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Optimum angular arrangement of a multi-light field imaging technique for 

flame temperature reconstruction  

 

Abstract 

A burner array produces a multi-modal flame temperature field and a compact combustion region. A 

multi-light field imaging technique can retrieve the multi-modal flame temperature accurately. However, 

the angular arrangement of the multi-light field imaging technique is a crucial factor that affects the 

accuracy of the temperature reconstruction. In this study, a method is proposed by integrating a 

Quantum-behaved Particle Swarm Optimization algorithm to optimise the angular arrangement of the 

multi-light field imaging technique and to achieve optimal accuracy of the flame temperature 

reconstruction. The proposed method is evaluated through numerical and experimental studies. The 

proposed method is also evaluated under different angular arrangements of the multi-light field camera 

system. Numerical results demonstrate that the optimal angular arrangement provides better 

reconstruction accuracy in comparison with different angular arrangements. The experimental results of 

the reconstructed temperature distributions of ethylene-air bimodal diffusion flames show that the 

proposed method has good applicability. 
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1. Introduction 

A burner array is widely used in gas-turbine to improve the combustion efficiency which provides a 

distributed combustion with a compact region [1]. The burner array produces various flames and the 

temperature field [2-4]. However, for an in-depth understanding of burner array flames, various 

measurement techniques have been developed [5, 6]. Compared with the intrusive technique, non-

intrusive techniques have been used widely owing to don’t interfering with the flame flow field and 

combustion processes, such as acoustic [7], laser-based [8, 9], and radiative imaging [10, 11] techniques. 

However, the instruments used for the laser-based techniques are complicated thus they are unsuitable 

for industrial environments. The imaging-based techniques are easy to setup compared to laser-based 

techniques and use radiative information to measure the flame temperature fields [12, 13]. Whereas the 

conventional camera records flame projection from a specific angle. Therefore multi-camera (normally 

4 [14] to 48 [15] cameras are necessary) system is needed to record multiple projections from the entire 

array of flames and also to operate all cameras simultaneously. However, the sampling angles of tracing 

rays of the conventional camera are large and thus provide poor sampling accuracy and affect 

reconstruction accuracy [16].  

Recently, the light field camera (LFC) has attracted significant attention to resolve the aforementioned 

problems. The direction of sampling rays is more accurate than the conventional camera [17, 18] as the 

ray’s sampling angle of the LFC is much smaller. The more accurate the direction of the ray, the more 

conducive to the flame temperature reconstruction [19]. A single LFC system or combined with other 

techniques (such as the background-oriented schlieren technique) was used to retrieve the 2-D or 3-D 

flame temperature [16, 20]. A LFC along with a linearly variable wavelength was developed to measure 

the 2-D flame temperature instantaneously [21]. Kim H M et al. [22, 23] adopted the varifocal length 

and wide field of view lenses to increase the sampling capacity of the LFC. The depth of field and field 

of view extended up to ~15m and 60°, respectively. Moreover, some studies have been made to 

investigate the sampling characteristics of the LFC. Such as, Liu et al. [24] investigated the LFC 

sampling characteristics and stated that the single LFC could only provide limited angular information. 

For example, For the Lytro Illum LFC, about 200 pixels are covered per microlens. However, under 

each microlens, the angles corresponding to detected rays are between 21.5° to 23.5°, thus the sampling 

information provided by adjacent rays is similar. The flame produced by the burner array is multi-modal, 

irregular and complex. Although a single LFC provides a simple acquisition system of flame radiation, 

the information collected by the single LFC is limited and insufficient to resolve a complex field.  

The multi-LFC system increases the directional diversity and has been utilized to obtain more sampling 

information. Such as, Liu et al. [24] discussed the multiple LF imaging under the context of flame/flow 

and suggested that an additional LFC could increase the robustness and temperature/velocity 

reconstruction accuracy. Two LFCs with an orthogonal arrangement and the Landweber iteration 

algorithm were utilized to retrieve the 2-D temperature distribution [25]. A multi-plenoptic camera with 

an orthogonal arrangement system was also developed for the 3-D irregular and multi-modal flame 
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temperature measurement [26]. Niu et al. [27] applied two LFCs to obtain radiative intensity from two 

fixed directions for reconstructing the axisymmetric and non-axisymmetric flame temperature, 

absorption and scattering coefficient distributions. La Foy et al. [28] used two LFCs to improve the 

reconstruction fidelity and angular resolution of the 3-D fluid velocity field. Even though numerous 

studies have been done on the multi-LFC system, in most studies, the camera system is either orthogonal 

layout or arranged at equal angles along the circumference.  

