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Abstract 

The utilization of low-quality gaseous fuel from biomass gasification and the abundance of oxygen-

rich streams obtained as a by-product of nitrogen-air separation by membrane technology has 

incentivized the development of sustainable oxygen-enriched combustion technologies in the last 

decades. However, a dearth of experimental and numerical analysis addressing the reactivity and 

safety aspects of these mixtures at initial low temperatures can be observed in the current literature.  

In this work, the heat flux burner was adopted for the measurement of the laminar burning velocity 

of methane in oxygen enriched air at different equivalence ratios. Results were compared with 

numerical data obtained by means of detailed kinetic mechanisms developed at the University of 

Bologna and the Gas Research Institute (GriMech3.0). Simplified correlations for the estimation 

of the laminar burning velocity with respect to the oxygen content at any equivalence ratio were 

developed, tested and evaluated.  

An elemental reaction-based function was found appropriate for the estimation of the overall 

reactivity of the investigated mixtures. Besides, numerical analyses were performed to characterize 

the flame structures in terms of temperature and product distribution under several initial 

conditions. These results gave further insights into the reaction mechanisms of gaseous fuels in the 

case of oxygen-enriched air, highlighting potential bottlenecks for kinetic model refinements. 

Eventually, relevant safety parameters were estimated, in particular the flammability range of the 

fuel/oxidant mixture, in terms of lower and upper flammability limits.  

 

Keywords: Laminar Burning Velocity; Flammability Limits; Oxygen Enriched Air; Premixed 

Flame; Detailed kinetic; Heat Flux Burner. 
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Highlights: 

• Experimental determination of methane/oxygen/nitrogen laminar burning velocity 

• Heat Flux Burner as a new methodology for the definition of safety parameters 

• Validation and comparison of detailed kinetic mechanisms for oxygen enriched flames 

• Individuation of the flammability range for the fuel/oxidant mixture  

• Development and comparison of simplified correlations for the safety parameters 

  



Nomenclature 

a, b, c, d Fitting parameters (Equation 8) 

ATol Absolute error criteria 

cp Thermal capacity 

𝔇 Dilution index  

E Oxygen enrichment factor (Equation 5) 

f, g, h Generic functions (Equation 9) 

�⃗� Gravitational acceleration 

HFM Heat flux method 

LFL Lower flammability limit 

LOC Limiting Oxygen Concentration 

K Thermal conductivity 

M Mixtures mole fraction  

RTol Relative error criteria 

Su Laminar burning velocity 

Su,d Laminar burning velocity for diluted mixtures 

T Temperature 

UFL Upper flammability limit 

  

Subscripts  

0 Initial conditions 

Air Air as oxidant  

b Burned conditions 

F Flame 

f Fuel 

I Ignition 

lim Limiting 

N Nitrogen 

O Oxygen 

st  Stoichiometric 

u Unburned conditions 

  

Greek symbols  

α Thermal diffusivity 

ε Fitting parameter (Equation 4) 

𝜉, 𝜂, 𝛾, 𝜈, 𝜎, Ω, 𝑊   Fitting parameters (Equations 1 and 3) 

𝜌 Density of gas 

𝜏𝑅 Characteristic reaction time 

𝜑 Equivalence ratio 

𝜒 , 𝜓  Fitting parameters (Equation 6) 

 

  



1. Introduction 

The potential utilization of post-combustion strategies to reduce the emissions of pollutants such 

as carbon capture and sequestration (CCS) has strongly promoted the adoption of oxygen and 

oxygen-enriched air in energy production systems [1]. Besides, the implementation of membrane-

based processes for the production of nitrogen from the air separation makes the resulting by-

product, i.e. oxygen-enriched stream having oxygen content up to 40 %v/v, inexpensive [2]. 

Furthermore, the increased combustion efficiency due to the higher reactivity of the oxidant allows 

for the recovery of low-quality fuels, such as bio-syngas purification streams, waste gases, tail 

gases. Thus avoiding flaring option [3][4] and allowing for retrofitting of existing plants [5]. 

