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Abstract: To reveal the influence of using gradient oxygen-enhanced 

combustion on the gas flow, combustion status, heat transfer and nitrogen 

oxide (NOx) emission in glass furnace, numerical simulation on the flame 

space of an actual float glass furnace with air combustion was conducted. 

The streamline of combustion-supporting gas and flue gas was displayed, the 

temperature distribution and heat transfer performance in the flame space 

were analyzed, and the mechanism of NOx emission reduction by gradient 

oxygen-enhanced combustion was explored. The comparative study between 

air combustion and gradient oxygen-enhanced combustion showed that there 

is not much difference in the streamline and temperature distribution in 

flame space, which ensures the stability of working state in furnace. 

Compared with air combustion, the temperature of the batch zone was 

increased by using gradient oxygen-enhanced combustion, and the high-

temperature combustion zone was closer to the glass surface, which 

increases the radiant heat flux to the glass surface. In addition, the NOx 

emission concentration in flue gas at the outlets was reduced by 17.1%. The 

results obtained in this study not only provide important theoretical 

guidance for gradient oxygen-enhanced combustion in glass furnace, but 

also lay a foundation for further research about advanced combustion mode 

to save energy and reduce emissions. 

Key words: float glass furnace; flame space; gradient oxygen-enhanced combustion; numerical 

simulation; NOx emission reduction 

1. Introduction  

With the awareness of public to protect environment increasing, the energy saving and emission 

reduction technology of the glass industry continues to develop
[1,2]

. The oxygen-enhanced combustion 

is a NOx emission reduction technology that using pure oxygen burning in local region of glass 

furnace based on the traditional air combustion technology. The key to this technology is to reduce 

part of the combustion-supporting air and supplement with rich oxygen or pure oxygen
[3]

. J. Pedel 

found that a small amount of oxygen injected near the outlet of ports can burn out the remaining CO 

and reduce NOx
[4]

. However, it has not been used to inject pure oxygen at the inlet of ports in float 

glass furnace. With gradient oxygen-enhanced combustion technology, the gas composition in the 

combustion space changes, so that the glass furnace also needs to be structured accordingly. Huang 

Zhibin
[5,6]

 made corresponding improvement guidance on the structure of the regenerator, melting 



region and cooling region after using the oxygen-enhanced combustion technology in float glass 

furnace. However, the application of this technology in large float glass furnaces lacks theoretical 

guidance, and its heat transfer theory and NOx emission reduction mechanism require further research. 

The glass furnace likes a complex high-temperature reactor, and the traditional cold model experiment 

can’t catch the chemical reaction characteristics, radiative heat transfer process and NOx formation 

theory of fuel combustion. CFD numerical simulation technology has become an indispensable 

technical means to solve such problems. 

Based on the principles of fluid mechanics and heat transfer, the CFD numerical simulation 

technology of glass furnace uses computer software to predict the process of gas flow, heat transfer 

and chemical reactions in glass furnaces by solving mathematical models, etc
[7]

. In 1990s, Thomas K
[8]

 

modeled a low NOx emission systems and provided a good start for the numerical simulation of 

industrial NOx emission reduction. In 2009, Boineau
[9]

 studied the flameless oxidation technology for 

NOx emission reduction in glass furnace. In 2010, Manoj K.Choudhary
[10]

 did some research on 

describing the phenomena of the gas flow and heat transfer in the glass production process with 

mathematical models. In 2010, Karimi Hamzeh Jafar
[11]

 calculated radiation heat flux, energy 

consumption, thermal efficiency of furnace, and modeled using the FVM considering the effects of 

furnace walls and billets. Compared with the reference furnace (oxygen content in air is 21%), the 

variation trend of NOx emission under different oxygen enrichment levels was studied. It was found 

that the optimum oxygen content is between 21% and 45% (volume fraction), and the energy 

consumption per ton of steel can be reduced by increasing oxygen concentration. In 2015, Mette 

Bugge
[12]

 predicted the fuel combustion process and revealed the chemical kinetic mechanism of NOx 

formation by using numerical simulation.In 2017,in order to investigate the liquid fuel combustion in 

gas turbine engine, By comparing the numerical simulation results with the experimental data, Hou 

Xingxia
[13]

 found and verified the feasibility of the Realizable k-epsilon turbulence model, the non-

premixed combustion model and the DO heat transfer model in the strong swirl combustion chamber. 

