) Soot temperature distribution. 

 

Fig. 23. Reconstructed flame soot distribution: (a) Cross-section soot volume fraction curves of several heights; (b) 

Soot volume fraction distribution. 

 

It should be noted that some obvious fluctuations of soot temperature and volume fraction can be seen 

especially at the flame central voxels due to noises in the projection intensity. These noises affect the 

reconstruction accuracy at the flame center voxels. The flame projection intensity acquired in this experiment 

is approximately 50-60dB. However, this level of noise is sufficient to cause a visible deviation of 

reconstruction accuracy, but it does not affect the overall measurement of soot temperature and volume fraction 

significantly.  

 

To verify the reconstructed results, an R-type high precision thermocouple is used to measure the flame temperature. 

The flame temperature was measured along the flame diameter at 30mm, 40mm, 50mm, and 60mm above the nozzle. 



Figure 10 shows the reconstructed flame temperature compared to the thermocouple measurements. The flame 

temperature measured by the thermocouple was compensated systematically [60]. At each measurement point, fifty 

consecutive readings are taken. The standard deviations for these readings are shown as the error bars in Figure 10. 

The maximum difference between the reconstruction result and the thermocouple result is 67K. It can be noted that 

the reconstructed radial temperature is similar to the thermocouple measurements, which verified the reconstructed 

results of the hyperspectral system. 

 

 

Fig. 10. The comparison of the reconstructed temperatures with the thermocouple measurement. 

 

6. Conclusions 

An iterative approach along with a self-absorption correction strategy is proposed to reconstruct the soot 

temperature and volume fraction of ethylene-air diffusion flames. A hyperspectral imaging system is developed 

and implemented to acquire flame images under various wavelength bands. It has been found that the self-

absorption correction strategy is crucial for an accurate reconstruction of sooting flame temperature and 

volume fraction. Though neglecting self-absorption correction reduces the difficulty of solving flame radiation, 

such neglection increases the reconstruction error significantly. The number of wavelength bands of 

hyperspectral imaging plays an important role to improve reconstruction accuracy. It has been observed that 

more than 55 wavelength bands (i.e., proposed in this study) provide a better reconstruction accuracy of soot 

temperature and volume fraction. Also, the larger number of sampling points improves the flame spectrum 

acquisition accuracy. The proposed hyperspectral system increases the number of sampling points significantly 

within the field of view, thus improving the signal-to-noise ratio of acquired flame spectrum profiles and 

providing the target flame is closer to axisymmetric. Experimental results demonstrate that sooting flame 

temperature and volume fraction can be reconstructed accurately by the proposed hyperspectral system along 

with the iterative reconstruction procedure, which also indicates the reliability and practicality of the system. 

 

In our ongoing research, the hyperspectral imaging system will be improved further to capture a high-speed 

video rate so as to meet the requirements of dynamic flame measurements. The imaging model will also be 

updated to characterize the dynamic flame behavior and to investigate the soot formation mechanism. 
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