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Abstract: Recently, the diversification of fuels in the field of ship energy has been recognized as an essential market change in emission 

reduction regulations. In particular, the fuel blending of LNG ships is the most common technology that can reduce carbon dioxide 

emissions without replacing existing diesel engines. Precise measurement of the flame temperature is essential for connecting an ex-

isting diesel engine with a new fuel composition. This study verified the possibility of measuring flame temperature by using thermal 

imaging cameras with the advantages of non-contact measurement, wide-area measurement, and real-time measurement. Thin filament 

pyrometry (TFP) technology is applied according to the thermal imaging camera characteristics, and errors between measurement areas 

are minimized using the inverse square law. Bunsen premixed flames (equivalence ratios: 0.7, 1.0, and 1.3) and a counter-diffusion 

flame were adopted to measure the flame temperature by using 1D numerical calculations. The measurement distances between the 

flame and the camera were 40, 45, and 50 cm. The obtained results showed a maximum accuracy of 96% for the Bunsen premixed 

flame compared to the calculation. Based on these data, a verification test was conducted on the counter-diffusion flame, and an error 

rate of 1.3% was obtained using the method proposed in this study. 
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1. Introduction 
The response to air pollution is a global trend and is also criti-

cal in the shipping industry. In particular, in efforts to cope with 

greenhouse gases (GHG) such as CO2, various energy proce-

dures, such as the energy efficiency design index (EEDI), energy 

efficiency existing ship index (EEXI), ship energy efficiency 

management plan (SEEMP), and carbon intensity indicator (CII), 

are closely related to energy efficiency management [1][2][3]. In 

other words, energy efficiency management goes beyond the pur-

pose of optimal device efficiency and makes a significant contri-

bution in terms of environmental protection through carbon emis-

sion reduction. 

Recently, in the marine shipbuilding industry, the most prom-

inent technology in energy efficiency management based on car-

bon emission reduction has focused on extending the use of ex-

isting diesel engines through fuel blending with LNG. To in-

crease the synchronization between the new blending fuel and 

existing diesel engines, the gas expansion rate, which is related 

to gas explosions during the four-stroke process, must be similar 

to that of general diesel fuel. According to the ideal gas law, the 

gas expansion rate can be estimated in proportion to the temper-

ature of the combustion reaction. Therefore, a precise measure-

ment of the combustion temperature is essential for the use of 

new blending fuels [4][5].  

Table 1 lists the characteristics of the methods used for the 

temperature measurement. The commonly used thermocouple 

method is the point measurement method, which has been stud-

ied for many years owing to its convenient device construction, 

and has the disadvantage of not being able to accurately measure 

a continuous temperature distribution. There are contactless tech-

nologies such as coherent anti-Stokes Raman spectroscopy 

(CARS) and tunable diode laser observation spectroscopy 

(TDRAS); however, they are not popular for non-real-time, ex-

pensive equipment [4][6][7]. 
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Infrared thermal imaging technology has advantages such as 

non-contact measurement, wide-area measurement, and real-

time measurement. Therefore, it is widely used in various indus-

trial groups to measure continuous temperature distributions. It 

is used for non-destructive inspection and preventive mainte-

nance in many fields, such as electrical, medical, aviation, rail-

way, and composite materials, and is expanding to include struc-

tural design and manufacturing process control management 

[8][9]. However, because temperature measurement through 

thermal imaging technology is a method of measuring the infra-

red energy emitted from a solid surface, it is considerably diffi-

cult to measure the temperature of a gas, which emits signifi-

cantly less infrared energy. Kim et al. [10] estimated the temper-

ature fields of ultrasonic atomized slit-jet flames using a photo-

graph with a thermal imaging camera and a high-speed camera. 

They confirmed that the thermal radiation energy of various 

wavelength bands is emitted from the combustion field; however, 

only a few visible wavelength areas are recognized as flames in 

high-speed cameras. Whereas, thermal imaging cameras can be 

visualized, including wide wavelength bands. Therefore, gas 

temperature measurement using a thermal imaging camera has 

the advantage of being able to visualize wide wavelength bands. 

