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Hydrogen gas plays a crucial role as a fuel in renewable energy projects. Water electrolysis is used when 

hydrogen gas is produced through renewable and green methods. This method, however, remains open 

to development due to its high cost. Oxygen is also produced along with hydrogen gas during water 

electrolysis. This study proposes that, to reduce the cost of hydrogen production, the oxygen generated 

during production should be directly burned in a nearby burner without any storage. For this purpose, 

hydrogen gas was added to natural gas at volumetric rates of 10%, 20%, and 30% in a burner maintained 

at a constant thermal power of 33 kW. Furthermore, the oxygen-enriched combustion method was 

applied to all natural gas/hydrogen mixtures. The results show that hydrogen addition increases the 

combustion chamber exit temperature. Furthermore, during the oxygen enrichment process, both flame 

temperature and boiler exit temperature increased up to 31% O2. After this O2 level, the temperature 

values decreased. Furthermore, NOX emissions at the combustion chamber exit showed a linear change 

with temperature data. Especially at high Hydrogen ratios, NOX emissions of 28.5% O2 and above 20 

ppm were detected. 

 

Highlights 

- Direct use of electrolytic H2 and O2 in an industrial burner was experimentally evaluated. 

- Increasing H₂ fraction in CH4 raised combustion chamber exit temperatures. 

- O2 enrichment improved flame temperature up to 31% O2, after which instabilities reduced temperatures. 

- High O₂ levels caused intense near-burner combustion and rapid downstream temperature drop. 

- NOX emissions increased linearly with temperature and exceeded 20 ppm at high H2 and ≥28.5% O2. 

- Optimal performance was achieved with 70% CH4–30% H2 and 26.1% O2 in the combustion air. 

- Using electrolytic O2 directly in combustion can enhance the cost-effectiveness of green H₂ production. 

 

1. Introduction 

Hydrogen energy holds promise in many areas, including land transportation, aviation, home heating, and electricity generation. 

Researchers are conducting intensive studies to utilize hydrogen energy more efficiently in industrial applications. Currently, the 

most commonly used fossil fuels contain high amounts of carbon atoms. These atoms undergo an exothermic reaction with 

oxygen in the air, producing CO2. On the other hand, hydrogen atoms, when they undergo combustion, only produce H2O (water) 

[1]. Because it does not produce any carbon-containing emissions as a result of energy production, hydrogen is considered a fuel 

of the future in zero-emission studies. However, significant challenges remain in the transition to hydrogen energy. Hydrogen 

does not exist alone as a fuel in nature; it can be produced from fossil fuels to make it a combustible fuel. Alternatively, it can be 

produced cleanly through the electrolysis of water [2]. The method of using electricity generated from clean and renewable 

sources, such as solar or wind, during hydrogen production is called green hydrogen production. Although this method results in 

zero emissions, it is very costly. The energy required to electrolyze water is higher than the energy generated by the combustion 

of hydrogen, which recombines with oxygen. For this reason, many researchers have criticized hydrogen energy. 

When energy is generated through renewable sources such as solar and wind, this energy is directly converted into electricity 

and fed into the grid. Conversely, when demand in the electricity grid is low, excess energy generated can unbalance the grid. 

One of the optimal methods for green hydrogen production is to direct excess energy from solar and wind energy to hydrogen 

production [3]. In this production method, hydrogen is produced as a result of the electrolysis of water. Storing or transporting 

the produced hydrogen to its intended use creates additional problems and costs. As a solution to this problem, transporting a 

natural gas/hydrogen mixture in existing natural gas (NG) lines is being tested in some European countries. These studies indicate 

that up to 20% volumetric hydrogen can be transported in a mixture with natural gas. No design changes are required in existing 

natural gas lines for this transportation [4]. Another component produced during the electrolysis of water to produce hydrogen 

is oxygen. This high-purity oxygen is used in fields such as steel and metallurgy, including the healthcare sector. Furthermore, 

studies are also being conducted on applications where this oxygen is used directly for combustion. Amez et al. [5] proposed the 
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method shown in Figure 1 in their study. According to this system, the hydrogen and oxygen gases produced during green 

hydrogen production are burned directly in a natural gas burner rather than being stored or transported. The study determined 

the optimum data required for electrolysis. Furthermore, an oxygen enrichment process was applied to pure methane in an 

industrial burner, and combustion chamber exit temperature and emissions were obtained. This study discusses the benefits of 

oxygen enrichment in an industrial burner on combustion efficiency and its compatibility with electrolysis optimization. 

