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Abstract. The enhanced combustion properties of hydrogen as well as worldwide 
concerns due to global warming are acting together as the major driving force to a 
future hydrogen-based economy. However this will not be a step change and the blends 
of hydrogen and hydrocarbons must be looked as a transition solution to a purely 
hydrogen-based economy [1]. In the present study, numerical investigations of a wider 
range of fuel/air mixtures which includes H2-hydrocarbon blends have been carried out 
for the unstretched laminar burning velocities, SL0 at STP conditions using detailed 
reaction mechanisms. For this purpose, different reaction mechanisms are combined 
with the combustion simulation package Cosilab [2]. Comparative studies with 
experimental data from several independent investigations show that San Diego 
mechanism [3] predicts SL0 of H2/air mixtures very well while Konnov v0.5 [4] is the 
most valid mechanism for CH4/air mixtures. QMech [5] shows good agreement for 
C3H8/air mixtures. For H2/CH4/air mixtures of overall equivalence ratio 1.0, kinetic 
mechanisms show a splitting behaviour for varied concentration levels of blended fuel 
hydrogen. For mixtures with volume concentrations of H2 (Vol. H2) < 60%, QMech 

predicts reasonable results while for Vol. H2 ≥ 60% Appel [6] is comparatively better. 
QMech also shows valid predictions for H2/C3H8/air mixtures especially for 
equivalence ratios between 0.6 and 1.0. For H2/CO/air mixtures satisfactory agreement 
is found with CMech [7]. An extended evaluation of the influence of carbon dioxide in 
the latter mixture is conducted which shows that SL0 decreases almost linearly with 
increasing quantities of carbon dioxide. 
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1 INTRODUCTION 

Hydrogen is not a primary source so it must be manufactured at significant costs and 
with energy consumption. Moreover his challenge was addressed and several pathways 
were already identified in order to develop a purely hydrogen based economy [2]. 
Consequently this will not be an abrupt change and hydrocarbon-hydrogen blends must 
be looked on one hand as a transition solution into a cleaner energy source [1] and on 
the other hand as way of preventing flame instabilities in today’s combustors [3].  
The major driving force comes from the concerns (and possible costs) due to global 
warming but also because hydrogen may allow significant enhancements in the 
operability ranges of many combustion devices (e.g. piston engines). The operation of 
such devices under lean conditions is advantageous in terms of achieving both high 
thermal efficiency and low NOx emissions, but lean flames present inherent instabilities 
[3]. Nevertheless hydrogen combustion is characterized by increased mean local 
burning velocities, especially noticeable under ultra lean conditions, due to molecular 
transport effects and stretch that strongly affect the local burning velocity near the 
convex zone of the flame [4] producing efficient operations and reducing ignition lag 
[5].  

Besides combustor’s design one of the biggest commitments with hydrogen potential 
as clean fuel comes for example from the Dutch government who is considering 
hydrogen addition to the natural gas grid, which feeds all household burners [6]. 

One of the most important intrinsic properties of any combustible mixture is its 
laminar burning velocity and its dependence on variables such as pressure, temperature 
and mixture composition. Many practical examples of combustion (from water gas 
heaters to engines) rely on turbulent flames which share some of their characteristics 
with laminar flames [7]. In fact, the prediction of the turbulent flame speed has been 
challenging for the combustion community for many years [8] and the laminar burning 
velocity is a fundamental input in one of the most important approaches where such 
flames are considered as a set of laminar-like flamelets [9].  

In the present investigation we aim to identify the best kinetic mechanisms that 
should be used to predict laminar burning velocities of several hydrocarbon-air-flames 
and also to study the dilution effect of the synthesis gas with carbon dioxide. All the 
results computations were made using the commercial laminar flame code Cosilab [10]. 
Steady state simulations of freely planar propagating flames are used through all the 
present work unless explicitly stated. The scope of this study is limited to flames at 
atmospheric pressure and ambient temperature (1 bar and 298K, respectively). 

2 NUMERICAL METHODS –SPHERICAL VERSUS FREELY 
PROPAGATING FLAMES 

Here the adjective ‘freely’ implies that such flames are free from external 
disturbances as near-by walls and burner-nozzles or rods. We are dealing with one-
dimensional ‘low-Mach-number reactive’ flows in stream-tubes, tubes or pipes with 
variable cross-sectional area. Here the adjective ‘low-Mach-number’ means low flame 
speeds (deflagrations) and inviscid flows with spatially uniform pressure. 
 

