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In this work, an optical emission-based two-color method was experimentally in-
vestigated for the measurement of surface temperatures of different types of fly 
ash samples using a CCD camera. A heating system consisting of a Hencken flat-
flame burner, a narrow piece of stainless steel wire mesh to separate the flame 
and the ash samples to be studied, and a thermocouple to record the temperature, 
was used to heat fly ash samples. A color camera equipped with a tri-band filter 
was used to capture radiation images. Fly ash samples collected from three kinds 
of coal-fired boilers were heated and imaged at different temperatures. The 
chemical compositions, elements, and particle size distributions were analyzed. 
The emissivity ratios of the wavelengths corresponding to the R and G optical 
channels and permitted by the tri-band filter were experimentally determined. A 
two-color method was subsequently used to calculate the average surface tem-
peratures with relative errors within ±2% in the experiments, and an uncertain-
ty analysis was conducted. Surface temperature distributions were also calculat-
ed and presented. The results demonstrate that the emission-based two-color 
method can be used to determine reliable average surface temperatures and sur-
face temperature distributions when the radiation emitted from the ash samples is 
obviously greater than the ambient light. The results also show that the method 
has a lower limit of temperature measurement, which will lessen with the use of 
larger apertures and a higher radiation capacity of the ash samples to be studied. 
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Introduction  

Surfaces of boiler tubes often suffer from serious ash deposition due to long expo-

sure to high-temperature and dusty flue gas environments. Ash deposits on the convection 

surfaces can decrease thermal efficiency, and can even cause boiler tube failures [1-4].  

Ash deposition is a dynamic process, and the ash-blowing parameters therefore de-

pend greatly on the real-time monitoring of the ash deposition status. Directly visible morpho-

logical features can be used to describe the status of the ash deposition, and these features can 
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be monitored using imaging devices, however, protecting camera lenses from high tempera-

tures and dust remains a key problem. Zhou et al. [5, 6] used a digital imaging system pro-

tected by cooling water and compressed air to monitor the growth of ash deposition. Addi-

tionally, surface temperature plays an important role in ash deposition [7-10]. Zhou et al. [11] 

found that the temperature of the deposition surface had a significant effect on the deposition 

rate and morphology, and that the deposition thickness increased as the surface temperature 

decreased. Ash deposits also provide thermal resistance, and the surface temperatures of ash 

deposits increase with growth [12]. Zhou et al. [6] also calculated the effective thermal con-

ductivity, which is a key parameter in ash deposition modeling and boiler design. In the calcu-

lations, the surface temperature was measured by thermocouples using a method developed by 

Zheng et al. [13]. A thermocouple provides the temperature of a single point, however, the 

temperatures of a surface may not be consistent. Panchal et al. [14] used ten thermocouples to 

record the surface temperatures of a battery, under the assumption that each temperature rep-

resented an average temperature of the area around the sensor. Thermocouples have small di-

mensions and ease of handling but are required to be attached to the surfaces that they meas-

ure [15, 16], for example, Martinez et al. [17] welded 26 thermocouples directly into a wall 

plate to measure wall temperatures. Moreover, the use of thermocouples affects the nearby 

flow field [18].  

The optical emission-based method is sometimes used for the measurement of the 

temperature of power utility boilers and furnaces, due to its non-invasiveness, minimal dis-

turbance, and ease of acquiring the temperature distribution [19-23]. Based on color images 

captured with color cameras, temperature distributions can be determined according to the ra-

diation intensity captured by the optical channels. For calculation, the two-color method, 

which eliminates the influence of all other factors except the temperature, is widely used  

[24-27]. Huang et al. [28] used an RGB pyrometer to measure the surface temperature of a 

deposit. Via the RGB pyrometer [25, 28, 29], temperatures are calculated according to the re-

sponse ratios of the optical channels, which is called color-ratio pyrometry, and the grey-body 

assumption is adopted. In color-ratio pyrometry, the temperature is determined based on the 

relationship between the response ratio and the temperature, while the differences in the radia-

tion characteristics are ignored, i.e., the grey-body assumption is adopted. With the intensity-

ratio method, temperatures are calculated according to the ratios of intensity with assumed or 

pre-determined radiative characteristics, and the adoption of the grey-body assumption can 

therefore be avoided. The use of filters to let narrow-bandwidth emissions pass through each 

optical channel further increases the measurement accuracy [30, 31]. However, little research 

has focused on the surface temperature measurement of ash depositions using the intensity-

ratio method. Therefore, this paper focuses on the experimental investigation of the radiative 

characteristics of different types of fly ash samples necessary for the implementation of the 

intensity-ratio method, and the experimental verification of the feasibility of the method for 

the measurement of the surface temperatures of fly ash samples. 

