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In this paper, the effects of different burner configurations on the 

characteristics of flameless combustion were evaluated by comparing the 

temperature field, NOx, OH and H2CO at different burner inlet velocity and 

angles through a combination of experimental and numerical simulations. 

The results show that increasing the burner inlet angle and gas velocity is 

imperative in achieving the flameless combustion, increasing the 

recirculation rate in the furnace, making the temperature distribution in the 

furnace uniform, and reducing the emission of NOx at the end of the furnace. 

During the simulation of flameless combustion, it was found that OH radicals 

and H2CO radicals were well correlated with the reaction exothermic zone, 

and the Reynolds number was positively correlated with the recirculation rate 

in the furnace. With the increase of Reynolds number, the entrainment rate of 

flue gas increases, and the combustion state is closer to flameless 

combustion. When recirculation rate Kv >2, combustion becomes flameless. 

Through the summary analysis of the data, it can be found that there is a 

critical Reynolds number for the burner to achieve flameless combustion, and 

flameless combustion occurs only when the Reynolds number is greater than 

1.0×104. 
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1. Introduction  

With the continuous advances in combustion technology, the industry requirements to improve 

the combustion efficiency of industrial furnaces become more stringent [1] especially the requirements 
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to meet the ultra-low pollution emission standards [2-4]. The combustion technologies currently used 

include oxy-fuel combustion technology [5], air staging combustion technology [6], fuel staging 

combustion technology [7], and flue gas recirculation technology [8]. In the pursuit of higher 

combustion efficiency and lower pollutant emissions, researchers are constantly searching for new 

combustion technologies, and flameless combustion is one of the important areas. With the continuous 

research on combustion technology, researchers found that flameless combustion technology has such 

advantages as uniform heat flow distribution, high combustion efficiency, and low pollutant emission 

advantages [2,9-15]. The advantages of the flameless combustion are: there is no obvious flame front 

during fuel combustion; the temperature distribution in the furnace is uniform with the peak 

temperature not higher than 1 400 K; the CO and NOx emissions in the flue gas are not higher than 20 

mg/m3. 

Katsuki conducted a study on industrial furnace combustion and concluded that low oxygen 

concentration combustion, achieved through diluting oxygen in the furnace flue gas, can be an 

effective method for reducing NOx emissions by means of flameless combustion [16]. Researchers at 

the University of Adelaide [17-19] investigated the effects of different chemical reaction mechanisms 

on preheating flameless combustion. By combining experimental and simulation data, they found that 

the flameless combustion flame lift and the phenomenon of overall slow reaction should be considered 

during flameless combustion simulation. Results from Dally et al [20-22] showed that during 

flameless combustion, the combustion reaction zone gradually expands due to the increase in heat 

input, and the reaction zone moves from the burner outlet to the nozzle of the burner. Huang et al [23] 

found that the flameless natural gas combustion mode in industrial furnaces exhibited better 

combustion performance than the conventional swirl diffusion combustion mode. Currently, many 

burners can achieve flameless combustion technology, such as the flameless burner built by the 

University of Adelaide, Australia [24], the flameless burner built by Delft University of Technology, 

the Netherlands [25], the preheated air flameless burner built by Lisbon University of Technology 

[26], the flameless burner built by Poznan University of Technology [27], and the flameless burner 

built by the Linde Group [28]. However, in these studies, achieving flameless combustion requires 

preheating of the air. 

In the current literature, there are few studies on achieving flameless combustion under normal 

temperature air conditions and fewer applications of the GRI-Mech 3.0 detailed chemical reaction 

mechanism for flameless combustion of methane. In this research, the flameless combustion state was 

achieved experimentally with normal temperature air was achieved experimentally by increasing the 

incidence velocity of air and fuel, and the temperature distribution in the furnace under the flameless 

combustion state was measured experimentally. The detailed chemical reaction mechanism of 

GRI-Mech 3.0 is used for numerical simulation to study the effects of different burner inlet angles and 

gas velocity on the temperature field of flameless combustion of normal temperature air, NOx, OH and 

H2CO. 

