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Abstract 
The growing research interest in Natural Gas reported in the recent years is due to 
its large availability as a fuel, and its potential applications in several chemical 
syntheses, starting from the methane steam reforming. To this aim, the extraction 
of oil and gas resources, either onshore or offshore, is hardly meeting the global 
energy needs and new fields are continuously explored. On the other hand, existing 
and new projects may involve specific geographical areas where the hydrocarbon 
extraction meets severe safety challenges due to the presence of Hydrogen 
Sulphide (H2S) in the extracted hydrocarbons (sour gas). Indeed, the combined 
effect of flammability and toxicity of such gases has the critical potential to 
increase the hazard level in the industrial installation, thus aggravating the 
consequences for human and assets. 
In this work a numerical procedure suitable for the evaluation of fundamental 
parameters such as Laminar Burning Velocity (SU) and Flammability Limits (FLs) 
was presented and successfully applied to CH4 - H2S – Air mixture (Sour gas), 
based on fully validated detailed kinetic model and Limiting Burning Velocity 
(SU,Lim) theory. The effect of initial temperature, equivalence ratio and H2S content 
was evaluated by varying the data within the ranges, respectively: 250 K – 325 K; 
0.4 – 2.5; and 0.75 %v – 15 %v.  
It was found that even for larger amount of H2S, and for all investigated 
temperatures, an almost negligible variation in SU is observed, however with a 
slight reduction for lean conditions and a small increase for rich conditions. Results 
show also that the addition of H2S has a strong relevance on SU,Lim values, hence on 
flammability limits. These phenomena lead to small variation of Lower 
Flammability Limit but large differences in the Upper Flammability Limit for the 
given mixture.  
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Introduction 
The potential substitution of oil-based mixtures with Methane (CH4) as a fuel or as 
raw material for chemical synthesis has strongly increased the demand of this fuel 
in the recent years. That has forced the exploration and the exploitation of Natural 
Gas reservoirs in isolated regions (stranded gas), where climate conditions can vary 
from very low temperature (as in the Arctic region, in several Russian areas close 
to polar circle or even in the Caspian area) to very high temperature (as in the case 
of Indian Ocean, Persian Gulf, Red Sea or Arabic sea). In many cases, however, 
the presence of non-alkanes compounds and more specifically Hydrogen Sulfide 
(H2S), could raise severe safety issue and strong deviation from the ideality of pure 
Methane gas, due to its flammability and toxicity hazards. Similar issues can be 
found in biogas, where the presence of Sulphur has to be kept into account. 
In this framework, the estimation of crucial factors for reactivity and safety 
analysis, such as Laminar Burning Velocity (SU), Lower Flammability Limit (LFL) 
and Upper Flammability Limit (UFL), under different ambient conditions and 
composition represents a fundamental step for further scientific and technological 
development.  
Here, the effect of initial temperature and composition on the SU of CH4 – H2S – 
Air mixtures (Sour Gas) were evaluated by using detailed kinetic model including 
both hydrocarbons and Sulphur compounds chemistry [1] The LFL and UFL were 
estimated by means of Limiting Laminar Burning Velocity (SU,Lim) theory [2].  
 
Materials and Methods 
The numerical analysis was performed by implementing the Chemkin-based code 
suitable for the premixed laminar flames estimation. The simulation parameters 
ratio, slope and curve were equal to 3, 0.07 and 0.14, respectively, in order to 
optimize the simulation time and costs required and number of point in the output 
files (around 200-250) without affecting the accuracy of obtained results. 
Moreover, the relative error criteria (RTol) and absolute error criteria (ATol) were 
kept constant at 1.0·10-9 and 1.0·10-14 for steady-state problem and 1.0·10-5 and 
1.0·10-14 for time stepping problem (used by the code as first attempt solution), 
respectively. 
The detailed kinetic model used in this study is based on the light hydrocarbons 
reactions (<C4) reported by the University of California at San Diego (UCSD) 
mechanism [3] and Sulphur compound chemical model developed by Leeds 
University [4], fully validated and selected among the other detailed kinetic model 
considered in previous works [1][5], by applying a statistical analysis on the 
comparison with existing SU data retrieved from the current literature. 
For the sake of simplicity, the Natural Gas was modeled as pure CH4. Three binary 
mixtures representing typical Sour Gas compositions were studied: Mix 1) CH4: 
99.25 %v; H2S: 0.75 %v; Mix 2) CH4: 98.50 %v; H2S: 1.50 %v; Mix 3) CH4: 85.00 
%v; H2S: 15.00 %v. The unburned gas initial temperature was changed within the 
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interval 250 K – 325 K and the equivalence ratio (φ), as defined in the Equation 1, 
from 0.4 to 2.5. 
 