However, it has the disadvantage of being unable to evaluate the 

exact temperature value. 

Thin film pyrometry (TFP) is a technique for measuring tem-

perature by using extremely thin filaments. Silicon carbide (SiC), 

which is mainly used as the filament material, has a thermal con-

ductivity 40 times lower than that of R-type thermocouples. Fur-

thermore, the error caused by soot was minimized. Many previ-

ous studies have reported temperature-correction relationships 

based on the intensity of SiC emission using intensified charge-

coupled device (ICCD) cameras, digital cameras, and indium-

gallium-arsenic detectors [11][12][13][14].  

In this study, to precisely evaluate the gas temperature by us-

ing a thermal imaging camera, the temperature was measured in 

a counter-diffusion flame after performing temperature calibra-

tion with SiC. The results of the measured temperature can be 

guaranteed by conducting a validation with the 1D simulation re-

sults to ensure reliability. 

2. Experimental method

2.1 Thermography measurement principle 
A thermal imaging technique can be applied in the infrared re-

gion, which allows the measurement of the surface temperature 

of all objects [8][9][15]. The temperature measured by the ther-

mal imaging camera can be expressed in terms of spectral colors. 

Equation (1) is the basis of the principle of infrared thermal im-

aging based on Stefan–Boltzmann’s law. The total radiant energy 

radiated from a black body as an abnormal substance is propor-

tional to four squares of its absolute temperature, and the emis-

sivity varies depending on the type, surface, and wavelength of 

the object based on the black body emissivity value of 1. If radi-

ant energy is applied to an object, it is transmitted, reflected, ab-

sorbed, and emitted. If the object is black, the incident energy is 

completely absorbed by the object and then re-emitted 

[8][15][16][17]. 

𝑊𝑊 = 𝜀𝜀𝜀𝜀𝑇𝑇4 [𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊/𝑚𝑚2]    (1) 

The main specifications of the thermal imaging camera used 

in this study are listed in Table 2. The measurable range of tem-

perature is +300 °C to +2000 °C, and it has a resolution that can 

be measured at intervals of emissivity of 0.01. In order to extract 

the relative RGB difference per pixel, the temperature spectrum 

was fixed with the widest possible emissivity. The main factors 

affecting the correction temperature are: emissivity, reflection 

temperature, relative humidity, atmospheric temperature, and ob-

ject distance. In this study, the flame conditions and photographic 

distance were set as variables, whereas the other conditions re-

mained constant. 

Table 1:  Comparison of the main measurement techniques used in combustion study 

Item Thermocouple Infrared thermometer LIF 

Measurement Temperature Temperature Temperature, 
Concentration 

Type Contact Non 
contact 

Non 
contact 

Range 1 point 1 point 1 point 
2D 

Time Delayed Real-time Real-time 
Position limit Poor Good Poor 
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Table 2: Specifications of thermal imaging camera 

Item Description 
Model FLIR T640 
Object 

temperature 
range 

–40 °C to +150 °C (–40 °F to +302 °F)
+100 °C to +650 °C (+212 °F to +1202 °F) 
+300 °C to +2000 °C (+572 °F to +3632 °F) 

Accuracy ±2 °C (±3.6 °F) or 2%, whichever is greater, at 
25 °C (77 °F) nominal 

Emissivity 
correction Variable from 0.01 to 1.0 

Measurement 
corrections 

Emissivity, reflected temperature, relative hu-
midity, atmospheric temperature, object dis-

tance, external IR window compensation 
Spatial 

resolution 0.68 mrad 

2.2 Experiment setup 
Figure 1 shows the configuration diagram of the Bunsen 

burner used in this experiment. The burner consisted of a 6 mm 

diameter main nozzle made of copper tubes and a ceramic hon-

eycomb used to homogenize the flow around the nozzle. 

Because soot formation affects radiative heat loss, methane, 

with the least amount of soot formation, was used as the main 

fuel. Moreover, air was premixed to conduct the experiment on a 

premixed flame with a uniform temperature compared to a diffu-

sion flame.  