The angular arrangement on reconstruction quality has also been investigated, as the angular 

arrangement of the multi-LFC system influences the reconstruction accuracy. For instance, Fahringer et 

al. [29] developed a 3-D particle image velocimetry (PIV) from multiple plenoptic cameras to improve 

the reconstruction quality of the velocity of the ring vortex. The angular separation on the reconstruction 

quality was discussed and found that the maximum quality was obtained at approximately 75°. Mei et 

al. [30] used a dual LFC system to reduce the elongation effects of the reconstructed particles and 

improve the depth resolution in the PIV. The angle separation between two LFCs was investigated and 

found that the reconstruction quality varied with the angular separation and the optimal reconstruction 

quality was reached at an angular separation of 90°. However, these studies focused on the comparison 

of the reconstruction quality at different angular separations for the dual-LFC system, whereas did not 

provide specific angular arrangement information. Moreover, for the multi-LFC system, there is also a 

lack of research on the angular arrangement optimization method. As the burner arrays produce different 

flame structures, thus a targeted optimization of the camera’s angular arrangement for different flames 

under the different multi-LFC systems are crucial to improve the reconstruction fidelity.  

Therefore, it is necessary to develop an angular arrangement optimization method for the multi-LF 

imaging technique. The essence of the optimised angular arrangement method is a multi-objective 

optimization problem. To solve that, Heuristic algorithms are widely used due to their strong robustness 

and simpleness [31, 32]. The Quantum-behaved Particle Swarm Optimization (QPSO) 

algorithm inspired by the principle of traditional particle swarm algorithm and quantum physics is also 

used. It overcomes the shortcomings of the standard particle swarm optimization algorithm, such as 

slow convergence speed and eases to fall into local extremums [9]. The QPSO algorithm successfully 

solved the multi-objective optimization of composite components [33], the inverse radiation and phase 

change problems [34], and the optimization of the codon usage of the synthetic gene [35], etc. 

In this study, a novel method is proposed to optimise the angular arrangement of the multi-LFC system 

for achieving optimal reconstruction accuracy. In this method, the condition number of the coefficient 

matrix of the reconstruction equation is selected as the objective function. The QPSO algorithm is used 

to optimise the angular arrangement of the multi-LFC system. The proposed method is evaluated 

through systematic simulations under various angular arrangements, flame temperature distributions, 

and multi-LFC systems. Experiments were conducted on ethylene-air bimodal diffusion flames to 

reconstruct the temperature and thus verify the applicability of the proposed method. The simulation 

and experimental results are analysed and discussed. 
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2. Multi-light field imaging technique 

The multi-LF imaging technique consists of a multi-LFC system, LF imaging model and flame radiative 

transfer model. Fig. 1 exhibits the working principle of the multi-LF imaging technique, which 

comprises the following steps. Step 1: Image acquisition: Multiple LFCs are synchronized and 

controlled simultaneously to capture LF flame images under different angular arrangements as described 

in Section 2.1. Step 2: Ray tracing: To obtain the LF spatial and angular information accurately, the LF 

imaging model is used to trace the rays from the photosensor to the flame as described in Section 2.2. 

The final step is to combine the information from the multi-LFC system to reconstruct 3-D flame 

temperature distributions through a reconstruction algorithm as described in Sections 2.3 and 4.1. 

 

Fig. 1 Working principle of a multi-LF imaging technique for flame temperature reconstruction. 

To facilitate the flame temperature reconstruction from a multi-LFC system, a common world coordinate 

is used and defined in Fig. 1. Where the Z-axis is perpendicular to the flame cross-section, the X-axis is 

the opposite direction of the photosensor normal vector and the Y-axis is the horizontal direction. 

Regardless of the number of LFCs or their angles of separation, the world coordinate system (X, Y, Z) 

does not change. 

2.1 Multi-LFC arrangement 

Multi-LFC system consists of multiple identical LFCs. The camera’s arrangement is mainly co-planar. 

The cameras are arranged at different angles around the flame as shown in Fig. 1 (a). The multiple 

cameras are synchronized by camera software to capture flame images from different perspectives, 

simultaneously. The procedures of cameras calibrated with each other can be found in Ref. [26]. The 

multi-modal structure of the flame can be captured from different angles, however, at some angles, the 
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multi-modal structure can not be captured due to the flame modals overlapping at this viewing angle. 