In 2019,Dekterev AA
[14]

 numerically simulated the jet and process of diesel fuel combustion of an 

original evaporation-type burner. A mathematical model was established to investigate the influence 

of various turbulence models, combustion simulation methods and response schemes. In 2021, Fordoei 

E Ebrahimi
[15]

 investigated the different characteristics of MILD oxygen-enriched and oxy-methane 

combustion such as heat transfer, ignition delay, flame color, flame structure, emissions of CO and 

NOx (as air pollutants) by the adding of CO2 to the oxidizer with CFD simulation. The results 

indicated that MILD oxygen-enriched and oxy-methane combustion have distinct advantages than 

MILD methane-air combustion involving enhancing the temperature uniformity about 10-15%, more 

distributed reaction zone and a significant reduction of NOx emission. In order to investigate the effect 

of gradient oxygen-enhanced combustion on status and nitrogen oxide reduction in glass furnace, in 

this paper, a model of a float glass furnace burning heavy oil is established firstly, then the 

combustion, heat transfer and nitrogen oxide formation in the flame space with air combustion and 

gradient oxygen-enhanced combustion are simulated respectively. By comparing and analyzing the 

simulation results, the effects and principles of NOx reduction of gradient oxygen-enhanced 

combustion will be explored. The research results will provide important theoretical reference for the 

application of gradient oxygen-enhanced combustion technology to reduce NOx emission in the actual 

glass furnace. 

http://apps.webofknowledge.com/OutboundService.do?SID=5BUZWpkmuKDkp8bz5Oo&mode=rrcAuthorRecordService&action=go&product=WOS&lang=zh_CN&daisIds=27896923


2. Models and Numerical Solution Method 

2.1. Geometrical Model 

The object of this paper is the combustion space of a float glass furnace with a capacity of 600 

tons per day. Fig. 1 presents the structure diagram of melting region, the model and the mesh of the 

combustion space. Its dimensions are 39.6 m long, 12.3 m wide, and with arc-shaped crown. Fig. 1(a) 

shows that there are seven pairs of ports, while the ports on one side are air inlets, the other side of 

ports are outlets of flue gas. The inlet and outlet are exchanged every 20 minutes because of the 

symmetrical structure of the float glass furnace. The spacing of each pair of port is 3.3 meters. The 

ports of No.1 to No.6 have the same width with 2 meters, but the width of No.7 port is 1.2 meters. In 

addition, Fig. 1(b) displays that three burners are installed under each port except the No.7 port with 

two burners. In the case of air combustion, the preheated high temperature air entered from the ports in 

one side of the glass furnace reacts completely with the fuel ejected from burners. Meanwhile the flue 

gas is discharged from the opposite ports.In the case of gradient oxygen-enhanced combustion,oxygen 

jets were located in the middle of the burners below each port, and their installation position is lower 

than that of burners. Therefore, there are two oxygen jets under each port of No.1 to No.6,with one 

oxygen jet under the port of No.7. The shape of all oxygen jets are round with inner diameter of 15 

millimeters. In this case,the combustion supporting gas consists of two parts: the air entering from the 

ports and the oxygen entering from the oxygen jets. For the oxygen-enhanced combustion, the 

combustion-supporting air entered from each port is reduced. And the amount of oxygen contained in 

the reduced air is replaced by the oxygen injected from the oxygen jets corresponding to the port. In 

this way, the oxygen supplied by each port can be kept the same when the two combustion-supporting 

methods are adopted. The diagram of the two different combustion-supporting methods is shown in 

Fig. 2.  

Fig. 1 (c) shows the model of combustion space of glass furnace for numerical simulation. Fig. 