Figure 1: Experimental schematic of Bunsen premixed flame 

By adjusting the air and composition ratio, the flame was pho-

tographed in three stages of rich and lean areas based on the stoi-

chiometric ratio, with equivalence ratios of 0.7, 1.0, and 1.3. To 

minimize the external influence on the flame, N2, which is an in-

ert gas, was supplied around the nozzle. To maintain a constant 

flow rate, it was controlled through the mass flow controller ac-

cording to each gas, and the flow rate was set constant at twice 

the flame propagation speed, according to the standards set by 

CHEMKIN. 

A SiC fiber with a diameter of 15 µm was installed 15 mm 

above the nozzle rim, which is the middle point of the three flame 

sizes, to minimize the effect of heat loss during flame propaga-

tion and that of change in flame size. The distance from the center 

of the flame to the center of the camera lens was adjusted to 40, 

45, and 50 cm in three stages using the X—Z Stage, and the effect 

of the difference between the object and the camera position on 

the temperature measurement was confirmed. After calibration of 

the thermal imaging camera, the degree of damage to the SiC fi-

ber was evaluated using an optical microscope (Nikon, LV150) 

provided by the Eco-friendly Shipbuilding Core Research Sup-

port Center. Based on the obtained results, it was confirmed that 

the damage to the SiC fiber was negligible under all experimental 

conditions used in the present study. 

Figure 2 shows a configuration diagram of the counterflow 

burner used to verify the experimental results obtained in the case 

of Bunsen premixed flame. A gaseous mixture of methane and 

nitrogen was supplied as fuel to the upper nozzle, and oxygen 

and nitrogen were mixed by the lower nozzle to supply an oxi-

dizing agent identical to the air component. Nitrogen was sup-

plied around the fuel and oxidant nozzles to minimize the ambi-

ent effects. To maintain a uniform fluid flow, several layers of 

mesh were installed in the inner tube of the nozzle. The distance 

between the nozzle center and the camera lens was fixed at 50 

cm.  

Figure 2: Experimental schematic of counterflow diffusion 

flame 

In the case of diffusion flames, an error of radiation heat is 

generated due to soot particles. Therefore, in the case of the Bun-

sen burner corresponding to the calibration of the thermal imag-

ing camera, a premixed flame was adopted to ignore the effects 
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of radiation heat due to soot particles. In contrast, in the case of 

the counterflow burner, which was used to verify the corrected 

thermal imaging camera, diffusion flames were adopted. Most 

combustion environments used in engines, generators, and boil-

ers in ships involve a diffusion process. Therefore, when meas-

uring the temperature with a thermal imaging camera, soot parti-

cles generated from the actual diffusion flame may introduce er-

rors that depend on their number density. Hence, it is necessary 

to avoid measuring the temperature of the flame with a relatively 

large amount of soot particles. Nevertheless, non-contact temper-

ature measurement using a thermal imaging camera has the ad-

vantage of easy installation and obtaining a 2D temperature dis-

tribution; therefore, if the measurement error is minor, the error 

of radiation heat may be ignored. In addition, it would be difficult 

to correct every time owing to different emissivity values de-

pending on the gas species; however, if the measuring target is 

limited to the combustion environment, most of the carbon diox-

ide of the burned gases is occupied, which allows us to treat it as 

a single chemical. 

2.3 Data analysis 
Figure 3 shows an image of the Bunsen premixed flame used 

in this experiment, where measurements were performed using a 

digital camera and a thermal imaging camera. Digital cameras 

have limitations in temperature correction because the intensity 

near SiC appears supersaturated regardless of the experimental 

case. IR cameras can expand the temperature spectrum during the 

process of converting radiant energy into temperature, thereby 

suppressing intensity supersaturation. The temperature spectrum 

range is set equal to 800–3000 °C by using software provided by 

the camera manufacturer so that the RGB value of a photo-

graphed image did not show a saturation value. Using Matlap 

code, RGB values were corrected to grey values for the 108 pix-

els × 48 pixels range up and down based on the SiC line, and the 

highest value was selected. Three or more images taken under the 

same conditions were analyzed, and excessive error values 

caused by sunburn, external light, etc., were ignored.  