These different multi-modal images provide diverse LF information. To obtain adequate LF radiative 

information and to achieve better reconstruction accuracy, it is necessary to place cameras at optimum 

angular arrangements. The proposed angular arrangement optimization method of the multi-LFC system 

is described in Section 3. 

2.2 LF imaging model 

In the multi-LFC system, each camera is treated quasi-independently. As a result, the imaging model of 

the single LFC is the basis of the multi-LFC system. Compared with the conventional camera, the 

sampling angle φ of the LFC is much smaller, so the direction of a sampling ray is more accurate [16]. 

This allows the LFC to simultaneously obtain spatial and angular information in a single exposure 

through the following equations: 

1 1 1

vs s F
+ =

                                       (1) 

v v

m

x s

x s
= -                                         (2) 

where sv and s denote the object and image distance of the lens, respectively; xv and xm are the coordinates 

of the object point and image point, respectively; F is the focal length of the lens; For the main lens, sv 

is equal to the distance between the main lens and object plane, s represents the distance between the 

main lens and the microlens array (MLA), xv is the coordinate of point 4 (x4, y4 z4); xm is the coordinate 

of point 2 (x2, y2, z2), F is the focal length of the main lens; For the microlens, s is the distance between 

the main lens and MLA; s is equal to the distance between MLA and CCD; xv is the coordinate of point 

3 (x3, y3, z3); xm is the coordinate of point 1 (x1, y1, z1), and F is the focal length of the microlens. 

Therefore, the coordinates of the ray passing through the respective planes can be derived according to 

the Eqs. (1) and (2). The polar angle θ and azimuthal angle Ψ are used to represent the direction of the 

ray, which can be calculated through the following equations: 

( ) ( )

3 4

2 2 2
3 4 3 4

( )
= arccos

v

z z

y y z z s



 
− 

 
− + − +  

                        (3) 

                           

3 4
3 4

3 4

3 4
3 4

3 4

arctan ,

arctan 2 ,

y y
y y

x x

y y
y y

x x





  −
  

−  
= 

 −
+   − 

                        (4) 

2.3 Flame radiative transfer model 

After obtaining the spatial and direction of the ray, the next step is to establish the relationship between 

the outgoing radiative intensity at the boundary surface and the internal radiation of a flame. It is the 

basis for realizing the 3-D flame temperature distribution reconstruction. The outgoing radiative 

intensity at the boundary surface of a flame is the accumulation of radiative intensity of all object points 
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along the propagation path. The radiative transfer process within the flame can be described by the 

Radiative Transfer Equation (RTE) [36]. Due to soot being absorptive particles, the scattering effect of 

the soot particles can be ignored during radiative intensity calculation [37]. If the propagation path 

discrete into n parts and each part maintains an approximately uniform temperature, the radiative 

intensity at the flame boundary in the Ω direction can be calculated through the discretized RTE as 

follows: 

( )
1

1 1

( ) 1 exp exp exp
n n n

n i
b n j j b

i j i j i

I I I       
−

= = + =
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  Ω          (5) 

where τλ denotes the optical thickness; Iλ represents the spectral radiative intensity of the ray passing 

through the flame; Ibλ is the spectral blackbody radiative intensity. By integrating the RTE in various 

directions, the outgoing flame radiative intensity recorded by the photosensor can be obtained. It can be 

represented in the form of a matrix and expressed as follows: 
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                  (6) 

where M represents the total number of detection rays, and N is the number of dividing voxels. 

In the multi-LFC system, each of the cameras constructs a matrix format equation like Eq. (6). If the 

number of cameras P are considered in the multi-LFC system, the RTE equation of the multi-light field 

camera system can be expressed as: 
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                       b I = AI                                  (8) 

where Iλ is the outgoing radiative intensity distribution vector received by the LFCs. A is the coefficient 

matrix. Finally, the temperature T can be solved by Eq. (9) [38]. 
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where c1 and c2 are the first and second radiation constants, which are 3.7418×10-16 W∙m2 and 1.4388×10-

2 m∙K, respectively. 

As shown in Fig. 2, the number of flame voxels passed by each ray is far less than the total dividing 
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voxels. As a result, matrix A has the characteristics of sparsity and ill-conditioning with numerous zeros. 