1 (d) shows the mesh of combustion space of glass furnace. The mesh has been repeatedly modified 

and tried, because the oxygen nozzles are small diameter circular holes, which are connected with the 

surrounding area when drawing the grid. Therefore, considering the grid quality, calculation accuracy, 

calculation time cost and other factors, the number of grids is adjusted many times, and the simulation 

results are compared with the actual data collected to verify. The mesh determined for simulaion was 

three-dimensional high-quality structured hexahedral mesh, and the mesh distortion ratio is less than 

0.3. In order to improve the quality of the mesh and the calculation accuracy of the simulation, the 

mesh was refined locally at the combustion regions and oxygen inlets.The number of grids is about 5 

million. Fig. 1 (e) shows the approximate location of the temperature measurement points on the 

crown. 

 

 

 

 

 



    

(a) Structure diagram of melting region                               (b) Section of port   

 

(c) Model of combustion space                        (d) Mesh of combustion space 

 

 

 

 

 

 

（e）Diagram of temperature measurement points on the crown 

Figure 1 Structure diagram of melting region and mesh of combustion space in glass furnace 

            

(a)Air combustion            (b) Gradient oxygen-enhanced combustion 

Figure 2 Diagram of two combustion-supporting technologies. 

2.2. Mathematical model and Numerical Solution Method 

A numerical simulation was conducted using ANSYS Fluent, a popular computational fluid 

dynamics software. There are gas phase turbulent flow, gas-liquid two-phase flow, fuel burning and 

radiation heat transfer in the combustion space of the float glass furnace. The following mathematical 

models are used for the physical and chemical processes.The Realizable k-ε model is used for 

reflecting turbulent flow, which has shown substantial improvements over the standard k-ε model.
[16,17]

 

The realizable k-ε model is suitable for the turbulence-flow features of the glass furnace discussed in 

this paper.
[13]

 To account for the wall effect in the nearby regions, the wall function was applied to link 

velocities in the near-wall region. The discrete phase model (DPM) is adopted for gas-liquid two-

phase flow to display the atomization process of heavy oil, track the trajectory of droplets and simulate 

the flow of oil droplets under gravity and resistance conditions.
[14]

 The non-premixed combustion 

model is selected for indicating chemical reaction of combustion based on diffusion combustion mode 

actually. The eddy dissipation model (EDM) is chosen for describing interaction between turbulence 



and chemical reaction.
[15]

 The discrete ordinates (DO) radiation model is used for revealing radiation 

heat transfer in combustion space, and the weighted-sum-of-gray-gases model (WSGGM) is adopted 

for reflecting gas radiation characteristics and gas scattering is neglected.
[13,17-22]

 NOx is a pollutant 

produced in glass furnace. The NOx model in ANSYS FLUENT is used to predict NOx production 

and analyze the control measures to reduce NOx emission.
[15,16]

 

In solution, the velocity and pressure were coupled using the semi-implicit method for pressure-

linked equations (SIMPLE) algorithm in all. For choosing discretization method, STANDARD 

discrete scheme is selected for the pressure term. The first-order upwind scheme for turbulent energy 

and radiation is determined by the combination of residuals and convergence,, the second-order 

upwind scheme is chosen for the others.
[17-23]

 There are no universal metrics for judging convergence. 

For most problems, the default convergence criterion in ANSYS FLUENT is sufficient. Refers to 

several similar calculation cases in fluent help, the convergence criterion for energy and radiation 

terms are less than 1×10
-6

, other items are less than 1×10
-3

. 

2.3. Boundary Conditions 

The setting of boundary conditions in this study is based on actual working conditions. The daily 

consumption of heavy oil in the glass furnace is 128 t, and the elemental analysis of heavy oil is shown 

in Tab. 1. Whether air combustion or gradient oxygen-enhanced combustion, the amount of fuel 

consumption is the same, meanwhile, the fuel distribution ratio and the corresponding excess air 

coefficient remains unchanged. The percentage of fuel distributed to each port and the corresponding 

excess air ratio are shown in Tab. 2. The data was obtained according to collection of actual operating 

parameters of glass furnace. For the oxygen-enhanced combustion, the combustion-supporting air 

entered from each port is reduced by 8%. And the amount of oxygen contained in the reduced air is 

replaced by the oxygen injected from the oxygen jets corresponding to the port. In this way, the 

oxygen supplied by each port can be kept the same when the above-mentioned two combustion-

supporting methods are adopted.The purity of oxygen injected from the oxygen jets is 90%. 