2. Experimental equipment and numerical simulation 

A schematic of the combustor used in this study is shown in fig. 1. The experiments were 

conducted using a symmetrical jet nozzle structure, four 4 mm equidistant nozzles in a 40 mm circle, 

and a nozzle angle of 7°. The flameless combustion furnace has a length of 460 mm, an inner diameter 
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of 150 mm, and an outer diameter of 180 mm. The inside of 

the furnace is a 5 mm thick steel pipe and the furnace is 

surrounded by a 10 mm thick glass fiber blanket, which is 

used to provide the insulation of the furnace and keep the 

furnace flue gas temperature above the auto-ignition point of 

the fuel. Experiments were performed with methane as fuel 

and air as the oxidizer, both at 298 K, where the methane 

volume flow rate was 1 m3/h and the air volume flow rate 

used for methane combustion was 10 m3/h. In the experiment, 

flameless combustion without air preheating was realized 

based on the following two points: first, the furnace needs to 

be heated sufficiently so that the internal working temperature 

of the furnace is greater than the spontaneous combustion 

point of the combustible material; second, the flame burner 

used a nozzle with a smaller inlet aperture to enhance the jet 

at the exit of the nozzle so as to achieve the effect that the 

flame front is completely blown away by the exit jet. 

In the fig. 2, are shown the combustion images of methane transition from flaming combustion to 

flameless. The (a) state is the methane flaming combustion state, and the flame front is more obvious 

in this state. With the continuous increase of the inlet air flow volume, the jet flow volume is 

increasing, and the flame rigidity is weakening, when the air volume is increased to 6 m3/h, the flame 

is gradually transformed to a flameless combustion state, from the (a) state to the (b) state, (b) state is 

in the methane flaming combustion to flameless combustion transition state, the root of the flame light 

blue flame is intermittent; when the air volume is increased to 9 m3/h, the combustion state is 

transformed to (c) state. From the fig. 2, it can be deduced that there is no obvious flame front in the 

furnace in the flameless combustion state. After the combustion changed to the flameless combustion 

state, temperature measurements were performed in the experiment using multiple type S 

platinum-rhodium thermocouples. These measurement points were arranged along the center axis of 

the furnace, with one temperature measurement point set every 50 mm. When the temperature change 

was less than 1.5 K per minute, temperature acquisition was performed, and the acquisition process 

lasted at least 180 seconds, and the mean temperature of that period was used as the value. The 

measured temperatures at the thermocouples were corrected to accommodate the radiation losses. 

Fig. 2. Images of flaming to flameless combustion processes 

Fig. 1. Schematic of the combustor 

 

(a)                     (b)                    (c) 
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Numerical simulations were performed using FLUENT software for steady-state calculations, 

and based on previous studies of flameless combustion numerical simulations [29], a modified 

standard k-ԑ equation model was used with the dissipation rate equation set to 1.6 [30]. The EDC 

model was used in conjunction with the detailed chemical reaction kinetics GRI-Mech 3.0 mechanism, 

and the Discrete Ordinate model was chosen for the radiative heat transfer model of the flameless 

combustion simulation and used in the weighted sum of the gray gas model. The SIMPLE algorithm 

was used for calculation and solution, and the second order upwind format was used for discrete 

format. The convergence was estimated on the basis that the residuals of the energy and radiation 

terms were less than 10-6 and the residuals of the other terms were less than 10-3. Temperature 

distribution and inlet and outlet flow rates remain constant when convergence is reached. The 

computational grid was divided as shown in fig. 3, based on the symmetric design of the combustion 

chamber and the symmetric characteristics of the flow. A 1/4 combustion chamber model was 

established and the complete furnace computational domain was obtained by setting the symmetric 

boundary. The simulation boundary conditions were set as velocity inlet, pressure outlet, and constant 

wall temperature. The room temperature inlet air velocity is 8 m/s and the room temperature fuel inlet 

velocity is 89 m/s. The wall temperature was measured experimentally, and based on that the constant 

wall temperature was set to 1 123 K for methane. Changes in intake velocity and angle result in 

changes in recirculation rate. Recirculation rate Kv can be measured through: 

                                 
e
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Kv=0 if no recirculation and Kv=1 if Me = (Ma+Mf). where Ma and Mf denote mass flow rate of 

inlet air and fuel, respectively and Me is the mass flow rate of recirculated exhaust gas. Me is obtained: 
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Kv=0 if no recirculation and Kv=1 if  Me = (Ma+Mf) 

where   is the mixture density and Az means the area with negative axial velocity (Vz < 0). 

Re  is obtained: 

                              Re
uL


=                                    (3) 

where   is the mixture density, u  is the flow rate, L  is the characterization length, and   

is the kinetic viscosity. 

Fig. 3. Grid division diagram of flameless combustion experimental furnace 



 

 5 

3. Results and discussion 

This section presents the results and discussion of our study, which explored the effects of 

different burner configurations on the formation of flameless combustion by varying the inlet angle 

and inlet diameter of the burner. In order to achieve this objective, we evaluated 11 different 

configurations and compared the numerical simulation results with existing experimental data. The 

comparison showed good agreement between the two sets of data. The simulated working conditions 

are presented in tab. 1, while the results are illustrated in figs. 4 to 13. 