According to Ref. [39], the condition number κ(A) of coefficient matrix A is a fairly good quantitative 

indicator of ill-conditioning in a system of linear equations. Reducing the ill-conditioning of the 

equations can increase the accuracy of the solution. The definition of κ(A) is as follows: 

               ( ) 1κ −= A A A                                  (10) 

The coefficient matrix A would be different for the different angular arrangements of the cameras, and 

thus the κ(A) will also be different. To achieve the best reconstruction results, the cameras need to be 

setup with optimal angles resulting in the lowest κ(A) of coefficient matrix A. 

 

Fig. 2. The schematic diagram of flame radiation sampling with a single LFC.  

3. Optimise angular arrangement method 

To achieve better reconstruction accuracy, the angular arrangement of the multi-LF imaging technique 

needs to be optimised. The optimization of the angular arrangement is a multi-objective optimization 

problem. Heuristic algorithms are widely used to solve multi-objective optimization problems due to 

their strong robustness and simpleness. As a typical heuristic algorithm, the QPSO algorithm is used in 

this study. It is a swarm intelligence technique that utilizes group and individual intelligence to solve 

combinatorial optimization problems. It is also a powerful tool to pinpoint the global minimum under a 

plethora of local minima and solve multi-objective optimization problems due to its faster convergence 

speed and difficulty to fall into local extremums [40]. 

The QPSO algorithm is based on the conceptual model of birds foraging and works as an adaptive and 

robust parameter searching technique. The flocking population of QPSO is called a swarm and the 

individuals are called particles. Where, every particle adjusts its position according to the fly experience 

of itself and its companion, to achieve better self-position and global fitness. For instance, let Χ be a Nw-

dimensional search space and Fobj(χ) be the objective function defined over Χ. As the optimization of 

angular arrangement of the multi-LF imaging technique is a multi-objective optimization problem, so 

the objective function Fobj(χ) can be defined as finding a vector, χ = (χ1, χ2,…, χNw)T
∈Χ that satisfies 

minimizing κ(A) over Χ. If the swarm contains Ns groups, each group has Nw particles, then each group 

can be represented as a potential χ. The position of an ith particle can be denoted as Xi (∀ i = 1, 2, 3, ......, 

Ns×Nw) and the position of a kth group can be denoted as χk = (χk,1, χk,2,…, χk,Nw), k∈Ns. Particles in 
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each group continuously update themselves through Eqs. (11-13), ultimately converging onto the 

optimal position.  
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3
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where Pi is the individual best position defined as the best solution found by the particle during flight; 

Pk is the group best position defined as the best solution found by the particles of this group during 

flight; Pg is the global best solution which is the best position of the whole flock; randu1, randu2, randu3 

and randu4 are four uniformly distributed random numbers on [0, 1]; β is the contraction-expansion 

coefficient; Qi(t) is the local attractor point; Pm(t) is the mean best position defined as the mean of all 

the best positions of the population; The detailed computational procedures of the QPSO algorithm can 

be found elsewhere in [40, 41].  

Fig. 3 provides a detailed implementation procedure of the angular arrangement optimization method of 

the multi-LF imaging technique. In this study, the condition number κ(A) is considered as the objective 

function Fobj in the QPSO algorithm; the particle position Xi represents the angular arrangement of the 

camera; the dimension Nw is the number of LFCs; χ represents a kind of arrangement of the multi-LF 

imaging technique, and the corresponding objective function value that is condition number κ(A) is objk; 

the corresponding objective function value of the multi-LF imaging technique under the optimal 

arrangement is objg. 

The procedures for implementing angular arrangement optimization of a multi-LF imaging technique 

using the QPSO algorithm are described in the following steps: 

Step 1. Select input parameters for the variables Ns, Nw, the search space [lowj, highj] (j=1, 2, …, Nw); 

the maximum number of iterations Nc. 

Step 2. Initialize the position of Ns groups of particles in the Nw-dimensional space randomly. Obtain 

the initial group and global best position Pk(t) and Pg(t), then calculate the corresponding 

objective function value that is condition number objj and objg. Set the current iteration number 

t=1. 

Step 3. Update the Qi(t), Pm(t), Pk(t) and Pg(t) using Eqs.(11-13).  

Step 4. Calculate the objective function value that is condition number Fobj(χ) corresponding to each χ, 

then compare it with objj and objg. If Fobj(χ) < objj, update the individual best position Pi. If 
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Fobj(χ) < objg, update the global best position Pg. 

Step 5. The stop criteria are checked. If the changes of Fobj(Pg) are smaller than the tolerance ε or the 

iteration number exceeds the maximum iteration number Nc, then proceed to Step 6; otherwise, 

set t=t+1and return to Step 3. 

Step 6. Terminate the program once optimised results are achieved. 