 

Studies on hydrogen-enriched combustion of methane flames have a significant and current place in the literature, both 

experimentally and numerically. These studies have tested different burner types and investigated different combustion methods. 

Al Bishtawi et al. [6] investigated the effect of hydrogen addition to a methane-air flame on flame development. In the numerical 

study, the unburned mixture temperature increased as the hydrogen content in the fuel increased. Furthermore, an increase in the 

hydrogen content decreased the stand-off distance. Alsharif and Woolley [7] investigated the effects of equivalence ratio and 

hydrogen addition on methane and propane flames in a vertical tube burner. In this study, they suggested that velocity coupling 

is the primary mechanism causing acoustic instability. The highest combustion velocity in methane flames occurred at ϕ = 1.1. 

Bayramoglu et al. [8] studied the emissions and performance of hydrogen-enriched methane combustion. The steam methane 

reformer method used in hydrogen production was investigated in the study. According to the highest and lowest reformer inlet 

speeds, 40% hydrogen production was achieved. This significantly reduced CO2 emissions. Zhao et al. [9] numerically 

investigated the pollutant emissions of methane/hydrogen combustion under porous media burner conditions. The results showed 

that when the hydrogen addition ratio was increased to 40%, NOX emissions increased by up to 4.25 times. CO emissions 

decreased with increasing inlet air temperature. Increasing the combustion pressure reduced both CO and NOX emissions. Xu et 

al. [10] investigated the formation of NO emissions from a hydrogen-enriched methane flame in a swirl burner. The results 

showed that the main NO production mechanism in swirl combustion occurs via thermal pathways. The majority of NO emissions 

occurred in the high-temperature region at the burner outlet. 

Hydrogen enrichment of natural gas has attracted considerable attention due to several favorable combustion characteristics. 

Compared with conventional methane combustion, hydrogen addition increases the laminar burning velocity, reduces ignition 

delay time, extends lean flammability limits, and improves flame stability. These characteristics contribute to enhanced 

combustion efficiency and more reliable operation under lean conditions. Furthermore, hydrogen-enriched combustion can 

facilitate lower carbon emissions by partially replacing carbon-containing fuels with a carbon-free energy carrier. When hydrogen 

and oxygen produced simultaneously through water electrolysis are directly utilized in combustion systems, additional benefits 

can be achieved through improved energy utilization and reduced greenhouse gas emissions. Previous studies have demonstrated 

that methane–hydrogen mixtures provide superior combustion performance and enhanced flame propagation characteristics, 

making them promising candidates for future low-carbon combustion technologies [11–13]. 

Many studies in the literature show that hydrogen is used not only in mixture with methane but also with different fuels such as 

kerosene, ammonia, and biogas [14]. In addition to all these studies, there are also studies examining the effects of changing the 

O2 and N2 ratios in the combustion air on combustion and emission performance. Among these studies, the method in which the 

oxygen ratio in the combustion air is increased is called oxygen-enriched combustion. Oxygen enrichment can be applied to 

different fuel mixtures as well as to fuels containing hydrogen, according to the literature. Guo et al. [15] tested the combustion 

of premixed ammonia enriched with hydrogen and oxygen. The results showed that oxygen enrichment improved the ignition 

properties. As the oxygen ratio increased, the combustion duration initially decreased and then increased.  Mutlu and Taştan used 

propane as a hydrocarbon in their study. They examined flame characteristics and emission values by applying different rates of 

O2 enrichment to a propane flame. The results show that as the O2 content in the combustion air increases, CO emissions decrease 

while NOX emissions increase. An et al. [16] investigated the flame stability and emission behavior of oxygen-enriched ammonia 

combustion in a swirl combustor. The results showed that when the O2 ratio was increased from 21% to 35%, the NO mass 

fraction increased by a factor of six. Furthermore, as the O2 ratio exceeds 30%, the fuel NO mechanism becomes more dominant. 