Tab. 1. Simulation conditions 

Working conditions Inlet diameter (mm) Incidence angle (°) 

1 4 7 

2 8 7 

3 12 7 

4 13 7 

5 14 7 

6 16 7 

7 4 0 

8 4 3 

9 4 5 

10 4 11 

11 4 15 

As shown in fig. 4, compares the simulated temperature measurement points against those of the 

experimental temperature measurement points with respect to different grid numbers. Computational 

grids of various densities (150 000 coarse grids, 460 000 medium grids, and 680 000 fine grids) were 

generated by utilizing ICEM to create a hexahedral mesh with various degrees of densification at the 

outlet and inlet. As shown in fig. 4, it can also be deduced that the temperature distribution trends of 

different grids are similar, indicating that the simulation results are not too sensitive to the three 

different grid densities set. Before the axial distance 

of 180 mm, the simulation results are about 50 K 

higher than the experimental results; between the 

axial distance of 180 mm and 330 mm, the simulation 

results are very close to the experimental results; after 

the axial distance of 330 mm, the outlet temperature 

drops sharply due to the influence of cold air return at 

the outlet, which leads to the deviation of the 

simulation results from the experimental results, but 

the overall change trend is similar. The number of 

460 000 grids in the simulation process can meet the 

requirements of the numerical simulation of the 

combustor, and 460 000 grids are used in the 

subsequent numerical simulation of this study. 

At constant flow rate, the inlet velocity of the burner increases as the burner inlet diameter 

becomes smaller. The effect of inlet velocity on the flameless combustion characteristics is 

Fig. 4. Axial distribution of average gas 

temperature with different grid numbers 
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investigated in the simulation by varying the inlet diameter. As shown in fig. 5, the axial distribution 

of the average temperature of the gas with different inlet diameters. It can be seen that as the inlet 

diameter decreases, the high-temperature zone moves forward, the peak temperature drops from 1 538 

K to 1 215 K, the peak position moves back from 330 mm to 130 mm, and the temperature gradually 

becomes average. When the combustion is in the flameless combustion state, the temperature 

fluctuation is less than 15%, and the maximum temperature is less than 1 400 K. 

The axial distribution of the average gas temperature at different inlet angles is shown in fig. 6. 

From the fig.6, it can be seen that the peak temperature in the furnace continuously decreases from 

about 1 200 K to about 1 000 K as the burner inlet angle increases. 

Fig. 7 shows the variation of NOx content in 

the furnace flue gas at the furnace exit for 

different burner inlet diameters. It was found 

that an inflection point in NOx content occurs 

when the inlet diameter is 12 mm. When the 

diameter is larger than 12 mm, the high 

temperature zone is close to the outlet, resulting 

in the front-end temperature being lower than 1 

150 K and the average temperature in the 

furnace chamber is low. As the diameter 

decreases, the average temperature in the 

chamber starts to increase and the NOx 

emissions are mainly influenced by the thermal 

NO mechanism, leading to an increase in NOx 

emissions. At this point, the process is mainly in 

a conventional flame combustion state. When the diameter is less than 12 mm, the reaction changes 

from the traditional flamed combustion state to a flameless combustion state, the average temperature 

in the furnace begins to decrease, and NOx emissions begin to decline. 

Fig. 5. Axial distribution of average gas 

temperature with different inlet 

Fig. 6. Axial distribution of the average 

gas temperature at different inlet angles 

 

Fig. 7. NOx emissions from the tail pollutants 

of the furnace with different inlet diameters 
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As shown in fig. 8, with the angle increase, the 

main combustion zone moves forward, the peak 

value keeps decreasing, the overall temperature 

distribution gradually tends to average, and the NOx 

content in the furnace tail pollutant keeps 

decreasing. When the inlet angle is set to 0°, the 

high-temperature zone is close to the exit position, 

which is not conducive to the stability of flameless 

combustion. It was also found that when the overall 

temperature in the furnace was greater than 1 150 K, 

the NOx generation increased with the increase of 

temperature. 

In fig. 9 is shown the temperature field distribution contour plot for different burner inlet 

diameters, and the inlet diameters are 4 mm, 8 mm, 12 mm, 13 mm, 14 mm, and 16 mm from left to 

right. It was found that as the burner inlet diameter decreases, the flow of mixed fuel injection 

gradually increases and the mixing of reactants becomes more intense. It was also found that the flue 

gas dilution on the reactants steadily increased and that the temperature at each point in the furnace is 

higher than the fuel's self-ignition point, establishing flameless combustion. If the amount of flue gas 

dilution in the furnace is insufficient, that is, when the burner inlet diameter is greater than 12 mm, the 

combustion state in the furnace will change from flameless combustion to conventional flame 

combustion, which is characterized by a high peak temperature. 