 

Fig. 3 Implementation procedure of the QPSO algorithm for the optimised angular arrangement of the 

multi-LF imaging technique. 

4. Numerical studies 

4.1 Numerical setup  

Numerical studies were performed to obtain an optimised angular arrangement for the multi-LF imaging 

technique. The QPSO algorithm is used as the optimization algorithm and the parameters of the QPSO 

algorithm are set as: the number of the particles in the swarm is Ns=20; the maximum number of 

iterations is Nc=2000; the number of dimensions is Nw=1, 2, 3; the search space is [0
° 

j , 360
° 

j ] (j=1,2,…, 

Nw); the tolerance of the minimum fitness ε is 10-8. The flame is treated as cylindrical and divided into 

circumferential(Nφ)×radial(Nr)×axial(Nz) =10×8×6=480 voxels. The parameters of flame and the LFC 

used in the numerical studies can be found in Ref. [42]. It is worth noting that, the temperature and 

absorption coefficient distributions of the burner array's flames are multi-modal and irregular in 

comparison to a single-nozzle burner. In this study, three different multi-modal distributions such as 

bimodal, three-modal and four-modal flame temperature and absorption coefficient are considered. In 

all cases, the temperature range is set from 1000 K to 2000 K, and the absorption coefficient range is 

considered to be 0-30 m-1 [27]. These distributions are generated through the Eqs. (14-15). The 
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parameters of each multi-modal flame are exhibited in Table 1. The corresponding distributions of flame 

temperature T and absorption coefficient κa are shown in Fig. 4. 
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2 2
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where n denotes the number of peaks of each flame; x0,i and y0,i are the coordinates of the bottom of the 

flame modal; x, y, and z are the coordinates of the coordinate system, respectively.  

Table 1. The parameters of the multi-modal flames. 

Simulated Flame Number of modals, n Coordinate 0, 0,( , )i ix y   

Bimodal  2 
(1.20, 090) 

(0.60, 0.90) 

Three-modal  3 

(1.20, 1.10) 

(0.60, 1.10) 

(0.90, 0.60) 

Four-modal  4 

(1.25, 0.90) 

(0.55, 0.90) 

(0.90, 1.25) 

(0.90, 0.55) 

 

 

Fig. 4 The bimodal, three-modal and four-modal simulated flame temperature (a1, b1 and c1) and 

absorption coefficient distributions (a2, b2 and c2). 

The Non-Negative Least Squares (NNLS) algorithm is utilized for flame temperature reconstruction 
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[43]. A detailed description of the NNLS algorithm can be found in Ref. [44]. This algorithm provides 

non-negative reconstructed results and good stability. Based on the camera specification, the minimum 

signal-to-noise ratio (SNR) can be set to 60 dB. Therefore, during the reconstruction process, the 

SNR=55 dB is added to the flame radiative intensity. To evaluate the reconstruction accuracy, the relative 

error ΔTi at ith voxel is calculated. The definition of ΔTi is expressed in Eq. (16). The mean 

reconstruction relative error ΔTmean is defined as Eq. (17). 

, ,

,

rst i ori i

i

ori i

T T
T

T

−
 =                          (16) 

mean

1

1
N

i

i

T T
N

=

 =                           (17) 

where Trst,i and Tori,i are the reconstructed and original temperatures, respectively. 

 

4.2 Effects of different angular arrangements 

To verify the effectiveness of the QPSO algorithm, the optimization process was repeated three times. 

The angular arrangement of a dual-LFC system for the bimodal flame with temperature (T1) and 

absorption coefficient (κa1) distributions were taken into consideration. Under three repetitions, the 

corresponding condition numbers κ(A) are calculated by Eq. 10 and shown in Fig. 5. The computer used 

for calculation is Intel(R) Core (TM) i9-9900K CPU @ 3.60GHz. The iteration time of each step is 398s, 

and the occupied memory is 15665 MB. It can be seen that the initial condition numbers κ(A) of each 

repetition are different due to the initial positions of the particles in the swarm being initialized randomly, 

i.e., the initial condition numbers κ(A) under three repetitions are obtained 3.5088e+08, 4.8216e+09 and 

1.1998e+10, respectively. It can be seen that the condition numbers κ(A) descend stepwise with the 

increase of iterations (partially enlarged Fig. 5). Although the initial κ(A) of three repetitions are 

different, the iterations eventually converge to the same condition number κ(A), which is 4.0373e+06. 