Tunç [17] investigated the oxygen enrichment performance of a methane/hydrogen mixture from a thermoacoustic perspective. 

In the study, 20% hydrogen was added to the methane flame by volume. The results showed that a high oxygen ratio resulted in 

a higher flame temperature. Furthermore, the change in the swirl number produced a 3% temperature increase. 

A review of the literature reveals that methane flame enrichment with hydrogen has been studied to achieve low emission targets. 

These studies tested various alternative fuels, as well as different burners and combustion conditions. The oxygen enrichment 

method has become quite popular as an innovative combustion technology in recent years. The majority of these studies were 

conducted in model burners. The high combustion speed of both hydrogen and oxygen increases the tendency for flashback. Due 

to this hazard, studies using both oxygen and hydrogen in combination in industrial burners are rare. Amez et al. [5] used a 

Bentone BFG1 H3 brand burner in their experimental study. This study tested the use of oxygen generated during hydrogen 

production in an industrial burner and combustion chamber. Combustion chamber temperature values and pollutant emissions 

were determined. However, due to the high risk of flashback, the scenario in which hydrogen is also introduced into the burner 

under oxygen enrichment conditions was not experimentally tested. Furthermore, because the flame remained within the boiler 

in this study, flame formation and temperature could not be determined. Furthermore, the axial temperature distribution within 

the combustion chamber could not be investigated. This new research will numerically verify the reference study and investigate 

both hydrogen and oxygen enrichment. Unlike studies in the literature, a medium-sized burner with a maximum thermal power 

of 100 kW, suitable for industrial applications, will be used instead of a pilot burner. This numerical analysis will test a scenario 

in which hydrogen and oxygen produced by electrolysis are simultaneously fed to the burner, without high flashback and 
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explosion risks. This will allow flame temperature and formation, combustion chamber axial temperature distribution, and exit 

temperature to be determined. Furthermore, the formation and variation of NOX emissions at the combustion chamber exit will 

be investigated. Thanks to this study, researchers will gain information about the effects of a situation where both Hydrogen and 

Oxygen can be increased simultaneously in industrial burners. 

2. Materials and Methods (Methodology) 

This section presents the geometric model and network structure of the numerical study. The flow rates and oxygen ratios of the 

fuel mixtures used in the study are also specified. The hydrogen and oxygen additions to the 100% natural gas flame are presented 

as input parameters for the study. 

2.1. Numerical Model 

In this study, the Bentone BFG1 H3 brand burner, which Amez et al. [5] used experimentally, was taken as a reference. Figure 1 

shows the burner mounted on the validated combustion chamber. The outer diameter of the cylindrical combustion chamber 

shown is 84 cm. Its length is 1 meter. There is a 14 cm diameter exhaust opening at the combustion chamber exit. On the other 

hand, the exit diameter of the burner mounted in the combustion chamber is 9 cm. The total burner length is 13 cm, of which 5 

cm remains inside the combustion chamber in a barrel shape. The reference burner can operate at thermal power between 25 and 

100 kW. 

Figure 2 shows the three-dimensional geometric drawings and mesh structures of the combustion chamber and burner. A denser 

mesh was applied to the burner's outlet region to improve modeling accuracy. Table 1 shows the boundary and inlet conditions 

used in the numerical analyses. Commercially used burners utilize ambient air to create internal premixing, thus achieving 

combustion. Furthermore, like many commercial burners, they maintain combustion with a 20% excess air coefficient for low 

emissions. In this case, the equivalence ratio is calculated as 0.83. 

In this study, in addition to the parameters held constant, there are also parameters whose changes are observed. These values 

are presented in Table 2 as a numerical analysis matrix. Three different fuel mixtures were analyzed, starting with 100% methane 

and ending with a mixture containing 30% H2. Furthermore, all these fuel mixtures were analyzed at O2/N2 + O2 ratios of 20.8%, 

23.5%, 26.1%, 28.5%, 31%, and 33.9% by volume. Thus, the effects of both oxygen enrichment and hydrogen addition on the 

methane flame were investigated. Table 2 shows the fuel mixtures and the volumetric flow rates of methane and hydrogen 

required to provide this mixture. These flow rates were calculated based on 33 kW of thermal power. The lower heating values 

of all fuel mixtures by mass are also presented in the table. The lower heating values (LHV) of the fuel mixtures will be an 

important indicator when evaluating experimental data. 