Table 1 Element analysis and calorific value of heavy oil 

Element Cdaf Hdaf Odaf Ndaf 

Mass 

fraction/% 
83.4 12.8 3.2 0.6 

Qnet,daf/MJ kg
-

1
 

35.7 

Table 2 Fuel fraction and excess air factor 

Port 1
# 

2
# 

3
# 

4
#
 5

# 
6

# 7
# 

Fuel fraction 

/% 
14 14 15.5 15.5 18 16 7 

Excess air 

factor 
1.05 1.05 1.1 1.1 1.1 1.08 1.1 

The fuel quantity of each burner can be calculated according to the total amount of fuel, burners 

of each port and the distribution ratio shown in Tab. 2. Heavy oil was preheated to 380 K and 

atomized into droplets from an atomizer air-blast atomization model, in addition, the droplets were 

accelerated and injected into furnace. The droplet diameters were distributed according to the Rosin-



Rammler distribution function. The input data was obtained by site collection and reasonable 

simplification. The combustion air was preheated to 1573 K and the temperature of oxygen is 298 K. 

The air inlets, oxygen inlets and fuel inlets are set as velocity inlet boundary. Velocity values can be 

obtained by heat engineering calculation, which require a combination of the inlet area ,gas 

temperature and excess air ratio of each port in Tab. 2. All outlets are set to pressure outlets of 0.5 Pa. 

The side wall and the crown are set to convective heat transfer boundary which is one type of the wall 

boundary, and the heat transfer coefficients are respectively 16.53 W/m
2
·℃ and 20.34 W/m

2
·℃ which 

are obtained by consulting relevant books and based on wall materials and temperature.The 

temperature distribution at the bottom of combustion space is regular and different in different regions, 

so the bottom wall was set to temperature boundary and different temperature values were set in 

different regions. The temperature distribution at the bottom of combustion space can be acquired by 

polynomial fitting of data collected on site. The function relationship between the bottom temperature 

of combustion space and the length of furnace is introduced into UDF of FLUENT. 

3. Results and discussion 

3.1. Results verification 

In order to ensure the validity of the numerical simulation results, the temperature values of the 

six measurement points on the crown were monitored and compared with the air combustion 

simulation calculation results, as shown in Tab. 3. The simulated temperature values are in good 

agreement with that of measured. The maximum difference is 7 ℃. The temperature values of the six 

measurement points shown in Fig.1(e) are measured by thermocouples commonly used in industry. 

The difference between the simulated and measured values is within the measurement uncertainty of 

the thermocouple. Tab. 4 shows the simulated and measured values of the oxygen, nitrogen, carbon 

monoxide and nitrogen oxides concentrations at the outlets with the air combustion. It can be found 

that the simulation results are in good agreement with the actual measured data, A comparison of the 

predicted value and the measured value shows that the simulations are reliable and the method is 

reasonable. 

Table 3 Temperature values of the measurement points on the crown 

Measuring point No.1 No.2 No.3 No.4 No.5 No.6 

Measured value/K 1715 1765 1833 1815 1795 1777 

Simulated value/K 1713 1772 1835 1817 1792 1774 

Table 4 Simulated and measured values of oxygen, nitrogen, carbon monoxide and nitrogen oxides 

concentrations at each outlet 

Port number No.1
 

No.2
 

No.3
 

No.4 No.5
 

No.6
 

No.7
 

Simulated value of oxygen 

concentration(%) 

2.3 2.4 5.3 2.0 3.6 1.6 6.1 

Measured value of oxygen 

concentration(%) 

Simulated value of nitrogen 

concentration(%) 

2.2 

 

69.3 

 

2.5 

 

68.9 

 

5.2 

 

70.6 

 

2.1 

 

71.8 

 

3.8 

 

72.5 

 

1.9 

 

71.4 

 

5.8 

 

71.1 

 



Measured value of nitrogen 

concentration(%) 

Simulated value of carbon monoxide 

concentration(%) 

Measured value of carbon monoxide 

concentration(%) 