In this paper, the surface temperatures of three types of fly ash samples are experi-

mentally investigated using an optical emission-based method. First, the experimental set-up 

is briefly introduced. Then, the radiative characteristics are experimentally determined, and 

analyses of chemical compositions, elements, and particle size distributions of the tested ash 

samples are also presented. The performance of the optical emission-based method for the 

measurement of the average surface temperature and surface temperature distribution is also 

experimentally verified. Finally, the findings of this study are summarized. 
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Experimental set-up 

Ash samples were heated using a Hencken flat-flame burner that consists of hun-

dreds of non-premixed flamelets. The burner was the same as that used in the work by Gao 

et al. [32], however, in the present study, the burner was placed facing upward. Flames were 

generated using CH4, air, and O2. Figure 1 schematically illustrates the details of the experi-

mental set-up. A narrow piece of stainless steel wire mesh was placed above the burner to 

separate the flame from a K-type thermocouple, and the wire mesh did not touch the burner. 

The longer side of the wire mesh was longer than the burner, guaranteeing that few emissions 

of the flame could be detected above and along the longer side of the wire mesh. The K-type 

thermocouple was suspended above the wire mesh without touching it, and was placed along 

the longer side of the wire mesh. A small lump of ash sample was stacked on the front end of 

the thermocouple, and was protected by the wire mesh from being blown away. 

 

Figure 1. Experimental system 

A color camera (type: Manta G504C) 

equipped with a lens (type: Computar TEC-

M55) was used to take images along the longer 

side of the wire mesh. The front of the lens was 

equipped with a tri-band filter (type: Edmund 

432, 517, and 615 nm Tri-Band Filter), the pa-

rameters of which are reported in tab. 1. Each 

of the three bands allowed radiation around the 

center wavelength to pass through one of the 

camera’s optical channels, i.e., the R, G, or B 

channel. The imaging system containing the 

camera, lens, and filter was calibrated using a 

blackbody furnace (type: Mikron M330). The 

calibrations of each optical channel established 

the relationship between the response value di-

vided by the exposure time and the intensity 

captured by the camera. After calibration, the 

parameters of the lens and camera, excluding 

the exposure time, were fixed. Moreover, the distance between the imaging system and the 

ash sample was the same with that between the black body furnace and the system during cal-

Table 1. Parameters of the tri-band filter 

 Band Band Band 

Center wave-
length [nm] 

432 517 615 

Bandwidth 
[nm] 

36 23 61 

 

Figure 2. Image of the ash sample, 
thermocouple, and flame 
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ibration.  Figure 2 is an image taken by the camera. As shown in the figure, the thermocouple 

and ash samples were separated from the flame. Moreover, the amount of each ash sample 

was very small, and the ash sample covered the upper surface of the thermocouple. Therefore, 

the average temperature of the ash sample was assumed to be the same as that of the head of 

the thermocouple. 

Analysis of ash samples 

Determination of radiative characteristics 

Three types of ash samples, respectively collected from a pulverized coal-fired boil-

er (PCFB), a circulating fluidized bed boiler (CFB), and an industrial boiler (IB), were exper-

imentally investigated. The radiation intensity of each sample was determined based on the 

images captured using the camera. Figure 3 presents the response values per millisecond for 

the R, G, and B optical channels at different temperatures, based on a series of experiments. It 

can be seen that the ash samples collected from the PCFB had a higher radiation capacity than 

the other two types. The values in the B optical channels were much smaller than those in the 

R and G optical channels, this is because the radiation intensity decreases as the wavelength 

decreases. Moreover, some differences were found between the first center wavelength of the 

tri-band filter (432 nm) and the wavelength with the strongest response of the B optical chan-

nel. Therefore, this paper investigates a two-color method that uses the radiation intensity at 

the R and G optical channels to calculate the temperature. In the calculations mentioned pre-

viously, the values were the averages of 11 × 11 pixels located inside and near the top of the 

ash sample area.  