 

2.2. Governing equations 

Transport equations for all species are continuity, energy, and momentum, and they were employed in computational fluid 

dynamics studies. The general form of the transport equation is shown in Eq. (1) [18,19]. 
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𝑌𝑃 is the mass fraction of any product species, 𝑃   

𝑌𝑅 is the mass fraction of a particular reactant, 𝑅 

𝐴 is an empirical constant equal to 4.0 

𝐵 is an empirical constant equal to 0.5 

The net rate of production of species 𝑖 due to reaction 𝑟, 𝑅𝑖,𝑟, is given by the smaller (i.e., limiting value) of the two expressions 

below: 
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Eqs. (2)-(3) describe the chemical reaction rate, which is calculated using the large eddy mixing time scale 𝑘/𝜀, as defined in 

Spalding's eddy-dissipation model [20]. When the turbulence scale k/ε>0, combustion is sustained continuously without the need 

for an external ignition source. 

NOX formation mechanisms 

The thermal NOX formation mechanism is given in Eqs. (4)-(14) [19,21]. 
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The prompt NOX formation  mechanism is given in Eqs. (15)-(22) [19,21]. 
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The eddy-dissipation combustion model was chosen for the consumption of CH4/H2 mixed fuel. This model 

is commercially used due to its practicality. In this model, single-step global reactions are solved for the 

combustion of both hydrogen and methane. The single-step global reactions are as follows Eqs. (23)-(24):  
 

 4 2 2 22 2CH O CO H O                             (23) 

 2 2 22 2H O H O                                      (24) 
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3. Results and Discussion 

The most fundamental and initial criterion for a numerical study is to verify data obtained experimentally from a reference model 

and accept it as accurate in the literature. After this verification, the impact of system modifications on the data can be 

investigated. In this study, the combustion chamber outlet temperature values in the reference study article [5] were verified. The 

data were taken from the flue section of the combustion chamber. The verified data are combustion chamber outlet temperature 

data. A similar decrease in combustion chamber outlet temperature was found after a 31% O2 ratio in both experimental and 

numerical studies. Many studies in the literature show that oxygen enrichment increases temperatures in both the flame zone and 

other regions of the combustion chamber. However, there is a critical point for this increase for different fuel mixtures and 

combustors. After this point, a reverse effect can be observed. The key is to identify this critical point and to evaluate the data 

scientifically. All these changes will be analyzed under different H2 addition conditions and compared with different applications 

in the literature. 

Two important data points to be evaluated from the numerical results of the study are the combustion chamber exit temperature 

and the combustion chamber temperature distributions. Figure 3 shows a comparison of temperature data taken from the chimney 

at the combustion chamber exit. These data compare combustion analyses with air of varying O2 contents for pure methane and 

hydrogen additions up to 30%. The analysis yielded consistent results for both hydrogen addition and increased oxygen content 

in the combustion air. The results show that increasing the hydrogen volume in the fuel mixture increases the flue gas exit 

temperature. Furthermore, this upward trend is more pronounced at higher O2 ratios, such as 31% and 33.9%. Conversely, as the 

O2/N2 + O2 ratios in the combustion air are increased, the flue gas exit temperatures increase steadily up to 31%. Temperatures 

reached 820 K at the highest hydrogen and 31% O2 ratios. Average temperature increases of 100 K were observed for all fuel 

mixtures. Additionally, when the O2 content was increased to 33.9% in all fuel blends, a further decrease in combustion chamber 

exit temperature was observed. To accurately interpret these data, data such as the maximum temperature within the combustion 

chamber, the temperature distribution, and the axial distance at which the maximum temperature occurs must also be explained. 

Figure 4 shows the temperature changes in the combustion chamber as the axial distance from the burner center increases. Four 

different graphs are presented for different hydrogen ratios, and the most significant finding is the maximum temperature values. 