Thus, it is suggested that the QPSO algorithm is an effective algorithm for optimising the angular 

arrangement of the multi-LF imaging technique. 
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Fig. 5 The objective function values at different iterations. 

The final optimal angular arrangement of a dual-LFC system is 174° & 277° under the bimodal flame 

temperature (T1) and absorption coefficient (κa1) distributions. To further verify whether the optimised 

angular arrangement provides better reconstruction quality for the multi-LFC system, a few typical 

angular arrangements of the LFCs are considered and the comparative results are shown in Fig. 6. Case 

1 is the optimised angular arrangement obtained by the QPSO algorithm; Cases 2 and 3 represent the 

commonly adopted angular arrangements that distribute the cameras orthogonally [26, 29]; Case 4 is 

used for comparison which the angular arrangement is developed symmetrically [30]. Numerical 

simulations were carried out for these four cases. The condition numbers κ(A) and temperature 

reconstruction errors were calculated for each case and shown in Table 2. It can be seen that the condition 

numbers are varied dramatically from case to case, indicating the angular arrangement of LFCs has a 

critical effect on the ill-conditioning of the reconstruction. For Case 4, the condition number is very 

large, which indicates that the ill-conditioning of reconstruction is worse. The maximum reconstruction 

error reaches 74.90%. Orthogonal arrangements like Cases 2 and 3 also provide poor reconstruction 

quality. The LF information captured by Case 3 is more conducive to reconstruction than by Case 2, so 

the condition number κ(A) and reconstruction error obtained by Case 3 are smaller. It can be seen that 

the optimal angular arrangement of the dual-LFC system is obtained for Case 1, when the cameras 

arrange at the optimal angles, the condition number κ(A) is reduced to 4.0373e+06. Therefore, Case 1 

provides a better reconstruction quality than the other cases. It is also suggested that 1) the condition 

number κ(A) is a good quantitative indicator of ill-conditioning of the reconstruction; 2) the optimal 

angular arrangement of the multi-LF imaging technique optimised by the QPSO algorithm improves the 

flame temperature reconstruction quality.   
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Fig. 6 Angular arrangements of the dual-LFC system. 

Table 2. The condition numbers κ(A) and temperature reconstruction errors of bimodal flame when 

two LFCs arrange at various angles. 

Case 
Condition 

Number κ(A) 

Reconstruction Error 

Maximum Mean 

1 4.0373e+06 51.05% 5.14% 

2 4.2221e+08 59.52% 6.05% 

3 3.7710e+07 55.19% 5.65% 

4 1.0188e+10 74.90% 7.02% 

 

4.3 Angular arrangement optimization under different multi-LFC systems 

It is important to investigate the optimal angular arrangement of the different multi-LFC systems. 

Because different systems lead to different flame temperature reconstruction accuracy. In this study, the 

QPSO algorithm is used to optimise the angular arrangement for the bimodal flame temperature (T1) 

and absorption coefficient (κa1) distributions under three multi-LFC systems, which contain single, dual 

and three-LFCs, respectively. The optimised angular arrangements and the calculated LF images from 

optimised angles are shown in Table 3 and Fig. 7. It can be seen that different multi-LFC systems occupy 

different optimal angular arrangements. A camera arranged at 226° is the optimal angular arrangement 

for the single LFC system, 174° & 277° for the dual-LFC system and 63° & 218° & 316° for the three-

LFC system. The simulated LF images from various angles also demonstrated the differences in flame 

radiative information from different perspectives. As can be seen, when the camera arranges at 277°, 

two flame modals can be captured explicitly.  

The reconstruction performance is investigated for three multi-LFC systems under the bimodal flame. 

The reconstructed flame temperature and relative error distributions are shown in Fig. 8 and 9. Table 3 

also demonstrates the condition numbers κ(A), and mean and maximum relative errors of the three 

systems. It can be seen that among the three systems, the ill-conditioning of reconstruction constructed 

by the single LFC system is the worst, which the κ(A)= 3.0924e+11. The poorest reconstruction quality 
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is also achieved, particularly at the top regions of the flame. The three-LFC system demonstrates a higher 

accuracy than the dual-LFC system. The condition number κ(A) and mean relative error for the three-

LFC system are only 3.3955e+04 and 3.20%. The κ(A) and reconstruction errors decrease with the 

increasing number of cameras, indicating that the richer the collected flame radiative information, the 

more accurate the reconstructed flame temperature. As a consequence, the QPSO algorithm can 

effectively optimise the angular arrangement of different multi-LFC systems. 