Thus the governing equations used to model the above mentioned flames are the 
continuity equation, 
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The species mass conservation equations for each species  
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The energy equation 
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and the ideal-gas equation of state 
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In the latter group of equations, t  is the time, x is the spatial coordinate, )(xA  is the 
spatially variable cross-sectional area – which is constant in these cases - ρ  is the mass 

density, v  the velocity, 0p  the thermodynamic pressure and T the temperature; iY  is 

the mass fraction of species i, and iii VYj ρ=  its diffusion flux; here iV denotes the 

diffusion velocity of species i; 
ipc and ih denote the mass-based constant-pressure 

specific heat and enthalpy, respectively, of species i, and iw  is its mass rate of 

production; pc  is the mixture's frozen specific heat capacity, and λ  is its thermal 

conductivity. Boundary conditions are applied for the dependent variables: mixture 
density,ρ , temperature,T  and composition iY  infinitely far upstream and infinitely far 

downstream of the flame. Located far upstream of the flame is the cold boundary; here 
the respective numerical values prevailing in the fresh unburnt mixture are to be 
prescribed. Located far downstream of the flame is the hot boundary; here the 
equilibrium composition prevails at an implicitly given temperature.  

Upon defining the vector of dependent variables, 
T

n vTYYu ),,,,...,( 1 ρ=                                                         (IV) 

The above mentioned system can then be cast into the general form, 

)()( uf
dt

du
uB =                                                               (V) 

In previous studies [11], different methods for the calculation of flammability limits 
were evaluated based on their capacity to capture different aspects of flame extinction. 
One of the conclusions at the time is that spherical geometries marginally improve the 
planar flame calculations of the above mentioned limits. Despite this, influence of such 
methods in the calculation of laminar burning velocities (which is the parameter of 
interest in this work) is not assessed therein.  

Consequently, here, two different flame geometries are used and compared: 1D 
freely propagating flame and 1D spherically expanding flame. The temperature and the 
species mole fractions are specified at the cold boundary, while zero gradients are 
imposed in the hot boundary. A hybrid time-integration/Newton technique is adopted to 
solve the steady state equations for the planar geometry and the Euler method is used in 
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the spherical case. In both geometries stoichiometric mixtures of hydrogen/air are 
modeled and a 21-step kinetic mechanism is used [12]. 

In the spherical case the constant-pressure limiting case is considered. Initially, the 
entire system is at 300 K except at the centre where a hotspot is located that triggers the 
ignition. As a result additional boundary conditions are defined and they concern 
essentially to the centre of the system. An initial temperature profile is defined 
according to Figure 1. Again in the centre symmetry conditions are imposed for all 
dependent variables. This means, that at the coordinate origin, at all times including the 
initial time, the radial velocity component is zero, and that temperature and species 
mole fractions have zero gradients there.  

 
Figure 1: Initial temperature profile adopted in the spherical case 

Hotspot value 

Figure 2 shows an initial profile with a 2000 K hotspot in the origin decreasing 
dramatically to 300 K within 8mm length. This ‘step’ measures approximately one tenth 
of the total radius of the domain. Several hotspots were computed as it can be seen in 
Figure 2, thus every flame front becomes almost coincident after running 260 timesteps 
(which takes about 3 minutes in a standard dual core pc). Consequently the hotspot 
value has no influence on the laminar burning velocity values.  

 
Figure 2: Computed temperature profiles for the spherical case of stoichiometric H2/air 

mixture, for 260 timesteps. Four different hotspot temperatures (3000 K, 2000 K, 1900 K 
and 1850 K). 
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Domain size/Grid points and Radius of the initial profile 

Figure 3 shows four computed cases with the same maximum temperature in the 
initial temperature profile (2000 K), although with different domain sizes, number of 
grid points and radius of the initial profile. Figure 3 reports that all the flame fronts have 
coincident slopes. One of flame fronts shows an offset of approximately 8mm because 
the initial temperature profile used is double sized. For these four cases, the laminar 
burning velocities are approximately the same and the value is around 2.55 m/s. 
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Figure 3:  Computed temperature profiles for the spherical case of stoichiometric H2/air 

mixture, for 260 timesteps. Different domain sizes (80 mm and 160 mm) are computed, as 
well as different number of grid points (160 and 320) and also the radius of the initial 

temperature profile (~16 mm). 