However, these unconventional techniques are still characterized by poorly controlled combustion, 

requiring investigations on the characterization of macroscopic (e.g. pollutant emissions and 

combustion temperature) and microscopic (e.g. flame structure, and burning velocity) phenomena 

[6]. To this aim, several studies have been performed in the last years on turbulent or non-premixed 

flames [7][8][9]. Nevertheless, detailed investigations on oxygen/nitrogen/fuel premixed flames at 

low initial temperatures are rare [10][11][12], although this approach has the potential to provide 

useful indications on the chemical phenomena involved and on the performance and safety of 

promising combustion systems for oxygen enriched air (e.g. porous medium gas burner) [13]. 

Bearing in mind the variability in the composition of bio-syngas resulting from different sources 

[14] and the existence of a methane-dominated chemical regime in the case of complex gaseous 

mixtures [15][16], preliminary investigations on methane flames are essential in several fields, 

including the evaluation of safety aspects [17][18]. The laminar burning velocity (Su) is considered 

one of the most representative properties for the evaluation of kinetic mechanisms in oxidative 

conditions because it contains several pieces of information regarding the reactivity, the thermal 

properties, the flame shape and the geometry of the flame [19][20]. The heat flux burner can be 

adopted to collect experimental data, because of the reduced impact of fluid dynamics [21]. 

However, some limitations for the determination of elevated Su by means of this technique should 

be considered during the selection of the investigated operative conditions, i.e. the challenging 

burner design required for Su higher than 100 cm/s, the reduced stand-off distances in the case of 

higher initial temperatures leading to radical quenching over the plate, and the difficulties in flame 

stabilization in the case of pressure beyond 10 bar [21].  

Alternatively, empirical correlations can be adopted for preliminary estimations, for instance, the 

effects of the fuel/oxidant ratio on the Su can be evaluated by using the correlations proposed by 

Gülder [22]: 

 

𝑆𝑢 = 𝑊 ∙ 𝜑𝜂 ∙ 𝑒−𝜉(𝜑−𝜎)2
 (1) 

 

where 𝑊, 𝜂, 𝜎 and  𝜉  are empirical parameters depending on the experimental conditions and 

gaseous mixture, and 𝜑 is the equivalence ratio (Equation 2), defined as the ratio between the molar 

fraction (m) of the fuel (f) to the oxidant (oxygen, ox) in feeding and stoichiometric (st) conditions. 
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(

𝑚𝑓

𝑚𝑜𝑥
) 

(
𝑚𝑓

𝑚𝑜𝑥
)

𝑠𝑡

 (2) 

 

However, the Gülder’s correlation can be used for pure fuel/air mixtures, only, whereas the 

modification proposed by Coppens et al. [23] (Equation 3) allows for the evaluation of the effects 

of fuel composition: 

 

𝑆𝑢 = 𝑊 ∙ 𝜑𝜂 ∙ 𝑒−𝜉(𝜑−𝜎− ∑(Ω∙𝑚𝑖))2
∙ ∏(1 +  𝛾 ∙ 𝑚𝑖

𝜈) (3) 

 

The latter correlation requires the definition of three additional (𝛾, 𝜈, and Ω) to take into account 

of the effects of multi-component fuels. Previous studies have observed that 𝜎 may be posed 

equally to the unity to reduce the degree of freedom in the estimation of empirical parameters, with 

a negligible effect on the estimation quality [24]. A similar correlation can be obtained for the 

oxygen-enriched case starting from the correlation developed by Metghalchi and Keck [25] 

(Equation 4), which gives the actual laminar burning velocity at any oxygen content (𝑆𝑢,𝑑
𝜑

), if the 

Su of fuel/air mixtures at the same equivalence ratio (𝑆𝑢,𝑎𝑖𝑟
𝜑

) and the dilution index (𝔇) are 

provided. The original equation can be conveniently modified, replacing 𝔇 by the oxygen ratio E 

(Equation 5): 

 

𝑆𝑢,𝑑
𝜑

= 𝑆𝑢,𝑎𝑖𝑟
𝜑

∙ [1 +  ε ∙ (𝐸 − 𝐸𝑎𝑖𝑟)] (4) 

𝐸 =
𝑚𝑜2

𝑚𝑜2+ 𝑚𝑖𝑛
 (5) 