 𝜑 = ∑
 𝐹𝐹𝐹𝐹
𝑂𝑂𝑂𝑂𝑂𝑂𝑂

� 𝐹𝐹𝐹𝐹
𝑂𝑂𝑂𝑂𝑂𝑂𝑂�𝑠𝑂

 (1) 

 
where st stands for stoichiometric conditions, calculated by considering the 
complete combustion of the fuel, i.e. the reaction forming H2O and CO2 for CH4 
case and H2O and SO2 for H2S. 
Once the SU was estimated in all the studied conditions, the Flammability Limits 
are evaluated by using the Limiting Laminar Burning Velocity (SU,Lim) theory, 
defining the Flammability Limits as the composition such that the Laminar 
Burning Velocity is equal to a threshold value depending by gaseous mixtures and 
initial conditions, as calculated in the Equation 2. 
 

 𝑆𝑈,𝐿𝐿𝐿 =  �2𝛼𝛼 𝜌𝑏
𝜌𝐹

3  (2) 

 
where ρu and ρb are the unburned and burned gas density, respectively, α is the 
effective diffusivity and g the gravitational acceleration. 
 
Results and discussion 
Figure 1 shows the effect of equivalence ratio on the estimated values of Laminar 
Burning Velocity at initial temperature equal to 300 K for all the analyzed 
mixtures, being considered as reference temperature for further analysis.  
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Figure 1. The Laminar Burning Velocity of CH4-H2S-Air mixtures at 300 K as a 
function of equivalence ratio φ and H2S content.  

 
Noteworthy, H2S – Air mixtures shows a fundamental burning velocity, i.e. the 
maximum value of the SU curve respect to the equivalence ratio, at stoichiometric 
composition whereas pure CH4, and the three mixtures, as for many hydrocarbons, 
it shows a slight shift toward richer conditions (usually within the range 1.05 – 
1.10), leading to different shapes for the pure fuels curves. This observation 
suggests the existence of a more efficient mechanism for the heat transfer for the 
pure H2S case, being the fundamental burning velocity shifting mainly due to heat 
transfer mechanisms [6].  
Additional conclusion can be drawn by analyzing lean and rich conditions 
separately. More specifically, it is relevant to report that the presence of H2S 
reduces the SU, although slightly, in lean and near stoichiometric conditions even if 
the H2S – Air mixtures show larger values of SU with respect to the pure CH4 – Air 
mixture. These results are in contrast with the common correlation for the fuels 
additivity of the laminar burning velocity (e.g. Le Chatelier’s rule). However, it 
should be due to the differences in the stoichiometry of the complete combustion 
reactions considered in the equivalence ratio definition. An additional explanation 
of the highlighted behavior should be represented by the reduced availability of H 
atoms with respect to the pure CH4 case with the same O2 concentration, leading to 
the reduction of the H + O2 ↔ O + OH reaction rate, which is considered as the 

0.5 1.0 1.5 2.0 2.5
0

10

20

30

40

50

 

 
La

m
in

ar
 B

ur
ni

ng
 V

el
oc

ity
, S

U [
cm

 s
-1
]

Equivalence ratio, ϕ [~]

 H2S
 CH4

 Mix 1
 Mix 2
 Mix 3



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

ruling reaction in the combustion system and the most relevant in the SU 
determination.  
This hypothesis complies with the results reported for the rich conditions, where 
the opposite trend is observed, i.e. the more H2S content, the more SU is estimated, 
being oxygen the limiting reagent in the aforementioned reaction. In order to 
evaluate the effect of initial temperature, the SU of studied mixtures with respect to 
the equivalence ratio was shown at 250 K only (Figure 2). Additional data at 275 K 
are not reported here for the sake of brevity.  
Quite clearly, the SU decreases for all investigated mixtures if reducing the initial 
temperature. However, it is important to notice that effect of temperature on SU are 
strongly dependent on the gaseous composition.  
 
 

 
Figure 2. The Laminar Burning Velocity of CH4-H2S-Air mixtures at 250 K as a 
function of equivalence ratio φ and H2S content. 