 

Fig. 7 Example of simulated LF flame images under different angular arrangements. 

 

Table 3. The condition numbers κ(A) and temperature reconstruction errors of bimodal flame under 

different multi-LFC systems. 

Case  
Camera 

System 

Arranged 

angles 

Condition 

number κ(A) 

Reconstruction error 

Maximum Mean 

1 1st 226° 3.0924e+11 68.83% 11.16% 

2 
1st 174° 

4.0373e+06 51.05% 5.14% 
2nd 277° 

3 

1st 63° 

3.3955e+04 41.29% 3.20% 2nd 218° 

3rd 316° 

 

 

Fig. 8 The reconstructed temperature distributions of bimodal flame under  

different multi-LFC systems. 
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Fig. 9 The relative error distributions of reconstructed bimodal flame temperature  

 under different multi-LFC systems. 

 

4.4 Angular arrangement optimization under different flames 

Compared with the single-nozzle burner, the flame temperature and absorption coefficient distributions 

produced by the burner array are multi-modal and irregular. It is crucial to examine the optimal angular 

arrangement of the multi-LF imaging technique for different flames. In this study, bimodal, three-modal 

and four-modal flames are considered. Their corresponding temperature and absorption coefficient 

distributions are defined by Eqs. (14-15). The QPSO algorithm optimises the angular arrangement of 

the dual-LFC system under three kinds of flames. Fig. 10 shows the optimal angular arrangements of 

the dual-LFC system. It can be seen that 174° & 277°, 138° & 241° and 66° & 169° are the optimal 

angular arrangements for the bimodal, three-modal and four-modal flame, respectively. Even though 

different flames occupy different optimal arranged angles, the angular separation between two optimised 

arranged angles of the dual-LFC system is 103°.  

 

Fig. 10 The optimal arranged angles of the dual-LFC system under different flames. 

The flame temperature fields are reconstructed using the radiative information collected by the cameras 

placed at the optimal angles. The reconstructed flame temperature distributions under three flames are 

shown in Fig. 11. The corresponding relative errors and condition numbers κ(A) are shown in Fig. 12. 
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It can be seen that there is a small difference between the reconstructed and original temperature. The 

condition numbers κ(A) of the bimodal, three and four-modal flames are 4.0373e+06, 4.8884e+7 and 

5.3031e+07, respectively. The reconstruction constructed by the three and four-modal flames has a 

higher ill-conditioning than the bimodal flame. Due to the weaker ill-conditioning of the bimodal flame, 

the highest reconstruction quality is obtained. Hence, the QPSO algorithm can optimise the angular 

arrangement of the multi-LF imaging technique under different flames. 

 

Fig. 11 The reconstructed temperature under different flames and voxels. 

 

Fig. 12 The condition numbers κ(A) and reconstruction errors under different flames. 

5. Experimental results and discussions 

To evaluate the proposed technique, experiments were conducted on ethylene-air bimodal diffusion 

flames as shown in Fig. 13. The experimental setup mainly includes a burner and an image acquisition 
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system which include two LFCs and a computer that is used to capture flame images synchronously. In 

this study, the cage-type LFC is utilized [26]. The size of the microlens is 100 × 100 μm and f # = 4.2. 

A Nikon 50mm 1.8D lens is used as the main lens. The CCD sensor of the LFC has a resolution of 3312 

(H) × 2488 (V), and the pixel size is 5.5 μm. Two LFCs are arranged on a circular slide. Cameras 1st and 

2nd are arranged at 174° and 277°, respectively. Both cameras are of the same height and equidistant 

from the center of the burner. The burner is fixed in the center of a round breadboard. The ethylene fuel 

is injected through the nozzles on the nozzle plate. The structure of the dual-nozzle plate is shown in 

Fig. 13. The distance between the centers of the two nozzles is 24 mm. The air is injected through annular 

nozzles made of glass beads and meshes. The injected air not only provides the oxidizer but also protects 

the flame from surrounding disturbance [45]. The experiments were carried out in a dark room to avoid 

stray radiation. Both cameras have the same exposure time of 110 μs. Three different operation 

conditions were performed, which are shown in Table 4.  

 

Fig. 13 Experimental setup of a multi-LFC system for bimodal flame temperature reconstruction. 

 

Table 4. Ethylene-air diffusion flame conditions. 