 

where the subscripts in, air and O2 refer to inert (i.e. nitrogen in this case), air, and oxygen, 

respectively; ε is an empirical parameter depending on the experimental conditions (mainly 

temperature and pressure) and gaseous mixture. The superscript 𝜑 in Equation 4 is added to 

underline the dependence on the equivalence ratio. It is worth noting that Equation 4 can be 

considered as a specific case of Equation 3 having 𝜈 equal to 1 if oxygen is considered as additional 

fuel. Alternatively, a new correlation for the estimation of the overall reactivity of the mixtures can 

be developed, based on the Arrhenius-like equation. To include the effects of composition, leading 

to different ruling reaction pathways in combustion systems, the frequency factor can be replaced 

by the laminar burning velocity of fuel/air mixture at stoichiometric composition (𝑆𝑢,𝑎𝑖𝑟
𝑠𝑡 ), the 

activation energy by a function of the equivalence ratio, and flame temperature by a function of 

oxygen enrichment factor. These assumptions result in Equation 6.  

 

𝑆𝑢 = 𝑆𝑢,𝑎𝑖𝑟
𝑠𝑡 ∙ 𝜑𝜓 ∙ (

𝐸

𝐸𝑎𝑖𝑟
)

𝜔

∙ 𝑒
−𝜒

[𝜑−1]2

(
𝐸

𝐸𝑎𝑖𝑟
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 (6) 



 

where 𝜒, 𝜔  and 𝜓 are empirical parameters. 

Eventually, numerical methods, such as detailed kinetic mechanisms, can be implemented to 

estimate the Su [26]. These models allow for the characterization of chemical interactions between 

reactants, intermediates, and products, as well as the estimation of the flame structures. 

Accurate and robust methods for the estimations of the Su in a wide range of conditions may be 

beneficial for the characterization of safety parameters, as well. In particular, flammability limits, 

and limiting oxygen content can be estimated in accordance with the well-established limiting 

laminar burning velocity theory proposed by Hertzberg (1984) [27].  

In this work, the effect of the initial composition on Su was evaluated experimentally by using the 

heat flux burner [15][28]. The collected measurements were compared with numerical predictions 

resulting from the application of detailed kinetic mechanisms extensively validated in previous 

studies [11][29], and the correlations previously proposed. The effect of the initial composition on 

the flammability range of the fuel/oxidant was estimated, as well.  

 

2. Materials and Methods 

Considering the different approaches utilized in this work, the description of methodological 

procedures adopted in this work was conveniently reported into two sub-sections, relying on 

experimental and numerical analyses, respectively. 

 

2.1. Experimental analysis 

The heat flux burner utilized in this work is composed of a feeding section, a burner, and a data 

acquisition system. In the first section, the gaseous stream flow rate and composition are controlled 

and mixed through Bronkhorst mass flow controllers and pipelines. The second section consists of 

a plenum chamber, where the premixing and homogeneity of the temperature and composition of 

the gaseous mixture are guaranteed, and a perforated burner plate. The radial plate temperature 

distribution is measured by using thermocouples conveniently located at different distances from 

the plate center and monitored through a data acquisition system.  

The temperature of the plenum chamber is controlled by using a cooling jacket fed by water at 

295 K. Similarly, the temperature of the burner plate is controlled utilizing a jacket where ethylene 

glycol at the temperature of 358 K was fed. The temperature of both liquids is controlled by 

thermostats. A simplified representation of the described system is given in Figure 1, whereas 

additional information and features on the burner plate geometry can be found in Figure 2. 

 



 

Figure 1. Schematic representation of the experimental system adopted in this work. 

 

Figure 2. Schematic representation of top and side views of the burner head, including a focus on the dimensions and 

layout of holes (d = hole diameter, p is the center to center pitch). The origin of coordinates is placed on the axis of 

symmetry and below the plate 

 

The feeding system is designed to guarantee the fuel/oxidant premixing and homogeneous 

composition with respect to the radial position on the plenum plate. Thermocouples were added to 

monitor the inlet and outlet temperatures of the jacket fluid and the plenum chamber temperature. 