Simulated value of nitrogen oxides 

concentration(mg/m
3
) 

Measured value of nitrogen oxides 

concentration(mg/m
3
) 

69.6 

 

0.12 

 

0.13 

 

1099 

 

1086 

68.5 

 

0.15 

 

0.12 

 

1102 

 

1079 

70.9 

 

0.18 

 

0.16 

 

1033 

 

1016 

 

72.1 

 

0.21 

 

0.21 

 

1143 

 

1202 

 

72.4 

 

0.25 

 

0.26 

 

1106 

 

1121 

 

71.2 

 

0.38 

 

0.36 

 

1235 

 

1254 

 

71.3 

 

0.16 

 

0.18 

 

748 

 

806 

 

3.2. Gas flow  

The gas flow characteristics in the flame space has an important influence on the temperature 

system, pressure stability and heat transfer of the glass furnace. Fig. 3 and Fig. 4 show the gas flow 

streamlines of glass furnace and No.4 port using air combustion and gradient oxygen-enhanced 

combustion respectively. Fig. 3 and Fig. 4 showed that large-scale transverse backflow was formed on 

the right side of the No.7 port, whether air combustion or gradient oxygen-enhanced combustion. The 

high temperature gas generated by combustion reaction has a long trajectory in the large scale 

circulation zone of the refining zone, which prolongs the heat exchange time between the high 

temperature gas at the back of the furnace and the molten glass at the bottom of the combustion space, 

which is beneficial to the refining of glass.  

 . 

(a) Air combustion                     (b) Gradient oxygen-enhanced combustion 

Figure. 3 Gas flow streamline of glass furnace 

 

(a) Air combustion                (b) Gradient oxygen-enhanced combustion 

Figure 4 Gas flow streamline of No.4 port 

Vertically, combustion-supporting gas reacts with fuel after entering the glass furnace. The mixed 

gas flow flows smoothly from the inlets to the opposite outlets. Most of the gas flow flows out from 

the outlets, part to upward and forming longitudinal backflow under the crown, and a small part 

flowing transverse and disturbed with the high temperature gas flow generated by combustion in the 

adjacent ports.The smooth gas flow closed to the molten glass surface can reduce the erosion and 

fluctuation of the glass level surface. The longitudinal backflow and transverse backflow makes high-



temperature gas quickly fill the combustion space. The backflow formed on the left of the No.1 port 

can accelerate the melting rate of the batch well, and the backflow area on the right of the No.7 port is 

large, which is conducive to the uniform heating of the molten glass. So the gas flow characteristics in 

the glass furnace match the actual production needs, which indicates the rationality of the simulation 

results. 

As seen from Fig. 3 and Fig. 4, during the gradient oxygen-enhanced combustion, the backflow 

area on the left of No.1 port is bigger, which makes the backflow of No.1 port closer to No.2 port. 

And, the gas flow streamline near the molten glass surface is denser and smoother. 

3.3. Temperature system and heat transfer 

The reasonable temperature system of combustion space in glass furnace plays an important role 

in glass preparation. Fig. 5 shows the temperature contours of the combustion central surface. Fig. 6 

shows average temperature along the length direction of glass furnace. Fig. 7 shows average 

temperature along the width direction of No.1 port. 

As seen from Fig. 5 and Fig. 6, the combustion characteristics of each port are similar under the 

two working conditions, indicating that the temperature system is stabilized, in which the maximum 

temperature of the combustion center is about 2500~2600 K, and the high-temperature flue gas formed 

by combustion spreads outward from the combustion central area, extending to the outlets of the 

opposite ports. The temperature of flue gas at outlet is about 1900~2000 K. There are six peak values 

of temperature peaks located in the combustion center of No.1 to No.6 ports respectively, and the 

temperature peak values of No.5 port are highest. The temperature peaks in No.7 port is not obvious 

because the its fuel fraction was relatively least and the combustion zone was close to No.6 port 

because of the backflow in the back of glass furnace. Overall, the average temperature increases, then 

decreases rapidly and  decreases slowly in the refining zone.  