Figure 4 shows that the planar geometry (or freely propagating flame – FP) 
represents more accurately the trend observed in the experimental data [13]. The 
average deviation for the spherical geometry is 15.3% against 11.2% in the FP case. In 
the spherical case the maximum burning velocity is shifted to leaner compositions, more 
precisely, to a hydrogen volume fraction of 37.08% when a value of 3.31 m/s is 
achieved. For the planar geometry the highest value is achieved for a mixture with 
41.71% of H2 and its value is 3.06 m/s. The latter scenario is more coherent with the 
experimental trend and the deviation to the experimental peak is around 6.7%.  
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Figure 4: Computed laminar burning velocities for the spherical case and for the freely 

propagating (FP)/ planar (lines) and experimental values (points) [13]. 

3 H2 RESULTS 

Figure 5 shows four different models and their laminar burning velocities compared 
against a set of experimental data [13-15]. Models differ from each other due to the 
kinetic mechanism used. Since hydrogen reaction steps can be found in hydrocarbon 
mechanisms (such as CH4), several “sub-mechanisms” for hydrogen can therein be 
extracted and studied. In this work, four kinetic mechanisms are compared [12, 16-18]: 

1. GRI 2.11 contains 277 elementary chemical reactions and 49 species [16]. It is 
not optimized for modelling pure nitrogen-hydrogen-oxygen chemistry or any 
form of NOx removal process.  

2. Konnov mechanism version 0.5 is a set of 1200 reactions and 127 species [18]. 
The mechanism includes much more than methane (or natural gas) oxidation 
reaction set. It also includes the combustion of C2-C3 hydrocarbon species and 
their derivatives, N-H-O chemistry and in-flame NOx formation. 

3. Q-Mech is a set of 463 reactions and 117 species [17]. It is a kinetic mechanism 
optimized for propane. 

4. San Diego contains 21 reactions and 10 species [12]. It is specially optimized for 
hydrogen combustion. 

The differences between each mechanism rely essentially on the number of reactions 
and the value of rate parameters. Besides this, Konnov mechanism differs from other 
mechanisms because the initiation step is assumed to be the collision of H2 and O2 
molecules to produce two OH radicals. Although it has now been shown that this 
collision is extremely unlikely and not fast enough to be important [19]. As can be seen 
in Figure 5 this main difference does not influence the prediction of laminar burning 
velocities. 
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Figure 5: Measured and calculated laminar flame speeds. Solid lines, models from this work 
(with different kinetic mechanisms) and points, from different experimental works [13-15]. 

All the mechanisms can predict the overall trend of the experimental values, 
including the maximum burning velocity which occurs for all of them at an equivalence 
ratio of 1.7 (corresponding to 41.7% volume fraction of hydrogen). 

Concerning to average deviations the mechanisms can be splitted into two groups. 
The average deviation of GRI 2.11 is 14.3% and QMech is around 14.4% and they 
constitute the first group with the worst overall results. However they have the lowest 
deviations for very lean hydrogen mixtures (Φ=0.6) with 4.4% and 9.8% respectively. 

The second group contains Konnov 0.5 and San Diego with an average deviation of 
8.6% and 9.0%, respectively. Our numerical investigations show that these are the best 
mechanisms for the global range of possible mixtures, with an additional attractive for 
San Diego as it just has 21 reactions. From all of them, San Diego presents the most 
feasibility for future CFD analysis of hydrogen combustion. 

4 H2 + CO RESULTS 

Laminar burning velocities of synthesis gas (or syngas) are analyzed in this section. 
This mixed gas is often used as an intermediate in the production of other chemical 
compounds or as a fuel source itself. In practical engineering terms most of it arises 
from the gasification of coal. The mixture consists primarily of hydrogen, carbon 
monoxide and sometimes also carbon dioxide. 