Indeed, the difference between the outlet and inlet values of the heating jacket (ΔTj) was adopted 

as an additional monitoring parameter to guarantee the absence of angular temperature profile, i.e. 

the plate temperature was considered homogeneous with respect to the angular position only in 

case of measured ΔTj smaller than 1 K. Air and oxygen enriched air were adopted as oxidant agents, 

295 K and 1 bar as the unburned conditions to study the methane premixed flame. In particular, the 

Su of methane/nitrogen/oxygen mixtures having E ranging from 0.21 to 0.40 and φ from 0.5 and 

1.5 were experimentally determined. These values were selected in accordance with the restrictions 

on the heat flux method applicability previously cited [21]. Several plate temperature distributions 

were measured by changing the initial flow rate for a given composition. Quadratic coefficients 

Air

Oxygen
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Plate TC1

TC2

Data Acquisition System

Mixing chamber
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were calculated assuming a parabolic trend of the temperature with respect to the distance from the 

plate center. Hence, the laminar burning velocity was obtained by interpolation as the velocity 

giving null coefficient, i.e., representing adiabatic conditions. Additional information on the 

adopted procedure can be found elsewhere [16].  

The evaluation of the experimental error was performed by considering the temperature 

measurements, the unburned gas velocity, and the interpolation process as possible sources of 

uncertainties for the Su collected data and the combination of uncertainties of the mass flow 

controllers for estimation of the corresponding experimental error of the equivalence ratio, 

adopting the procedure described in detail elsewhere [15]. 

 

2.2. Numerical analysis 

The premixed flame was modeled assuming mono-dimensional and adiabatic conditions, by using 

the open-source code Cantera [30], the detailed kinetic mechanism developed at the University of 

Bologna (KiBo) [29] and the well-known GriMech3.0 mechanism [31]. KiBo represents a semi-

empirical chemical model optimized in terms of accuracy and required computational costs to 

describe the oxidation of light hydrocarbons. It consists of 600 reactions and 125 species and is 

suitable for the estimation of Su of gaseous mixtures containing chemicals lighter than C5, sulfur- 

and nitrogen-based species in a wide range of conditions [32][29]. The adopted grid parameters 

were ratio equal to 3, slope equal to 0.07 and curve equal to 0.14, for the refiner function, relative 

error criteria (RTol) and absolute error criteria (ATol) equal to 1.0·10-9 and 1.0·10-14 for the steady-

state problem and 1.0·10-5 and 1.0·10-14 for time stepping problem, respectively. These values 

result in a typical grid of 250 - 350 points and were selected based on the results obtained by a grid 

sensitivity analysis reported in previous work [33]. The resulting temperature profile and species 

distribution were utilized to distinguish the reactive zone and evaluate the effect of initial condition 

on the flame structure. 

The accuracy of the correlations presented (i.e. Equation 3 and Equation 6) and of the detailed 

kinetic mechanisms adopted (i.e. KiBo and GriMech3.0) was estimated against experimental data 

collected in this work and retrieved from the current literature. Methane related parameters 

obtained in a previous investigation [24] were adopted in Equation 3 and Equation 6, whereas 

oxygen enriched parameters were calculated to minimize the overall discrepancies between 

predicted values and experimental measurements collected in this work. To avoid meaningless 

results, experimental data were divided into two groups, one for the estimation of fitting parameters 

(referred to as the training dataset) and the other for the evaluation of estimation accuracy (referred 

to as the test dataset), in accordance with the founding principles of the machine learning approach 

[34].  

Finally, the values of Upper Flammability Limit (UFL), Lower Flammability Limit (LFL) and the 

Limiting Oxygen Concentration (LOC) were assumed as the composition giving the Su equal to the 

threshold value (Su,lim) defined in Equation 7. 



 

𝑆𝑢,𝑙𝑖𝑚 =  √2𝛼 ∙ �⃗� ∙
𝜌𝑏

𝜌𝑢

3
 (7) 

 

where �⃗�, 𝛼, 𝜌𝑏, and 𝜌𝑢 represent the gravitational acceleration effective thermal diffusivity of the 

mixture, burned and unburned densities. The required properties were calculated by using the 

thermodynamic and transport databases included in the detailed kinetic mechanism KiBo.  

 

3. Results and Discussion 

The effects of initial composition on methane/nitrogen/oxygen premixed flames were analysed by 

using either experimental or numerical approaches. Results are reported in the following. 