According to the inverse square law, physical quantities, such 

as light, electricity, sound, and radiant energy are inversely pro-

portional to the square of the measured distance from the light 

source [18][19]. Figure 4 shows a schematic of the inverted 

square method, where S represents the light source and r repre-

sents the measured distance. The amount of divergent light 

source is constant, and the farther the measuring distance from  

Figure 3: Comparison of images taken with various techniques 

Figure 4: Schematic of the inverse square law 

Figure 5: Calibration image of Bunsen flame 

the light source, the more diffused the area occupied by the light 

source becomes depending on the square of the radius. Mean-

while, because the density of the light source per unit area (A) 

decreases, the intensity of the light source decreases at the same 

rate. When the distance from the light source is short (6 cm or 

less), it shows an uneven dose distribution owing to mutual inter-

ference. However, the application of the law is considered appro-

priate because of the constant dose distribution over a long dis-

tance [20].  

To match the change in size of the flame image according to 
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the shooting distance based on the unit area per pixel, a correction 

operation was performed by applying the ratio of each image. An 

example of the final correction results is shown in Figure 5. 

A correction operation was performed matching the highest 

value of the final corrected emission intensity with the flame 

maximum temperature value calculated using the CHEMKIN 

(GRI Mech 3.0 code) program, which is a combustion reaction 

simulation program. To verify this, the image captured with the 

counterflow diffusion flame was analyzed using the same proce-

dure, and the accuracy of the linearized results was confirmed 

through the emitted emission values.  

Accordingly, the temperature characteristics, which depend on 

the measured distance and equivalence ratio, were confirmed, 

and the applicability of the thermal imaging cameras to flame-

temperature measurement was studied. 

3. Results and discussion

3.1 Bunsen premixed flame 
Figure 6 shows the intensity measurement results based on the 

equivalence ratio. Each symbol represents an experimental result 

based on the measured distance, and the dotted line shows the 

simulation results for comparison with the experimental results. 

All measurements, regardless of distance, showed a C-curve 

shape similar to the simulation results. The closer the distance 

from the lens in the same flame, the higher the intensity, and the 

difference between the maximum and minimum values was 

5.607E+06, 2.214E+07, and 2.552E+07, on the order of 40, 45, 

and 50 cm, respectively. For 40 cm, this difference is more than 

four times lower than for 45 cm and 50 cm, which can lead to 

inaccurate results because temperature and correction distribu-

tions require a narrow range of temperature distribution. 

As shown in Table 3, the difference in intensity results by 

equivalence ratio and measuring distance was confirmed to be 

94%–103% in 0.7 flame, 99%–102% in 1.0 flame, and 96%–

100% in 1.3 flame based on a measuring distance of 45 cm. This 

is more suitable for rich combustion than lean combustion. As 

mentioned above, the thermal imaging camera is a principle for 

measuring the radiation energy expressed as an object, it was 

confirmed that the intensity difference due to distance is small in 

a rich flame with a relatively high particle fuel ratio appearing in 

the mass concept. 

However, the difference when the measuring distance is small 

can be attributed to the greater effect of interference between self-

luminescence and radiation generated in the oxidation reaction. 

Figure 6: Intensity results according to Equivalence ratio 

Table 3: Measurement results according to equivalence ratio and 

measurement distance 

E.R(φ) 
Measuring distance [cm] 

40 △45 45 △45 50 

0.7 
3.363 
E+08 94% 

3.165 
E+08 103% 

3.080 
E+08 

1 
3.419 
E+08 99% 

3.387 
E+08 102% 

3.335 
E+08 

1.3 
3.378 
E+08 

96% 
3.246 
E+08 

100% 
3.257 
E+08 

(a) Measurement distance = 40 cm 

(b) Measurement distance = 45 cm 
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(c)  Measurement distance = 50 cm 

Figure 7: Calibration results of intensity and temperature 

Figure 8: Accuracy depending on the measurement distance 

Figure 7 shows the linear representation of the experimental 

results and simulation values to match the intensity and temper-

ature; the linear fit line is expressed as a dotted line. At measure-

ment distances of 40 cm and 45 cm, the experimental results are 

similar to the linear line in the high-temperature region; however, 

relative errors appear in the low-temperature region, and the dif-

ference is larger at 40 cm than at 45 cm. In the case of 50 cm, the 

graph is almost identical in the low-temperature and high-tem-

perature areas and shows a high accuracy of 96%, as shown in 

Figure 8. 