Condition Ethylene (L/min) Air (L/min) 

1 0.20  

10.00 

 

2 0.25 

3 0.30 

 

Fig. 14 shows the captured LF images of bimodal flame under different conditions. It can be seen that 

the arranged angles of the cameras determine the difference in the captured flame images. Due to the 

bimodal flame produced by two nozzles being separate, the images captured from Camera 2nd exhibit 

the two-modal profile of flame. The LF flame images captured by cameras are used to reconstruct the 

bimodal flame temperature distributions. Before capturing flame, a dark image was collected first to 

eliminate the noise of the photosensor. The flame was divided into Nφ×Nr×Nz=82×80×8=52480 voxels. 

The flame temperature distribution was reconstructed by the NNLS algorithm. The reconstructed 

bimodal flame temperature distributions are exhibited in Fig. 15. The highest temperature region appears 

in the middle of the flame due to the full mixing of fuel and air and the bulk chemical energy released 
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in this zone. Away from this zone, the temperature gradually decreases, therefore the temperatures 

between the two peaks and the top of the flame are low.  

 

Fig. 14 Captured LF images under different conditions.  

 

Fig. 15 The reconstructed bimodal flame temperature distributions over cross-sections under different 

operation conditions.  

To compare the reconstructed temperature distributions by optimum and non-optimum angular 

arrangements, the LF flame images were also captured by non-optimum angular arrangements at 190° 

& 315° under condition 2. The LF flame images and reconstructed flame temperature distribution by 

non-optimum angular arrangement are shown in Fig. 16. Compare Fig. 16 (a) with Fig. 14 (b), the 

camera positioned at 277° can better reflect the relative position of the two models, especially the 

distance between two modals. Further comparison of the reconstruction results can be seen that, although 

the profile of two flame modals can be reconstructed by the non-optimum angular arrangement, some 

regions were not successfully reconstructed, especially the flame modal at the left. 
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Fig. 16 The LF flame images and reconstructed temperature distribution by non-optimum angular 

arrangement.  

To verify the reconstructed results, the R-type high precision thermocouple was also used to measure 

the flame temperature. Fig. 17 shows the experimental setup of flame temperature measurement using 

the thermocouple. The setup mainly comprises a motorized precision translation stage and a 

thermocouple. The translation stage can realize horizontal and vertical movement. The probe of the 

thermocouple is fixed on the translation platform to achieve temperature measurement at different 

positions. The flame temperature was measured at nine points along the flame diameter at Z=15mm. 

The flame temperature measured by the thermocouple was compensated systematically [46]. At each 

measurement point, 50 consecutive readings are taken. The standard deviations (STDs) for these 

readings are shown in Fig. 18. Fig. 18 also shows the reconstructed flame temperature compared to the 

thermocouple measurements. It can be noted that the reconstructed radial temperature is similar to the 

thermocouple measurements. The two measurements were observed to be in good agreement. The 

maximum difference between the reconstruction result and the thermocouple result is 83K and appears 

at R=-15mm, the cameras arranged at optimal angles can provide good reconstruction results. 

 

Fig. 17 Experimental setup of flame temperature measurement using a thermocouple 
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Fig. 18 The comparison of the reconstructed temperatures with the thermocouple measurement at 

Z=15mm under Condition 1. 

6. Conclusions 

A novel angular arrangement optimization method of the multi-LF imaging technique is proposed to 

achieve optimal flame temperature reconstruction accuracy. Simulations systematically evaluate the 

proposed method under various angular arrangements, multi-LFC systems, and flame temperature 

distributions. Experiments were conducted on ethylene-air bimodal diffusion flames to reconstruct the 

temperature and thus verify the applicability of the method. The conclusions drawn from this study are 

summarized below. 

• This study proposes an angular arrangement optimization method that uses the condition 

number of the reconstruction equation coefficient matrix as the objective function. The 

condition number is a good quantitative indicator of ill-conditioning of the reconstruction. The 

QPSO algorithm is an effective algorithm for optimising the angular arrangement of the multi-

LF imaging technique. 

• The condition number and reconstruction errors decrease with the increasing number of 

cameras, indicating the richer flame radiative information collected, the more accurate the flame 

temperature reconstructed.  

• The proposed method enables optimization of the multi-LF imaging technique’s angular 

arrangement under different flames. 

• The proposed method can optimize the angular arrangement of the multi-LFC camera system, 

in which the number of cameras is not limited. This method can provide specific angular 

arrangement information for flames, not just angular separation. 

Future work will focus on the application of the proposed method to the actual burner array of gas-

turbine flames, as well as utilizing parallel techniques to improve the speed of the optimization process. 
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