When all results are examined, the temperature values decrease as the axial distance from the burner exit to the chimney is 

increased. This is an expected result due to heat transfer through the boiler walls and the distance from the flame zone. When 

other results are examined, the flame exit temperature increases with the increase in oxygen content, similar to the chimney exit 

temperature. Furthermore, when the O2 ratio was increased to 33.9%, the flame temperature decreased again at all H2 ratios. 

When the maximum flame temperature is examined, the maximum temperature point remains between 0.1 and 0.15 m from the 

burner exit under standard air combustion conditions, while the maximum temperature point is moved 0.2 m beyond due to 

oxygen enrichment. Conversely, at higher oxygen ratios, a sudden drop occurs after the high temperatures, resulting in lower 

temperature data in the 0.3-meter region. 

The exhaust gas temperature data used for model validation were obtained from the reference experimental study conducted by 

Amez et al. [5]. In that study, the temperature was measured by means of a thermocouple installed in the flue gas section located 

at the combustion chamber outlet. To ensure consistency, the numerical temperature values were extracted from the same outlet 

region of the combustion chamber. As shown in Figure 3, the numerical predictions are in good agreement with the experimental 

measurements, with only minor deviations observed at certain oxygen enrichment levels. These differences can be attributed to 

thermocouple measurement uncertainties, radiative heat exchange effects, wall heat losses in the experimental setup, and 

simplifications associated with the turbulence–chemistry interaction model employed in the CFD simulations. Despite these 

differences, the numerical model accurately reproduces the overall trend of exhaust gas temperature variation with increasing 

oxygen concentration. 

While the O2 atoms in the oxidizing air accelerate the combustion reaction, the N2 atoms act as an inert gas, slowing the reaction 

and absorbing energy. Reducing the N2 ratio in the oxidizing air increases the adiabatic flame temperature. Many studies in the 

literature have observed higher flame temperatures in combustion with high-oxygen air [22]. Reducing the entry of N2 gas, which 

does not directly participate in the combustion reaction, into the combustion chamber also reduces the inert heat required to heat 

this gas. Conversely, reducing the N2 in the air and increasing O2 to high levels increases the laminar combustion speed above 

critical levels. The increased laminar combustion speed shortens the reaction residence time [23]. Therefore, the carbon and 

hydrogen atoms in the fuel do not have enough time to react with the oxygen atoms in the air. As a result, insufficient heat was 

released due to insufficiently reacting fuel and air, leading to a decrease in flame temperature. One of the most important 

indicators is that the flame temperature is more intense at the burner exit under high oxygen conditions. Flames with high laminar 

combustion speeds are observed to have shorter flame lengths. In flames containing N2 or similar diluents in the air, the flame 

temperature is lower in the reaction zone at the burner exit. In contrast, temperatures may increase toward the outer flame region. 

Min et al. [24] investigated the effects of three different diluents: CO2, Ar, and N2. Flame length was observed to increase with 

the addition of all diluents. Alabaş et al. [25] observed in their experimental studies that temperatures decreased in thermocouples 

near the burner exit when N2 and Ar were added, while a slight increase was observed at an axial distance of 15 cm from the 

burner exit. This suggests that the high concentration of N2 slows down the reaction process, allowing the flame to spread over 

a wider area. Another result obtained in the study is that the increase in flue gas outlet temperature due to H2 addition appears to 

be related to the increased lower calorific value. Although the thermal power remained constant, the higher mass calorific value 
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of H2 gas increased the lower calorific value. While the lower calorific value of the fuel mixture under 100% methane combustion 

was 50,144 kJ/kg, it increased to 53,743 kJ/kg in the fuel mixture with 30% H2 addition. 

The discrepancies between numerical and experimental temperatures can be attributed to measurement uncertainties, heat losses 

in the experimental system, and simplifications inherent to the CFD model. Nevertheless, the numerical model accurately predicts 

the overall temperature trend and correctly identifies the critical oxygen concentration at which the exhaust gas temperature 

begins to decrease. At oxygen concentrations above 31%, the increased flame speed promotes localized heat release near the 

burner exit, resulting in shorter residence times and enhanced wall heat losses, which contribute to the observed reduction in 

exhaust gas temperature. 