 

3.1. The Effect of Oxygen Enrichment Factor 

The experimental data collected at the unburned temperature of 295 K obtained in this work at 

different 𝐸 and 𝜑 are shown in Figure 3. In the figure, additional experimental data obtained at the 

same conditions, as reported in the literature [35][20][36], and numerical predictions resulting from 

the implementation of KiBo and GriMech3.0 were also reported for the sake of comparison. 

 



 
Figure 3. The effect of oxygen addition on the laminar burning velocity (Su) of methane/nitrogen/oxygen mixtures for 

three equivalence ratios (𝜑 = 0.7; 1.0; 1.5). Open symbols: experiments, this work (□: φ=1.5; ○: φ=0.7: ◊: φ= 1.0). 

Cross symbols: experimental data from literature [35][20][36] (+: φ=1,5; :*: φ=0.7: x: φ= 1.0). Blue dashed lines: 

KiBo; Red solid lines: GriMech3.0.  

 

For any given value of oxygen enrichment factor, the laminar burning velocity follows the typical 

trend with respect to the equivalence ratio, where an increase in ϕ leads to higher Su for lean 

compositions and lower Su for rich compositions, in accordance with the trend of the adiabatic 

flame temperature [37]. However, it should be said that kinetic phenomena proportional to fuel 

concentration push the peak of Su / ϕ curves toward richer compositions, typically within the range 

1.1 -1.2 for most of the hydrocarbons [26]. Additional information on this topic will be discussed 

in the following. A linear trend with respect to E can roughly represent the stoichiometric and lean 

data reported in Figure 3, exclusively. The differences between rich and non-rich compositions can 

be attributed to the ruling phenomena determining the overall reactivity, i.e. when the former 

composition is investigated, the chemistry of fuel radicals is predominant, whereas in the latter 

case, thermal aspects assume elevated relevance. This hypothesis is in accordance with the well-

known theory developed for the estimation of the effect of temperature on the lower and upper 

flammability limits [38]. The kinetic models can fairly reproduce both trends. Moreover, numerical 

results are in line with estimations reported in the literature for lean mixture [39][40][41], as well. 
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Nevertheless, discrepancies can be observed for rich fuel at higher oxygen content. The possible 

causes of these disagreements will be analyzed in the following. 

 

3.2. The Combined Effects of Oxygen Enrichment Factor and Equivalence Ratio  

The effect of oxygen enrichment for different equivalence ratios is reported in Figure 4. 

 

 

Figure 4 The effect of equivalence ratio on the laminar burning velocity (Su) of methane/nitrogen/oxygen mixtures for 

different oxygen factors, E. Open symbols: experimental data collected in this work and retrieved from the literature 

[35][20][36]. Blue dashed lines: KiBo; Red solid lines: GriMech3.0. 

 

It is worth mentioning that, both detailed kinetic mechanisms can fairly represent experimental 

measurements collected in this work and retrieved from the current literature under the investigated 

conditions, including the shift toward richer compositions of conditions where the maximum value 

of the Su is reached. However, a tendency to slightly underestimate the Su of near-stoichiometric 

mixtures can be observed, especially for elevated E. Additional information on the combined 

effects of E and 𝜑 on the chemical behavior of methane can be collected by analyzing the flame 

structures at different initial compositions. More specifically, temperature profile, reactants, and 
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main combustion products (i.e. H2, H2O, CO, and CO2) distribution were reported with respect to 

the distance from the burner plate, as calculated by the kinetic model. For the sake of brevity, lean 

(𝜑 = 0.7) and rich (𝜑 = 1.5) equivalence ratios, using air (𝐸 = 0.21) and oxygen enriched air (𝐸 = 

0.35) are here reported (Fig. 5), exclusively.  

 

 

 
Figure 5. Flame structures of methane/nitrogen/oxygen mixtures at different initial compositions.  