Figure 6 shows the computed laminar burning velocities for mixtures of syngas 
without carbon dioxide while in Figure 7 the carbon dioxide dilution effect is shown. In 
Figure 6 three mixtures are presented with three different volumetric proportions of 
H2:CO (50%, 25% and 5% of H2). The computed data is then compared with two sets 
of experimental data [20] and [21]. All the computations included in Figure 6 and 
Figure 7 were achieved using Davis et al. mechanism (also called CMech) [22]. 
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Figure 6
(solid lines) using Davis et al. mechanism (CMech) 

Figure 6 shows that when hydrogen content is lowered (25% and 5%) the peak 
burning velocity is shifted to richer mixtures (
observed in the computations
predicted burning velocities for the 50%, 25% and 5% 
6.7%, respectively. Indeed the overall average deviations are 8.7%, 5.4% and 5.4%, 
respectively. 

These results allowed the usage of the same mechanism (CMech) 
evaluation of the carbon dioxide effect which is shown in 

Figure 7 shows that
an increasing content of carbon dioxide in the mixture. The average reduction is 9.1% 
when considerin
10.3% when the CO
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Calculated laminar burning velocities for a stoichiometric mixture of H2 

(solid lines) using Davis et al. mechanism (CMech) [22]. Experimental values taken from 
[20, 21]. 

shows that when hydrogen content is lowered (25% and 5%) the peak 
city is shifted to richer mixtures (Φ=2.5 instead of Φ=2). This behaviour is 

with the average deviations for the maximum 
predicted burning velocities for the 50%, 25% and 5% mixtures being 1.7%, 0.0% and 
6.7%, respectively. Indeed the overall average deviations are 8.7%, 5.4% and 5.4%, 
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5 CH4 + H2 results 
 

Figure 8 shows the computed laminar burning velocities for pure methane as a 
function of the equivalence ratio (Φ). Four different kinetic mechanisms are compared: 

1. GRI 3.0 is and optimized version [23] of GRI 2.11 for the natural gas 
combustion.  The new mechanism contains 325 reactions (3 are duplicates 
because the sum of two rate parameter expressions is required) and 53 species 
(including argon). 

2. Appel mechanism is a set of 544 reactions and 101 species [24]. This 
mechanism predicts well the major, minor and aromatic species up to pyrene in 
laminar premixed flames of ethane, ethylene and acetylene fuels at 1bar. There 
also exists a modification of this mechanism for 10 bar. 

3. Konnov 0.5 mechanism [18] has already been described in a previous section. 
4. Peters mechanism [25] is a 4-step reduced mechanism. 
Figure 8 shows that the reduced mechanism [25] yields poor results with average 

deviation of 71.4% and with an offset in the predicted peak burning velocity. The 
maximum computed value with this mechanism is obtained for an equivalence ratio of 
1.3 while the experiments [26] show that it occurs for the ratio of 1.1.  

So far, Figure 8 also shows that Konnov 0.5 [18] is the best mechanism for 
predicting laminar burning velocities of pure methane mixtures with an average 
deviation of 8.5%. Appel [24] and GRI 3.0 [23] have average deviations of 29.0 and 
12.9%, respectively. 

 
Figure 8: Computed laminar burning velocities of methane-air mixtures against the 

equivalence ratio (solid lines). Different kinetic mechanisms are shown. Experimental 
values (points) from [26-28]. 

Additionally, the effect of variation of hydrogen content is plotted in Figure 9. Two 
kinetic mechanisms are analyzed here: 

 

0

0.1

0.2

0.3

0.4

0.55 0.75 0.95 1.15 1.35 1.55

S
L

(m
/

s)

Equivalence ratio (Φ)

Gri3.0

Appel

Konnov 0.5

reduced Peters

Bosschaart et al. (2004)

Vagelopoulos et al. (1998)

Van Maaren et al. (1994)



Hugo M. Campelo, Siva M. Muppala, Jennifer X.Wen and B. Manickham  

 

 10 

1. Konnov 0.5 reduced is derived from the original base mechanism [18]. All C3-C6 
species other than C3H8 and n-C3H7 are removed, as well as all nitrogen chemistry, 
leading to a reduced mechanism with 456 elementary reactions among 54 species [11]. 

2. QMech [17] has already been described in a previous section. 
 

These mechanisms are chosen to investigate not only the effect of different reaction 
rate parameters, but also of a different species set. The laminar burning velocities of 
stoichiometric methane-hydrogen-air mixtures against the volumetric hydrogen content 
are shown in Figure 9. Large discrepancies are found between two sets of data [1] and 
[29], namely in the hydrogen rich side (Vol. H2 ≥ 60%). For comparison Ilbas et al. [29] 
set is considered as the best available as it is the most recent.  