Fig. 9. Contour plots of temperature field distribution for different burner inlet diameters 

In fig. 10 is shown the temperature distribution contour plot for different burner inlet angles, and 

the inlet angles are 0°, 3°, 5°, 7°, 11° and 15° from left to right, respectively. It was found that as the 

inlet angle increases, the high temperature zone gradually moves forward, the temperature distribution 

in the furnace gradually tends to be more uniform, and the flame is more dispersed. This flow field 

structure forms a small recirculation zone in the area near the burner. It was also found that as the 

angle increases, the recirculation zone moves toward the burner inlet, and the flue gas recirculation 

zone in the furnace is influenced by the angle of the burner inlet. Finally, the degree of fuel and air 

mixing in the flue gas recirculation zone increases with the increase of the burner inlet angle. 

Fig. 8. NOx emissions from furnace tail 

pollutants at different incident angles 
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Fig. 10. The temperature distribution contour plot for different burner inlet angles 

From the figs. 9, 10 and 11, it is clear that the temperature peak and OH peak positions overlap, 

and the temperature peak at which the reaction is the most intense can be considered to be the most 

intense and the heat is the largest, thus forming a local high temperature. Furthermore, as the diameter 

keeps decreasing from time to time with the increasing speed, the OH zone keeps decreasing and 

moving forward, and the combustion high temperature zone also keeps decreasing. 

Comparing the figs. 9, 10 and 12 shows us that the correlation between temperature and the cloud 

diagram of H2CO radical distribution, it was found that H2CO radicals mainly appear in the 

low-temperature region of the reaction, and H2CO radicals represent the intensity of the combustion 

reaction in the low-temperature region, which is an important intermediate product in the study of 

combustion. Also, it was deduced that the concentration of H2CO radicals decreases sharply, which 

means that H2CO radicals are not the main intermediate component in the high temperature region, 

that is to say, in the high-temperature region, H2CO radicals would be rapidly consumed to produce 

the subsequent products of the oxidation reaction. 

In this study, the Reynolds number was used as a dimensionless parameter to control the 

occurrence of flameless combustion while the recirculation rate Kv was used to measure the dilution of 

the reactants in the flue gas. The relationship between the Reynolds number and the recirculation rate 

at the nozzle was shown in fig. 13. Combining experimental and simulation data, the researchers found 

that the Reynolds number increased as the inlet diameter decreased, and the amount of flue gas 

circulation in the furnace increased as the Reynolds number continues to increase. Flameless 

Fig. 11. OH distribution contour plot 

 

Fig. 12. H2CO distribution contour plot for 

different burner inlet diameters 
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combustion occurs when Kv > 2. The relationship between the Reynolds number and flue gas 

circulation was almost linear, with an increase in the Reynolds number resulting in a decrease in the 

peak combustion temperature. It was also found that the flameless combustion device has a critical 

Reynolds number, with flameless combustion only occurring when the Reynolds number was greater 

than 1.0×104. When the Reynolds number was lower than 1.0×104, the recirculation rate in the 

furnace was low, and the low Kv value meant that the recirculation rate in the furnace was very low, 

which was not enough to maintain sufficient dilution of the reactants in the flue gas, and the flameless 

combustion turns into flame combustion state. 

 

Fig. 13. Relationship between Reynolds number and recirculation rate at the nozzle 

4.Conclusions 

The effect of different inlet diameters and different inlet angles on achieving flameless 

combustion were investigated for the flameless combustion process under normal air conditions using 

methane as fuel under the conditions shown in tab. 1. The following main conclusions were drawn: 

1.When combustion transitions from flamed to flameless combustion, temperature fluctuations 

become even, with temperature fluctuations of less than 15% in the furnace chamber and a significant 

reduction in the amount of NOx. 

2. With the increasing jet velocity, the area of OH radical and H2CO radical are decreasing, which 

indicates that the high temperature and low temperature regions of the reaction are decreasing, and the 

temperature in the furnace gradually becomes average. 

3. With the increase of burner inlet angle and inlet velocity, the area of OH radicals and H2CO 

radicals decreases and gradually moves forward, and the flamed combustion state transitions to 

flameless combustion state. 

4. With the increase of Reynolds number, the entrainment rate of flue gas increases, and the 

combustion state is closer to flameless combustion. When recirculation rate Kv >2, combustion 

becomes flameless. 

5. The flameless combustion device had a critical Reynolds number, and flameless combustion 

could only occur when the Reynolds number was greater than 1.0 ×104. 
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