As stated above, because the thermal imaging camera 

measures the radiant energy expressed by an object, it was con-

firmed that the difference in intensity according to the distance 

was small in a rich flame with a relatively high proportion of par-

ticulate fuel, which is represented by the concept of mass.  

3.2 Counterflow diffusion flame 
To verify the accuracy of the flame-temperature measurement, 

an experiment was conducted by applying the same procedure to 

a counterflow diffusion flame at a measurement distance of 50 

cm, which showed the highest accuracy in Section 3.1. 

Figure 9 shows an image obtained by photographing a two-

dimensional counterflow diffusion flame with a strain ratio of 25. 

The results of inserting SiC in the center of the flame and taking 

it at a distance of 50 cm are shown in Figure 10(a), and the RGB 

values, which are represented by three values, as shown in Fig-

ure 10(b), were converted into grey colors to change them to a 

single value. 

Figure 9: Image of counter-flow flame captured using a digital 

camera 

Figure 10: Flame-temperature calibration procedure 
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The inverse square law was applied to correct the error accord-

ing to the distance between pixels from the lens, and the highest 

value among these pixels was selected. This was compared and 

analyzed with the simulation results of counterflow diffusion 

flames under the same conditions. 

Figure 10(c) shows the final corrected pixel result as a color 

spectrum. Table 4 shows the results of the comparison between 

the experimental and simulation data. As a result of substituting 

the intensity into the linear function extracted in Section 3.3, it 

was converted to a temperature of 1825.3 K, which was 24.1 K 

higher than the maximum temperature of 1801.4 K of the simu-

lation, resulting in an error rate of 1.3%. 

Table 4: Experimental results for counterflow diffusion flame 

Item Result 
Intensity 308265413 

GRI Mech 3.0 1801.4 K 
Experiment result 1825.3 K 

Error ratio 24.1 K (1.3%) 

4. Conclusion
This study confirmed the possibility of measuring flame tem-

perature by using a thermal imaging camera and SiC. The results 

are presented below: 

1) The closer the measurement distance, the narrower the in-

tensity gap in the same temperature spectrum.

2) The accuracy of the temperature measurement was highest

at 50 cm, the longest distance among the cases in this study. 

It is judged that the accuracy increases as the distance in-

creases because the effect of the self-luminescence gener-

ated in the oxidation reaction and the mutual interference

of radiant light act more significantly at a short distance.

3) Based on the linear graph, the closer the measurement dis-

tance, the larger the error in the low-temperature region,

and there is little effect on the measurement distance in the

high-temperature region.

4) It was found that the rich flame was less affected by the

measurement distance than the lean flame.

5) As a result of applying it to a counterflow diffusion flame,

the error rate between the simulated and experimental tem-

peratures was 1.3%.

As a result of this study, a linear function between the flame 

temperature and light emission was obtained through a thermal 

imaging camera and SiC in a premixed flame, which was quanti- 

tatively verified by substituting it with a diffused flame. These 

results indicate that the thermal imaging camera is suitable for 

flame-temperature measurements.  

Based on these results, the possibility of application at an ap-

propriate industrial site that considers the error rate is expected. 

In the future, because the influence of external radiant energy acts 

on the atmosphere, a study that expands the variable conditions 

will be conducted to expand its utilization. 

These results indicate that the thermal imaging camera is suit-

able for flame-temperature measurements. Hence, the possibility 

of their application in appropriate industrial fields is improved. 

In particular, the non-contact temperature measurement method 

using a thermal imaging camera is considered to be effortless 

when checking the temperature distribution inside the diesel en-

gine, boiler room, and in the fire caused by hydrogen leakage, 

which cannot be distinguished by the naked eye. 
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