Figure 5 demonstrates the impact of H2 molar concentration on axial temperature profiles across different O2 %. As depicted in 

the figure, temperature ratios rapidly increased at the flame front due to the finely concentrated flame observed in all cases. After 

this point, temperatures significantly dropped beyond approximately between 15-20 cm from the burner on average 1300 K 

levels. For each study, it is clear that the flames advanced closer to the burner's exhaust with increasing hydrogen levels, a trend 

also visible in Figure 6. Regarding hydrogen addition, temperature values increased for all cases with a rise in reaction rate. 

Subsequently, a increased oxygen molar concentration within the combustor formed a broader, more volumetrically distributed 

flame. 

 

Thermal field 

 

Examination of Figure 7 reveals that the highest flame temperature levels slightly increased with the adding of hydrogen to the 

combustion chamber. Additionally, the flame position shifted further away with the increase in hydrogen concentration. As a 

result, with higher H2 concentration, the H2 flow rate increased, causing the flame position to move farther from the combustor. 

However, as the O2 molar concentration decreased from 33.9 % to 20.8 %, the flames gradually moved back to an other position 

closer to the burner. This shift prevents the flame from moving too far away and reduces the airflow speed near the combustor 

entrance. Moreover, this increase in O2 molar concentration facilitated the transition to combustion kinetics, leading to a wider 

and volumetrically distributed flame within the combustion chamber. 

The contour representations in the combustion chamber are related to the scale of the system. However, the color distributions 

and temperature variations observed in these contour maps can offer insights into the transition towards homogeneity within the 

combustion chamber, as well as the dispersion of the flame. In combustion systems, the analysis of temperature and species 

distribution is crucial for understanding the combustion dynamics, flame behavior, and overall system efficiency. The color 

contours often depict gradients of temperature, with warmer regions typically shown in warmer colors (e.g., red, orange), and 

cooler regions in cooler colors (e.g., blue, green). By analyzing these patterns, one can observe how the combustion process 

evolves from areas of high-temperature intensity (typically near the flame front) to areas of lower temperature that are less 

affected by combustion processes. The transition to homogeneity refers to the tendency of the combustion products and the 

combustion environment to approach a more uniform distribution in terms of temperature, pressure, and species concentrations 

over time or after a certain period of operation. This homogeneity is an important indicator of the stability and efficiency of the 

combustion process. The flame’s dispersion, on the other hand, refers to the spread or diffusion of the flame front within the 

combustion chamber, which may change due to variations in fuel supply, air-fuel mixing, or turbulence [26–28]. 

 

NOX Pollutants emission 

 

The final part of the study investigated the effects of hydrogen and oxygen addition on NOX emissions at the combustion chamber 

exit. NOX emissions occur through various mechanisms. The most dominant is the thermal NOX mechanism, which occurs via 

high flame temperatures. Furthermore, NOX emissions also happen due to nitrogen atoms in the fuel. Other NOX formation 

pathways are the Prompt NOX and NNH mechanisms [29]. The hydrogen and oxygen gases used in addition to methane in this 

study are known to increase the adiabatic flame temperature. The increase in adiabatic flame temperature triggers thermal NOX 

emissions. While oxygen and hydrogen additions increase the reaction's heat, they also provide advantages and affect NOX 

emissions. Therefore, examining NOX emissions is of great importance for this study. Figure 8 shows the effect of oxygen 

enrichment at different H2 ratios on the axial distribution of NOX emissions within the boiler. In their experimental studies, Zhang 

et al. [30] showed the NOx emission value as approximately 7 ppm for 100% methane fuel combustion. Similarly, Kumuk [31] 

measured the NOx pollutant emission value as 8 ppm due to pure methane combustion in a similar combustion chamber. When 

the literature review is done, it is seen that the results are approximately compatible. When the graphs are examined, it can be 

seen that NOX emissions increase at all hydrogen addition rates. However, there was no significant increase in NOX emissions 

at 30% hydrogen under standard air combustion conditions. On the other hand, oxygen-enriched combustion resulted in higher 

NOX emissions. As the O2 ratio increased, there was a significant increase in NOX emissions. It is also clear that NOX emissions 

vary linearly with flame temperature. NOX emissions also decreased at 33.9% O2, where the flame temperature decreased again. 

This is an expected result due to the thermal NOX mechanism. When both combustion chamber temperatures and NOX emissions 

are considered together, burning a fuel mixture containing 30% H2 by volume at 26.1% O2 appears to be the most optimal result. 