According to Planck’s Law, given the radiation intensity and temperature, emissivity 

can be calculated: 
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where ε(λ) is the emissivity, c1 and c2 – the radiation constants, and T – the temperature. Ac-

cording to Wien’s approximation, the temperature can be calculated using the intensity of two 

wavelengths: 

     

Figure 3. Response values per millisecond in (a) R and G optical channels and (b) B optical channel 
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The emissivity ratios are necessary for the 

two-color method, and can be determined ac-

cording to the radiation intensity at known tem-

peratures using eq. (1). Based on a series of ex-

periments, and according to the temperatures 

provided by the thermocouple and the intensi-

ties given by the imaging system, the emissivity 

ratios at different temperatures for the three 

types of ash samples were experimentally de-

termined, as presented in fig. 4. As shown in 

this figure, each ratio fluctuated in a range 

smaller than 0.1, thus establishing the imple-

mentation basis of the two-color method. Using 

the average ratios presented in tab. 2, the two-

color method was adopted. 

Table 2. Average ratios between emissivity at 615 nm and 517 nm 

Analyses of chemical compositions,  

elements, and particle sizes 

The analyses of chemical compositions and elements were conducted using an X-ray 

fluorescence (XRF) analysis device (type: PANalytical B.V.-AXIOS), and the results are ex-

hibited in fig. 5. It can be seen from the figure that the composition and elements of all three 

types of ash samples were similar in some respects, but different in others. The analysis of the 

particle sizes was conducted using a laser particle analyzer (type: Beckman Coulter LS 13 

320), and the results are presented in fig. 6. As shown in the figure, the ash samples collected 

from the PCFB had the largest particles. Therefore, different chemical compositions, ele-

ments, and particle sizes result in different radiation capacities [33]. 

Results and discussion 

Measurement of the average surface temperature  

using the two-color method 

Using the average emissivity ratios of the wavelengths of the R and G optical chan-

nels presented in tab. 2, the two-color method was used to determine the average surface tem-

perature using eq. (2). Figure 7 presents the temperature results, along with the temperatures 

given by the thermocouple and the relative errors. The figure indicates that, within the tem-

perature range of the experiments, the two-color method provided temperature results with 

relative errors within the range of ±2%. 

 
Figure 4. Emissivity ratios between 615 nm, R, 

and 517 nm, G 

Type PCFB CFB IB 

Emissivity, 615 nm/Emissivity, 517 nm 0.57 0.62 0.73 
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Figure 5. Results of XRF analysis; (a) chemical compositions and (b) elements 

   

Figure 6. Particle size distributions; (a) volume fractions and (b) cumulative volume fractions 
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According to eq. (2), the error caused by the calculation can be estimated: 
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where rRG equals εR/εG. With the measurement noise for both two intensities at 1%, and with 

the relative error in the emissivity ratio of 5%, according to fig. 4, when T = 1300 K, the esti-

mated relative error of the temperature was 1.52%. The experimental results and the uncer-

tainty analysis demonstrate that the emission-based two-color method in the visible light re-

gion can provide reliable results of the average surface temperature of high temperature ash 

samples. 

    

Figure 7. Surface temperatures measured using the two-color method; (a) average temperatures and 
(b) relative errors 

Measurement of surface temperature distributions 

The calculations reported in the previous subsection were conducted using average 

values of 11 × 11 pixels located inside and near the top of the fly ash area. The two-color 

method could also be used to calculate the surface temperature distribution for the entire fly 

ash area. Figure 8(b) shows the surface temperature distribution of fly ash collected from the 

PCFB when the temperature provided by the thermocouple was 960 °C, i.e., 1233.15 K. Fig-

ure 8(a) indicates the calculation area. The images captured by the camera contain 2056 × 

2452 pixels. Figure 9 shows the surface temperature distribution of the ash samples collected 

from the CFB boiler, and the temperature provided by the thermocouple was 1000 °C, i.e., 
1273.15 K. Here, the amount of the ash sample was less than those in the other two cases. As 

shown in fig. 9(b), the temperatures of the right side were closer to that provided by the ther-

mocouple. This may be because the amount of the ash sample was greater; the other areas 

might have smaller ash sample and were consequently more easily influenced by disturbances 

in the experiments. For ash samples collected from the CFB boiler and the IB, the emissions 
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were weaker than those of the ash sample collected from the PCFB. Moreover, the thermo-

couple also emits radiation at high temperatures. Therefore, in the measurements of the ash 

samples collected from the CFB boiler and the IB, the front end of the wire mesh was folded 

up to shelter the emissions of the thermocouple, thus making the thermocouple unrecognized 

in the images. Figure 10 presents the surface temperature distribution of ash samples collected 

from the IB when the thermocouple read 990 °C, which equates to 1263.15 K. The results 

demonstrate that the emission-based two-color method can provide reliable surface tempera-

ture distributions for high-temperature ash samples.  