By contrast, the temperature distribution from port No.3 to 7 has little difference under the two 

working conditions. However, the average temperature under the gradient oxygen-enhanced 

combustion condition is relatively a little higher. it can be found that the obvious differences of 

temperature distribution between the two conditions lie in the batch melting zone which is in front of 

No.2 port, especially at No.1port. Under the gradient oxygen-enhanced combustion working condition, 

the high-temperature area in the batch zone is larger. In particular, the temperature in the front area of 

No.1 port is obviously increased, but the maximum temperature decrease at No.2 port because of the 

larger scale backflow in the front of the glass furnace. The backflow caused the high temperature gas 

from No.1 port was brought to the front of the glass furnace, so that the residence time of high 

temperature gas in the furnace is prolonged and the heat transfer efficiency is improved. The average 

temperature of No.1 port along the width direction becomes more uniform under the gradient oxygen-

enhanced combustion working condition(refer to Fig. 7), because the high speed injection of oxygen 

make the flame become more rigid and the greater entrainment of the backflow, which ensured the 

temperature at the root of the flame, the temperature of the middle part is increased, and the 

temperature of the flue gas at the outlet is reduced, so the loss of heat is reduced. 



 

(a) Air combustion                (b) Gradient oxygen-enhanced combustion 

Figure 5 Temperature contours of the combustion central surface (K) 

 

Figure 6 Average temperature along              Figure 7 Average temperature along  

the length of glass furnace                         the width direction of No.1 port 

Fig. 8 shows the temperature contours at the vertical slices of No.4 port under the two working 

conditions.The average temperature curves along the width and height directions of No.4 port under 

the two working conditions are compared, as shown in Fig. 9. No.4 Port is located in the middle of all 

the ports, so it is affected by backflow in left and right least and burns stably.Through comparing and 

analyzing the difference of combustion between the two working conditions, the combustion status 

and mechanism of the gradient oxygen-enhanced combustion are revealed.  

From Fig. 8, in both operating conditions, because the combustion-supporting air enters into the 

ports sloping downward, the high-temperature zone tends to be close to the molten glass surface, 

which makes the combustion flame better radiate heat to the molten glass surface. Comparing with air 

combustion, using gradient oxygen-enhanced combustion technology, the ignition time of fuel is 

shorter and the initial high temperature area is closer to the molten glass surface. As seen from Fig. 9 

(a), along the width direction, before the position about 2 m, the temperature in both working 

conditions rises rapidly and the temperature values are little different; at the position about 2 ~ 6 m, 

the average temperature is lower; while at the position after about 6m, the average temperature is 

higher during air combustion condition. This indicates that using gradient oxygen-enhanced 

combustion, the reaction speed is faster due to the local O2 concentration increased, and the 

temperature distribution along the width is more uniform.  

As seen from Fig. 9 (b), along the height direction, the trends of temperature are the same under 

the two working conditions. The temperature rises rapidly to the peak and then decreases rapidly, at 

last it gradually decreases above about 1.5 m. By comparison, the position of temperature peak is 

lower and the value of temperature peak is higher during gradient oxygen-enhanced combustion 

condition. It further illustrates that the combustion is closer to the glass surface and more 

intense,which is beneficial to the heat transfer of glass surface. 
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(a) Air combustion                (b) Gradient oxygen-enhanced combustion 

Figure 8 Temperature contours at the vertical slices of No.4 port (K) 

 

(a) Along the width direction                (b) Along the height direction 

Figure 9 Average temperature of No.4 port 

Glass preparation requires a lot of heat for melting and silicate reaction. How to transfer heat to 

molten glass more efficiently is very important for energy saving of glass furnace. Fig. 10 shows the 

heat flux to the bottom and the total heat flux of the glass furnace. From Fig. 10, compared with the air 

combustion condition, the total heat flux and the heat flux to the bottom increase by 1.3% and 1.6% 

respectively under the gradient oxygen-enhanced combustion condition, indicating that the gradient 

oxygen-enhanced combustion can make better use of the heat of fuel combustion to save energy. 