 
In order to make a quantitative analysis on the coupled effect of temperature and 
composition additional calculations are required. To this regard, the exponential 
trend (Equation 3) is considered the best predictive correlation due to the 
simplicity, accuracy and range of applicability, as reported by Akram and 
coworkers (2012) [7]. 
 
 𝑆𝑈 = 𝑆𝑈,𝑇°  ∙ � 𝑇
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where T0 is the reference temperature, equal to 300 K in this study, SU,T° is the 
Laminar Burning Velocity at T0 and α is the temperature exponent, which depends 
on the mixture composition. It is important to highlight that the variation between 
the obtained results for ternary mixtures and CH4 – Air mixtures are negligible 
even at high concentration of H2S (Mix 3) and these values are always lower than 
the one regarding H2S – Air mixture, up to 30% at extremely lean and extremely 
rich conditions. The SU,Lim has been calculated by using the thermodynamic and 
transport coefficient data of the database of the used kinetic model. Hence, the 
Flammability Limits were estimated for all the studied mixtures and temperature 
(Table 1). 
 

 
 
 

Table 1. Flammability limits in terms of %v/v as a function of initial temperature 
for different H2S content. 

 
 LFL [%v] UFL [%v] 
TIN 325 K  300 K 275 K 250 K 325 K 300 K  275 K 250 K 
Pure CH4  4.90 4.99 5.03 5.08 16.70 16.63 15.50 14.31 
Mix 1  4.81 4.95 5.02 5.09 17.51 17.38 17.10 16.66 
Mix 2  4.82 4.92 5.01 5.11 17.62 17.39 17.13 16.68 
Mix 3 4.79 4.90 5.03 5.15 19.62 19.07 18.60 17.91 
Pure H2S  4.42 4.60 4.95 5.30 35.60 35.00 33.02 30.00 
 
As expected, the LFL decrease almost linearly with respect to the initial 
temperature, whereas a parabolic trend is observed for UFL, thus suggesting the 
increased complexity of the phenomena occurring at rich conditions with respect to 
the lean conditions. Moreover, it is possible to conclude that by increasing the H2S 
content, which is in principle more reactive, an enlargement of the flammability 
range is obtained, as expected. That is however in contrast with the calculated trend 
for SU. Eventually, it should be considered that additional data, both experimental 
and numerical on the oxidation of H2S in various process conditions, should be 
beneficial to improve the quality and accuracy of the performed analysis [7]. 
 
References 
[1] Pio, G., Palma, V., Salzano, E., “Evaluation of kinetic model for the 

oxidative decomposition of H2S”, Proc. 40th Meeting of the Italian Section of 
the Combustion Institute, Rome, Italy, paper V-4, pp 50. 

[2] Hertzberg, M., The Theory of Flammability Limits: Conductive-convective 
Wall Losses and Thermal Quenching, U.S. Department of the Interior, Bureau of 
Mines, 1984, p. 14. 

[3] University  of  California  at  San Diego,  “Chemical-Kinetic  Mechanisms  



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

for  Combustion  Applications.”, (2017), Available online: 
http://web.eng.ucsd.edu/mae/groups/combustion/mechanism.html. 

[4] Leeds University, “Sulphur mechanism. Version 5.2,” (2005). 
[5] Pio, G., Barba, D., Palma, V., Salzano, E., “Analysis of Detailed Kinetic 

Models for the Oxidation of Butene Isomers”, Proc. ISCRE25, Florence, 
Italy, accepted. 

[5] Xu C., Konnov, A.A.,  “Validation and analysis of detailed kinetic models 
for ethylene combustion,” Energy, 43, 19–29 (2012). 

[6] Akram, M., Saxena, P., Kumar, S., “Laminar Burning Velocity of 
Methane−Air Mixtures at Elevated Temperatures” Energy & Fuels, 5509–
5518, (2012). 

[7]  Barba D., Cammarota F., Vaiano V., Salzano E., Palma V., Experimental 
and numerical analysis of the oxidative decomposition of H2S, Fuel, 198, 
68-75 (2017). 


	G. Pio*, V. Palma**, E. Salzano*
	Abstract
	Introduction
	Materials and Methods
	Results and discussion
	References

	UFL [%v]
	LFL [%v]
	250 K
	275 K
	300 K 
	325 K
	250 K
	275 K
	300 K
	325 K 
	TIN
	14.31
	15.50
	16.63
	16.70
	5.08
	5.03
	4.99
	4.90
	Pure CH4 
	16.66
	17.10
	17.38
	17.51
	5.09
	5.02
	4.95
	4.81
	Mix 1 