 

As expected, either the temperature or mole fraction profiles reported in Figure 5 indicate that 

higher oxygen content leads to a narrower reactive zone. Indeed, the decay of reactant mole 

fractions (or the increase in temperature) is anticipated for the air case, whereas the achievement 
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of equilibrium values is observed at higher distances to the burner plate with respect to a mixture 

having E = 0.35. This trend can be attributed to the enhanced kinetics of the chain-branching 

reaction H + O2 ⇋ O + OH, due to the increased availability of reactants, making faster the reaction 

responsible for most of the heat-release-rate [42]. Furthermore, substantial hydrogen production 

can be observed in the isothermal zone, especially in rich composition, confirming the hypothesis 

of the non-inert preheat zone. It is worth noting that similar adiabatic flame temperatures can be 

observed for different equivalence ratios at higher E. Besides, the CO peaks are considerably more 

pronounced in the case of oxygen enrichment, suggesting that oxygen significantly interacts with 

the degradation path of CH4 leading to the formation of CO, whereas the further oxidation to CO2 

mainly occurs with alternative oxidative agents. These observations are in line with the results of 

sensitivity analysis performed by Wu et al. (2009) [43] for methane/air flames, where the formation 

of CO is mainly attributed to the oxidation of methane dehydrogenation product (i.e. methyl 

radical, CH3) by means of the reaction O + CH3 → H + H2 + CO, whereas the CO2 production is 

attributed to the reaction OH + CO ⇋ H + CO2. This hypothesis is of particular meaning for 

biomass-derived fuels since several studies have indicated that the latter reaction has a significant 

impact on the overall reaction path in the case of fuels containing CO2 [44][45]. Hence, future 

numerical works aiming to the improvement of detailed kinetic mechanisms, especially for rich 

compositions, should be devoted to the estimations of these reaction rate coefficients. 

 

3.3. Comparison of the Empirical Correlations  

The obtained experimental data were adopted for the estimation of the parameters in Equations 3 

and 6 by means of the minimum least square method, as described in detail into the methodological 

section. The resulting parameters were reported in Table 1.  

 

Table 1. Fitting parameters calculated for Equations 3 and 6. 

Parameter 𝑾 = 𝑺𝒖,𝒂𝒊𝒓
𝒔𝒕   

[cm s-1] 

𝝎 
[~] 

𝝍 
[~] 

𝝌 
[~] 

𝝃 
[~] 

𝜼 
[~] 

𝜸 
[~] 

𝝂 
[~] 

𝝈 
[~] 

𝛀 
[~] 

Value 36.0 2.0 0.5 4.5 4.7 0.5 25.0 1.0 1.0 0.1 

 

Both equations indicate a square root dependence of the Su with respect to the 𝜑 (i.e. η and 𝜓 equal 

to 0.5). On the other hand, in the Equation 3, the reaction order with respect to oxygen was found 

to be equal to 1, in compliance with the assumption of the linear proportional relation of Su with 

respect to E for the pre-exponential coefficient [46], whereas a quadratic trend with respect to E 

was suggested by Equation 6, following the elementary rate law. To clarify the possible reasons 

for these discrepancies, both correlations can be rewritten in a more general form as follow  

 
𝑆𝑢

𝑆𝑢,𝑎𝑖𝑟
𝑆𝑡 = 𝑓(𝜑) ∙ 𝑔(𝐸) ∙ 𝑒−ℎ(𝜑,𝐸) (9) 

 



where f, g, and h are functions of the parameters reported in the brackets. This form allows for the 

evaluation of the relative contribution of each parameter involving the determination of the Su. 

Indeed, recalling that linear trends were observed at stoichiometric and lean compositions for 

experimental data, it is possible to conclude that the combined effect of E and 𝜑, i.e. ℎ(𝜑, 𝐸), is 

negligible under these conditions. On the other hand, the latter function assumes a larger 

significance for richer compositions. 

The estimation quality of the correlation proposed in this work is evidenced in Figure 7, where 

experimental data obtained at similar initial temperature and pressure [35][20][36] and part of the 

measurements collected in this work (i.e. excluding the data adopted for the estimation of the 

empirical parameters) were displayed against numerical predictions. In this plot, the accuracy of 

the utilized detailed kinetic mechanisms was analysed, as well.  

 

 

Figure 6. Comparison of experimental and estimated Su (Eq. 3, Eq. 6, KiBo and GriMech3.0 models).  