 

Figure 10 Heat flux bar chart 

3.4. NOx emission  

NOx is one of the important pollutants in flat glass furnace. It has important industrial and social 

significance to reduce NOx emissions through improved combustion mode. Tab. 5 shows the NOx 

concentration at the outlet of each port. As Tab. 5 shows, using gradient oxygen-enhanced 

combustion, the NOx concentration at the outlets decreased except No.7 outlet, and the average 

concentration of NOx emission decreases by 17.1%. In fact, the reduction of NOx production is 

greater, because there is less flue gas due to the reduction of combustion-supporting gas during 

gradient oxygen-enhanced combustion. Combined with analysis of flow field, the cause for the NOx 
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concentration increasing at the No.7 outlet during gradient oxygen-enhanced combustion is that large 

scale backflow at the back of the flame space brings flue gas from No.6 port to No.7 outlet, which can 

be confirmed by the data that the NOx concentration in No.6 outlet is greatly reduced.  

Table 5 NOx concentration at the outlet of each port 

 
Air combustion 

/mg•m
-3

 

Gradient oxygen-enhanced combustion 

/mg•m
-3

 

No.1 1099 1024 

No.2 1102 920 

No.3 1033 894 

No.4 1143 802 

No.5 1106 851 

No.6 1235 847 

No.7 748 1003 

Average/mg•m
-3

 1086 900 

NOx reduction ratio/% — 17.1 

Fig. 11 shows the average concentration of NOx along the length direction of the glass furnace 

under the two working condition. As seen from the curves，the trends of the average concentration of 

NOx in the length direction of the furnace under the two working conditions are similar. But the 

average concentration values of NOx under the oxygen-enhanced combustion condition are lower than 

those of the air combustion condition. Under the air combustion working condition, the average 

concentrations of NOx in the batch melting zone are highest, because there is a large amount of flue 

gas backflow containing NOx in this area. Then, along the length direction of the furnace, the average 

concentration of NOx decreases rapidly, and there is a slight change in the centralized combustion area 

of each port, but there is no obvious peak at No.1 to No.4 ports. The peaks appear at No.5 and No.6 

ports and the concentrations reach their maximum, related to the highest temperature in this area. 

Finally, the average concentrations of NOx decreases rapidly and remain stable in the refining zone. 

Similarly, the average concentration of NOx is also the highest in the batch melting area under the 

oxygen-enhanced combustion condition, but the value is much lower than that of the air combustion 

condition. Along the length direction, the average concentration of NOx decreases slowly. No obvious 

concentration peak appear at No.1 to No.4 ports. The concentration peaks at port No.5 and No.6 are 

obvious, but the average concentrations of NOx are lower than those of the batch melting area. In the 

refining area, NOx concentrations gradually rise, which is caused by flue gas backflow. 

In order to reveal a cause of the great decreasing of the average NOx concentration during the 

oxygen-enhanced combustion condition, Fig. 12 and Fig. 13 respectively show the average 

concentration of NOx and the average mass fraction of O2、CO、CO2 and N2 along the width direction 

of port No.4 under the two working conditions.  

As seen from Fig. 12, under the two working conditions, with the increasing of temperature, NOx 

concentration rapidly increases to a certain value and remains stable, and the value of the air 

combustion condition is greater than that of the gradient oxygen-enhanced combustion condition. It is 

faster to reach the stable value of NOx concentration under the gradient oxygen-enhanced combustion 

condition. Combined with the analysis of temperature distribution along the width of furnace(Fig. 

9(a)), in the case of gradient oxygen-enhanced combustion, the temperature in the flame space along 

the width increases more rapidly and keeps uniform, which indicates that the formation of nitrogen 



oxides is related to not only the temperature peak but also the size of high temperature zone.suppresses 

the formation of nitrogen oxides to a certain extent. 

Comparing Fig. 13(a) and (b), it can be seen that the trends of the concentration of each 

component under the two working conditions are consistent, but the values of a certain component 

under different working conditions are different, which indicates that the chemical reaction process is 

different under the two working conditions. In the float glass combustion space, the main reaction 

during fuel combustion are: C+O2→1/2CO and CO+1/2O2→CO2; the reaction of NOx formation are 

N2+O2→2NO and 2NO+O2→2NO2. When the fuel enters the combustion space at first, the fuel is 

rich, so the combustion occurs quickly, and the CO and CO2 are formed at the same time. With the 

gradual decreasing of fuel, the formation of CO decreases rapidly and the CO formed is further 

oxidized to CO2. Thus, the amount of CO2 continues to rise slowly and then keeps stable or decreases. 