The behavior of the above mentioned mixtures can be divided into two different 
regimes: the first for Vol. H2 <60% and the second for Vol. H2 ≥ 60%. In the first 
regime a linear increase in laminar burning velocity is observed with increasing 
hydrogen content while in the latter a trend of exponential enhancement is observed 
(Figure 9). Therefore the performance of kinetic mechanisms is also splitted: QMech 
[17] mechanism predicts better the velocities in the hydrogen-poor side and Appel [24] 
is the best for the hydrogen-rich side (Figure 9). The average deviation of QMech in the 
poor side is 10.0% whereas the same parameter for Appel in the rich side is 24.3%. 

This latter value for hydrogen-rich mixtures is high and the prediction of the 
exponential increase in the velocity due to relative higher quantities of hydrogen in the 
mixtures remains a challenge for further study. 

 
Figure 9: Computed laminar burning velocities of stoichiometric methane-hydrogen-air 

(Φ=1) mixtures against the volumetric percentage of hydrogen in the mixture (solid lines). 
Different kinetic mechanisms are shown. Experimental values from [1, 29-31]. 

6 C3H8 + H2 results 
 

Propane is the major component of the liquid petroleum gas and has a good air-fuel 
mixing potential. Other advantage is that it can be stored in liquid phase under moderate 
pressures. These properties motivated several authors to undertake experimental studies 
on propane-air mixtures [13, 27, 32, 33]. However, to the best of the author’s 
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Figure 11: Computed laminar burning velocities of several propane
equivalence ratio (solid lines). Different plots represent different volumetric quantities of hydrogen in the 
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Computed laminar burning velocities of several propane-hydrogen-air mixtures vs. the 
equivalence ratio (solid lines). Different plots represent different volumetric quantities of hydrogen in the 

mixture. Experimental values (points) extracted from [1, 33]. 
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VH2 (%) ∆Φ= 0.6-1 (%) ∆Φ= 0.6-1.4 (%) 
100 12.7 11.1 
80 8.0 9.3 
60 16.9 22.5 
40 20.5 24.3 
20 17.8 19.3 
0 6.8 11.1 

Table 1: Average deviations (∆(%)) for all the propane-hydrogen-air mixtures shown in Figure 11. Two 
deviations are calculated for different ranges of equivalence ratios. 

It is important to note that two average deviations are calculated for each mixture in 
Table 1. An average deviation for the mixtures within the range 0.6 ≤ Φ ≤ 1 and another 
deviation for the all range 0.6 ≤ Φ ≤ 1.4. For blends of propane-hydrogen-air mixtures 
(20% ≤ VH2 ≤ 80%) the average deviations for leaner mixtures is always smaller than 
the overall deviation. However the mixture with an 80% of hydrogen presents the best 
agreement with experimental results (under 10%). All other mixtures show higher 
deviations. Despite this, the results can feed further research on the understanding of the 
effects of molecular transport phenomena in laminar flames. 
 

7 CONCLUSIONS 

It is found that for H2-air-mixtures: 
 

• the best kinetic mechanism to predict the laminar burning velocities is San 
Diego with its 21 elementary reactions. As the number of steps is reduced the 
potential use of this mechanism in further CFD analysis builds-up an additional 
advantage. 
 

It is found for H2+CO mixtures: 
 

• the CMech predicts the laminar burning velocities with reasonable agreement. 
• that the increasing quantities of carbon dioxide in these mixtures linearly 

decrease laminar burning velocities. 
 

It is found for CH4-air mixtures: 
 

• the best kinetic mechanism to predict the laminar burning velocities is Konnov 
0.5. 

 
It is found for CH4-H2-air mixtures: 

 
• there are two mechanisms with the best agreement with experiments: QMech for 

mixtures with low content of hydrogen VH2 <60% and Appel for VH2 ≥ 60%. 
However in the latter case the average deviation exceeds 20%. Consequently the 
prediction of this trend remains a challenge for future work. 

 
It is found for C3H8-air mixtures: 
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• the QMech is the best kinetic mechanism to predict its laminar burning 
velocities. 

 
It is found for C3H8-H2-air mixtures: 

 
• QMech predicts better the laminar burning velocities for leaner mixtures (0.6 ≤ 
Φ ≤ 1). 

• the peak burning velocity occurs always at an equivalence ratio of 1.0 
independently of the relative composition between the fuels. 
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