 

It is worth mentioning that for elevated values of Su, namely at elevated oxygen enrichment and 

equivalence ratio, the estimations are within the ± 10 % of the range with respect to the 

experimental values analyzed, regardless of the adopted approach, although fitting parameters of 

both correlations derive from lower E. However, significant underestimation can be observed for 

lower values when E = 0.40, especially for Equation 3. This observation implies that simplified 

approaches need further improvement to guarantee satisfactorily agreement with experimental data 
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at extreme conditions. Considering the whole dataset, Equation 6 gives more accurate estimations 

than Equation 3, suggesting the adoption of an elemental reaction-based approach for the 

estimation of the overall reactivity under the investigated conditions. Besides, negligible 

differences can be observed at elevated Su between KiBo and GriMech3.0.  

 

3.4. Estimation of the flammability limits  

Considering the elevated accuracy demonstrated by Equation 6, with coefficients reported in Table 

1, this correlation was implemented for the estimation of the flammability limits and limiting 

oxygen concentration of the investigated mixtures following the procedure described in the 

methodological section. The obtained results were compared with experimental data retrieved in 

the current literature [47][48] and reported in Figure 7. At this stage, flammability limits estimated 

at E < 0.21 and E > 0.40 were added for the sake of discussion.  

 

 

Figure 7. Comparison of flammability range of methane/nitrogen/oxygen mixture at atmospheric pressure and 295 K. 

Symbols represents experimental data reported in the literature [47][48], whereas lines stand for numerical 

predictions obtained by Equation 6 and Table 1. Please note that dashed lines were drawn to underline that 

extrapolation was performed. 

 



Although the empirical parameters included in Equation 6 were calculated by using data obtained 

at E within the range of 0.21 - 0.40, numerical estimations are in compliance with experimental 

measurements at E not included in the original range, as well.  

The estimated LFL, UFL in the air are 4.46 %v/v and 15.14 %v/v respectively, which are in a very 

good agreement with experimental data obtained by several standard techniques [49]. The 

estimated LOC in nitrogen is 7.5 %v/v, which corresponds to the slightly richer than the 

stoichiometric mixture at E = 0.075. This value, resulting from the combination of detailed kinetic 

models implemented in adiabatic conditions and fundamental-based experimental system (i.e. the 

heat flux burner), gives more conservative values than the visual methodology, spherical bomb or 

critical adiabatic flame temperature (CAFT) approaches, where LOC in nitrogen is typically close 

to 9.9 %v/v [50].  

The agreement between the two data sources for LFL and UFL for oxygen-enriched compositions 

is undoubtedly facilitated by the direct proportionality with respect to E. However, it is worth to 

mention that the Su,lim is almost constant for rich mixtures, whereas a power-law correlation 

(Equation 10) fairly represents the obtained trend of the threshold value with respect to E for lean 

conditions  

 

𝑆𝑢,𝑙𝑖𝑚 = 114.55 ∙ 𝐸1.82 (10) 

 

Meaning that under these conditions the variation in the adiabatic flame temperature at UFL is 

limited, in accordance with the CAFT [51] method. On the other hand, the Su,lim obtained in the 

lean cases are strongly affected by the increase in the E, mainly because of the corresponding 

increase in the adiabatic flame temperature, thus affecting the burned mixture density. 

 

4. Conclusions 

Experimental and modeling data for the laminar burning velocity of methane flames in oxygen 

enriched air have been collected and analysed in this work. The tendency of the selected kinetic 

mechanism to underpredict this parameter, especially for near stoichiometric and elevated oxygen 

enrichment factor, was indicated. Empirical correlations for the estimation of these parameters 

were developed, successfully implemented and compared for the representation of the available 

dataset. Quadratic law and square root law satisfactorily represent the laminar burning velocity 

trends with respect to the oxygen enrichment factor and equivalence ratio, respectively. The effects 

of the reactant composition on the laminar flame structure were evaluated, as well. Providing 

additional insights for the individuation of ruling reaction paths, helping further refinements of 

kinetic modes.  

In conclusion, the safety parameters of methane/nitrogen/oxygen mixtures have been evaluated 

either experimentally, by means of the heat flux burner, or based on simple correlations resulting 



from combustion fundamentals and detailed kinetic models. This methodology can be easily 

extended to any fuel mixture. 
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