In contrast, the peak of mass fraction of CO is lower during the gradient oxygen-enhanced 

combustion, while peak of the mass fraction of CO2 is relatively higher. Because the mass fraction of 

O2 near the port is higher, and the combustion reaction of the fuel is more rapid, intense and complete, 

so more CO2 is produced and less CO is formed. 

The emission of nitrogen oxides is mainly thermal NOx and reactions involved fuel NOx and 

prompt NOx are negligible concerning NOx formation in glass furnace. The extended Zeldovich 

mechanism is apparently an effective instrument to describe the thermal NOx formation.It reveals that 

the formation of thermal NOx is related to the region temperature and the concentration of N2 and O2. 

The formation of NOx increased exponentially with the increase of temperature, positively correlated 

with the square square root of oxygen concentration, and linearly correlated with nitrogen 

concentration. The amount of NOx depends on the formation of NOx and the reduction of NOx. With 

the combustion reaction going on, the temperature rises rapidly, and the reaction of NOx generation 

occurs. From Fig. 9(a), it can be found that the temperature distribution is more uniform during the 

gradient oxygen-enhanced combustion, although the temperature reaches a little higher temperature at 

an early stage in small area located 3 meters away from the port under the oxygen-enhanced 

combustion condition. But the concentration of N2 in all area is lower than that of air combustion 

(refer to Fig. 13) because of part of air is replaced by oxygen, and the concentration of O2 kept almost 

no rise (refer to Fig. 13) because of total amount of O2 under the gradient oxygen-enhanced 

combustion condition remains the same. So the formation of NOx can be suppressed by gradient 

oxygen-enhanced combustion to a certain extent. In addition, from Fig. 9(a), iIt can be found that the 

space with optimal conditions for the formation of NOx are found about 3 meters away from the port 

under the gradient oxygen-enhanced combustion condition. However, in this case, the location of the 

highest CO concentration is the same. So the nitrogen oxides formed in the fore part have good 

reduction conditions, and the amount of nitrogen oxides is less under the gradient oxygen-enhanced 

combustion condition. Compared with air combustion, the concentration of N2 and the temperature are 

lower and the concentration of CO is higher in the rear, so the amount of nitrogen oxides did not 

continue to increase at an early stage under the gradient oxygen-enhanced combustion condition. In a 

word, the control method of NOx emission reduction by gradient oxygen-enhanced combustion is to 

reduce the area of local high temperature zone and control the concentration distribution of O2, N2 and 

CO. 



 

Figure 11 The average concentration            Figure 12 The average concentration of 

of NOx along the length direction           NOx along the width direction of No.4 port 

 

(a) Air combustion                (b) Gradient oxygen-enhanced combustion. 

Figure 13 The average mass fraction of O2、CO、CO2 and N2 along the width direction of No.4 port 

4. Conclusion 

Numerical simulation of the flame space of a float glass furnace was carried out, with the 

simulation results being in good agreement with the actual production data, revealing the simulation 

results’ credibility. The main results were as following: 

(1) Whether air combustion or gradient oxygen-enhanced combustion, large-scale transverse 

circumfluence is formed in the clarification zone in the back of the furnace and obvious circumfluence 

zone also exists in the front of the furnace. Using gradient oxygen-enhanced combustion, there is 

larger backflow above the batch, which affects the combustion of fuel at No.1 and No.2 ports.  

(2) Under the gradient oxygen-enhanced combustion condition, the combustion in the furnace is 

more intense and closer to the molten glass, the temperature above the batch is relatively higher, and 

the temperature distribution along the width is more uniform. The heat transfer efficiency is also better 

than that of the air combustion. 

(3) Compared with the air combustion, the average NOx emission of all ports is reduced by 

17.1% with the gradient oxygen-enhanced combustion. 

Future work will be focused on the improvement of low NOx combustion technology and 

engineering application. 
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