In this case, hydrogen energy and the O2 gas produced by electrolysis can be an alternative fuel. Furthermore, NOX emissions 

remain below 10 ppm. Figure 9 also shows the predicted NOX contours within the combustion chamber. Thus, it can be concluded 

that NOX distributions are nearly uniform throughout the combustion chamber, proving that a distributed regime is achieved for 

all fuels used. 
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4. Conclusions 

This study proposes using the hydrogen gas produced by electrolysis directly in a natural gas burner rather than storing it. The 

use of oxygen released simultaneously with hydrogen for enrichment was also analyzed. Unlike the literature, this study used an 

industrial burner instead of pilot burners. The study results are as follows: 

 The increased volumetric H2 content in the fuel mixture increased the combustion chamber exit temperature due to its 

lower heating value. 

 Oxygen-enriched combustion increased flame and combustion chamber exit temperatures up to 31% O2. After this rate, 

instabilities were triggered due to the increased flame speed, leading to a decrease in flame temperature. 

 An examination of the combustion chamber's axial temperature distribution revealed that while high O2 concentrations 

exhibit sudden combustion and high temperatures at the burner exit, the temperature drops rapidly as the burner reaches 

a distance of 0.3 meters. 

 NOX emissions vary in direct correlation with combustion chamber exit temperatures. While H2 and O2 additions 

increase NOX emissions, a 33.9% decrease in NOX emissions was observed, decreasing both flame and combustion 

chamber exit temperatures. 

 Considering temperature and NOX emissions, the optimal combustion temperature was a mixture containing 70% CH4 

and 30% H2, combined with air containing 26.1% O2. 
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Figure and table captions 

 

Figure 1. Bidirectional Switching Process [5] 

Table 1. Numerical analysis parameters 

Figure 2. Combustion chamber model and mesh structure used in the study 

Table 2. Numerical Matrix and Fuel Flow Rates 

Figure 3. Numerical Verification [5] 

Figure 4. Flue gas outlet temperature 

Figure 5. Oxygen concentration effects on the burner centreline temperature profiles at (a) 100% CH4 (b) 90% CH4 – 10% H2 

(c) 80% CH4 – 20% H2 (d) 70% CH4 – 30% H2 

Figure 6. Hydrogen concentration effects on the burner centerline temperature profiles at (a) 20.8% O2 (b) 23.5% O2 (c) 26.1% 

O2 (d) 28.5% O2 (e) 31% O2 (f) 33.9% O2 

Figure 7. Axial temperature contours for various fuels at various oxygen concentration situations. 

Figure 8. Oxygen concentration effects on the burner centreline NOX profiles at (a) 100% CH4 (b) 90% CH4 – 10% H2 (c) 80% 

CH4 – 20% H2 (d) 70% CH4 – 30% H2 

Figure 9. Axial NOX contours for various fuels in various oxygen concentration situations. 
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Table 1 

Definition Value/Parameter Unit 

Inlet Turbulent Intensity 8 % 

Thermal Power 33 kW 

Equivalence Ratio 0.83 --- 

Convective heat transfer coefficient 30 W/m2.K 

Wall Thickness of the Combustor 0.002 m 

Solver Pressure-Based --- 

Spatial Discretization Second Order 

Upwind 

--- 

Gradient Least Squares Cell 

Based 

--- 

Pressure Presto --- 

Mesh Nodes 338269 --- 

Mesh Elements 318768  
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Table 2 

Mixtures NG Flow Rate 

(sccm) 

H2 Flow Rate (sccm) O2 / N2 + O2 

(Volumetric) 

LHV (kJ/kg) 

%100 NG 55071 0 20.8, 23.5, 26.1, 28.5, 

31, 33.9 

50144 

%90 NG - %10 H2 53270 5919 20.8, 23.5, 26.1, 28.5, 

31, 33.9 

51114 

%80 NG - %20 H2 51181 12795 20.8, 23.5, 26.1, 28.5, 

31, 33.9 

52289 

%70 NG - %30 H2 48726 20883 20.8, 23.5, 26.1, 28.5, 

31, 33.9 

53743 
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