   

Figure 8. Surface temperature distribution of the ash sample collected from the PCFB, 1233.15 K;  
(a) image (exposure time = 60 ms) and (b) temperature distribution 

   

Figure 9. Surface temperature distribution of the ash sample collected from theCFB boiler 1273.15 K; 
(a) image (exposure time = 60 ms) and (b) temperature distribution 

Lower limit of the temperature measurement  

using the two-color method 

Ash samples with temperatures lower than those presented in figs. 3, 4, and 7, were 

also experimentally investigated using the two-color method. Figure 11 presents an image of 

the ash sample collected from the PCFB at a temperature of 680 °C, i.e., 953.15 K. The other 

parts of the thermocouple can be recognized, as indicated by the arrow on the right side of the 

figure. The experiments were conducted in a dark room, demonstrating that the emission of 

the ash sample was very weak. Moreover, the exposure time of the image 
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Figure 10. Surface temperature distribution of the ash samples collected from the IB, 1263.15 K;  
(a) image (exposure time = 60 ms) and (b) temperature distribution 

was 10 seconds, which is not suitable for real-time measurement. Therefore, in this situation, 

the results of the method are not reliable. In other words, the emission-based two-color meth-

od in the visible light region has a lower limit when measuring temperature. Table 3 reports 

the average surface temperatures and relative 

errors at lower temperatures, which also result-

ed in lower response values per millisecond. 

Moreover, the parameters of the lens were fixed 

to be consistent with those used during the cali-

brations. Therefore, the response values per 

millisecond can be improved with larger aper-

tures to receive more light and a higher radia-

tion capacity of the ash samples to be studied, 

resulting in more reliable results at lower tem-

peratures, thereby reducing the lower limit of 

the measurable temperature scope. 

Table 3. Measurement results at low temperatures 

 

Figure 11. Image with low temperature  
(ash sample collected from the PCFB, 

temperature = 953.15 K, exposure  
time = 10000 ms) 

Type Temperature [K] R/t [ms–1] G/t [ms–1] Measured temperature [K] Relative error [%] 

PCFB 
953.15 1.03 0.21 3787.92 297.41 

1022.15 8.91 1.70 566.78 –44.55 

CFB 

1093.15 10.06 2.31 924.22 –15.45 

1103.15 12.05 3.49 1121.75 1.69 

1116.15 13.18 4.64 1244.20 11.47 

IB 

1117.15 10.41 1.97 819.11 –26.68 

1123.15 8.94 1.68 499.45 –55.53 

1154.65 24.91 4.84 1100.48 –4.69 

1163.15 14.78 2.75 976.85 –16.02 

1185.15 44.15 8.58 1152.59 –2.75 
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Conclusion 

Three types of fly ash samples respectively collected from a PCFB, a CFB, and an 

IB were experimentally investigated. A Hencken flat-flame burner was used to heat the ash 

samples to high temperatures, and a color camera equipped with a tri-band filter was used to 

capture radiation images. The radiative characteristics were determined based on a series of 

experiments using the temperatures recorded by a thermocouple and intensities given by the 

imaging system. Analyses of the chemical compositions, elements, and particle sizes were al-

so provided. An emission-based two-color method for use in the visible light region was ex-

perimentally analyzed and verified, and an uncertainty analysis was provided. The conclu-

sions of the work are summarized as follows. 

• The use of the emission-based two-color method in the visible light region can provide 

reliable results of average surface temperatures when the radiation emitted from the ash 

samples is obviously larger than the ambient light. 

• The method can also provide reliable surface temperature distributions for high-

temperature ash samples. 

• The method has a lower limit of temperature measurement, which can be lessened with 

larger apertures to receive more light and a higher capacity of the ash samples to be stud-

ied. 
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Nomenclature 

c1 – radiation constant [Wm3] 
c2 – radiation constant [mK] 
I – radiation intensity [Wm–3Sr–1] 
T – temperature [K] 

Greek symbols 

ε – emissivity [–] 
λ – wavelength [m] 
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