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Temperature dependence of the laminar burning velocities of
H2+O2+N2 flames
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Abstract
Temperature dependence of the laminar burning velocity of hydrogen was studied
by detailed kinetic modelling. Two contemporary mechanisms were compared with the
experimental values of the temperature exponent available from the literature, either
presented directly or evaluated in the present study. The effects of equivalence ratio and
N2 content in the mixture were investigated. The observed dependence of the
temperature exponent on the fitting temperature range was discussed.

	
  
Introduction
Laminar burning velocity of hydrogen is an important parameter required in the
design and development of stationary gas turbines and hydrogen-fueled internal
combustion engines. Often, it has to be known in a wide range of initial temperatures,
pressures and dilution ratios. Usually, these effects are treated independently. For
instance, the correlation describing the influence of initial temperature on the adiabatic
laminar burning velocity and used in this or equivalent form since 1950’s, e.g. [1],
SL = SL0 (T/T0)α,
(1)
includes the reference temperature, T0, and the burning velocity at this temperature, SL0,
varying with equivalence ratio, ϕ. Pressure dependence of the power exponent
coefficient, α, in Eq. (1) was often neglected or averaged. Earlier measurements of the
power exponent α for hydrogen + air flames [1-4] at pressures around atmospheric one
were summarized by Konnov [5]. Discrete measurements of Verhelst et al. [6] in lean
hydrogen flames at atmospheric pressure showed large scattering as can be seen in Fig.
1. Hu et al. [7] performed limited set of experiments at elevated temperatures and
supported their measurements by the modeling employing the mechanism of Ó Conaire
et al. [8]. Meanwhile, several groups derived burning velocity correlations thanks to the
availability of detailed kinetic models for hydrogen combustion: [9-13]. These results
are presented in Fig.1.
Figure 1 shows obvious discrepancy between the modelling and experiments as well
as between the different models. There are two apparent reasons for this. First, the
modeling has been performed over different ranges of pressures and temperatures that
affect pressure-dependent coefficients α. Moreover, in the correlation studies, the
validation domain is centered at the engine-like conditions, so that if a single expression
for α was obtained for the whole pressure range, it can be expected to have a bigger
discrepancy at the border condition of 1 atm. Second, even more important, different
models have different predictive abilities even if they were validated against similar or
the same commonly accepted sets of laboratory experiments, as it was emphasized by
Burke et al. [14].
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Fig. 1. Power exponent α for hydrogen + air flames at conditions close to atmospheric
pressure and 298 K. Solid symbols and thick lines: experiments, open symbols and thin
lines: correlations. For the modelling studies, the kinetic mechanism is given is
parentheses.
Therefore, a further investigation of α in H2 + air flames is needed. Moreover, the
impact on α caused by changing N2 content is not comprehensively characterized. The
variation of the power exponents α with increased amount of steam or nitrogen, added
to stoichiometric hydrogen flames, has been first studied by Kusharin et al. [15] at
pressures around 1.5 atm. They observed that increased amount of diluent increases the
power exponent. This finding is consistent with the work of Zitoun and Deshaies [16]
who investigated hydrogen + oxygen (no diluent) flames and for stoichiometric mixture
found α = 0.9, the value which is much lower than those shown in Fig. 1 for H2 + air
flames. Increase of the power exponent coefficient α with dilution by nitrogen has been
also observed by Paidi et al. [17].
Therefore, in the present study, the temperature dependence of the laminar burning
velocity of hydrogen flames is investigated in the wide range of dilution by N2 from
pure H2 + O2 up to highly diluted mixtures. The variation of the power exponent
coefficients α with the dilution ratio is then analyzed and discussed.
Modelling details
A new edition of the Konnov mechanism [18], which has not yet been published,
and the recent model of Keromnes et al. [19] were used in the present study. The
simulations were done with the PREMIX solver of the Chemkin software package with
multicomponent transport properties and thermal diffusion option. Adaptive mesh
parameters were GRAD = 0.015 and CURV = 0.1. These stringent parameters were
implied to ensure accurate grid-independent solution with more than 500 grid points.
Results and Discussion
The standard conditions of Fig. 1, i.e. p = 1 atm.,
T0 = 298K, which the
majority of available literature data was dedicated to, will be first discussed. Apart from
the studies shown in Fig. 1, where the power exponent α was presented directly, a

	
  
number of works [7, 20-24] presented H2 + air flame speed at room and elevated
temperatures without its evaluation in the form of Eq. (1). For these works, the power
exponent α was extracted with a least-square fit procedure. All available and extracted
values of α from the experimental data are shown in Fig. 2. Also presented in Fig.2 are
uncertainties for the values of α. They were determined in two ways, as following.
Some sources of data had more than two values of SL available. They were either
measured at more than two temperatures (Hu et al. [7], Krejci et al. [20]) or presented as
a scattered value at two temperatures (Bradley et al. [21]). In this case, α was obtained
as a coefficient of a least-square fit model, and its standard deviation was used as the
uncertainty. For the case when only two values of SL were available, α was obtained by
direct evaluation of Eq. (1). Then the error bars were estimated based on the accuracy of
the given SL values.
For the modelling with the current mechanism, the power exponent α was obtained from
a least-square fit to the simulated data in the range of temperatures 250-500K. As will
be shown below, α does depend on the fitted temperature range, which also means that
the power law in the form of Eq. (1) with constant α is not valid for a wide temperature
range. However, for 250-500 K such correlation is still reasonable. The performance of
the most recent H2 model of Keromnes et al. [19] is also shown in Fig. 2 for
comparison.
The two models, as well as the previous version of the current mechanism [18], were
found to give identical results. Comparing the models to the experimental data, it can be
said that they are in reasonable agreement with the most recent measurements of Krejci
et al. [20]. However, in the very lean mixtures (ϕ<0.5), not covered in [20], a solid
conclusion cannot be drawn due to the large scattering of the experimental data.
Notably, at ϕ = 0.3 there are three measurements available, from [6], [21] and [24, 25],
which differ significantly. Also, all modelling studies from Fig. 1 show a trend of a
rapid rise of α toward lean mixtures, which is supported by the data of Krejci et al. [20]
and Das et al. [24, 25]. The latter is the only study, whose data indicate a very high α in
a very lean mixture. However, the use of [24, 25] for extraction of the temperature
exponent should be considered with a great care, since the temperature range in the
measurements was only 25K (298K and 323K). Nevertheless, the results extracted from
[24, 25] are valuable as a possible evidence for trend indicated by modelling and should
not be seen as an attempt to determine exact value of α at ϕ = 0.3.
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Figure 2. Power exponent α for H2-air flames at standard conditions. Solid symbols,
dash and dash-dot lines: experiments, open symbols: fit to experimental data made in
the present study, solid lines: modelling.

	
  
Regarding the SL correlation studies [9-13], the correlation equation of Ravi and
Petersen [12], which was derived for a wide range of ϕ, was found to be the closest to
the present modelling.
As can be seen from Fig. 2, for the H2+air mixtures there is a large variety of data,
resulting in high scattering of α. For the H2+O2+N2 mixtures with variable composition
the amount of available data is limited. Two studies exist, where the laminar flame
speed of pure H2 + O2 mixtures was measured from cryogenic temperatures to room
conditions: Edse and Lawrence [26] and Zitoun and Deshaies [16]. In the latter, the
power exponent α was presented directly. The comparison between the measurements
and modelling for H2 + O2 mixtures is shown in Figure 3. The error bars for the values
of α were evaluated in the present study as the standard deviation in the least-square fit
approach.
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Figure 3. Power exponent α for H2-O2 flames at atmospheric pressure. Symbols:
experiments, lines: modelling. The green and orange colors designate the
corresponding temperature range.
The investigated temperature range for [26] is about 150 K wider than in [16] and
does not match the conditions of Fig. 2. Therefore, the modelling results are shown for
three sets of temperature for fair comparison. It was found that the effect of temperature
on the extracted value of α is non-negligible, as was also observed in [7]. The shape of
the α curve is well predicted by the modelling, though there is a constant shift in the
absolute values of α, which cannot be explained only by the dependence of α on T0.
Finally, available studies of stoichiometric H2-O2-N2 mixtures with different amount
of N2 can be combined in one plot. The modelling was done in the range 250-500K and
the comparison with available literature data is shown in Figure 4. Apart from the
sources already discussed [16,152] and the most recent available data from Hu et al. for
stoichiometric H2-air mixture, the results of Kusharin et al. [15] and Paidi et al. [17]
were analyzed. It can be seen that the agreement with the models is good, especially for
higher dilutions.

Figure 4. Power exponent α for stoichiometric H2-O2-N2 flames at standard conditions
and variable N2 content. Symbols: experiments, lines: modelling.
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Figure 5. Variation of power exponent α as a function of temperature for H2+air
mixtures with different equivalence ratios.
As discussed above, the power exponent α depends on the fitted temperature range.
It was observed by Hu et al. [7], who studied the variation of α by extending the
temperature range from 300-350K to 300-950K. This resulted in the values averaged
over the whole range. In the present study, the variation of α as a function of
temperature is presented as α(T0), where at each T0 the fitted interval was chosen to be
100K: T0-50K to T0+50K. As an example, the results obtained with the current model
for H2-air mixtures and stoichiometric H2-O2-N2 mixtures are shown in Fig. 5.
The variation of α increases in lean mixtures, while for the mixtures close to
stoichiometric H2+air, the change of α over the whole 500K range does not exceed 0.5.
This questions the validity of Eq. (1) as a correlation equation for wide temperature
ranges.
Regarding the flame speeds, the variation of α with temperature results in
considerable discrepancies between the modeled and correlated with Eq. (1) flame
speeds, if the latter is evaluated outside the range where the power exponent was fitted.
Conclusions
Temperature dependence of the laminar burning velocity of hydrogen and the effects
of equivalence ratio and dilution on the power exponent α were studied. The
contemporary kinetic models for hydrogen combustion are capable to reproduce the
experimental data in a wide range of conditions. New experimental measurements in the
very lean H2-air mixtures are required to confirm the quality of the model prediction for
these conditions.
An exponential increase of α with the increased amount of N2 dilution was observed,
which is well predicted by the models.
The dependence of the power exponent α on the fitted temperature range was
studied. The effect is considerable for the power exponent itself, and in terms of flame
speed correlation, it results in significant discrepancies, if flame speed correlation is
used outside the range, where the power exponent was fitted. That suggests for
reconsideration of power law dependence for flame speed correlation of the hydrogen
mixtures at high temperatures.
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