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bstract

Four different numerical methods to calculate the upper flammability limit of methane/air mixtures at initial pressures up to 10 bar and initial
emperatures up to 200 ◦C are evaluated by comparison with experimental data. Planar freely propagating flames are calculated with the inclusion of a
adiation heat loss term in the energy conservation equation to numerically obtain flammability limits. Three different reaction mechanisms are used
n these calculations. At atmospheric pressure, the results of these calculations are satisfactory. At elevated pressures, however, large discrepancies
re found. The spherically expanding flame calculations only show a marginal improvement compared with the planar flame calculations. On the

ther hand, the application of a limiting burning velocity with a pressure dependence Su,lim ∼ p−1/2 is found to predict the pressure dependence
f the upper flammability limit very well, whereas the application of a constant limiting flame temperature is found to slightly underestimate the
emperature dependence of the upper flammability limit.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In a previous study [1], four different methods for the cal-
ulation of flammability limits were evaluated based both upon
comparison of their intrinsic capabilities of capturing the dif-

erent aspects of a near-limit flame relevant to its extinction
Table 1), as upon a comparison of their results with exper-
mental data on the (lower and upper) flammability limits of
ethane/hydrogen/air mixtures at atmospheric pressure and

mbient temperature. It was found among others that the esti-
ates of the flammability limits become more accurate as more
ame aspects are taken into account by the calculations. To fur-

her corroborate the previous findings, the focus of this study
ill be on the upper flammability limits of methane/air mix-
ures at initial pressures up to 10 bar and initial temperatures
p to 200 ◦C. To this end, the results of the different numer-
cal methods – namely the calculation of planar [2–5] and of
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pherical [6] flames with the inclusion of a (radiation) heat loss
erm in the energy conservation equation, and the application
f a limiting burning velocity [4,7] and of a limiting flame
emperature [8,9] – will be compared with experimental data
10].

. Numerical methods

The calculations are performed using CHEM1D [11], a one-
imensional flame code capable of solving 1D mass, energy
nd species conservation equations with detailed transport and
hemical kinetics models. Two different flame geometries are
sed, namely 1D planar premixed flames, both steady and
nsteady, and quasi 1D spherically expanding premixed flames.
he density, the temperature and the species mass fractions are
pecified at the cold boundary, while vanishing gradients are
mposed at the hot boundary. Throughout the calculations it is

ssumed that the gas mixture is ideal and that the pressure is con-
tant in space and time. These are valid approximations since the
ompressibility factor Z ≈ 1.00 for the mixtures under consid-
ration [12] and since the pressure increase during near-limit

mailto:Filip.VandenSchoor@mech.kuleuven.be
dx.doi.org/10.1016/j.jhazmat.2007.09.088
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Table 1
Comparison of the different numerical methods based upon their intrinsic capa-
bilities of capturing the different aspects of a near-limit flame that are relevant
to its extinction

Flame aspects Planar Spherical Su,lim Tf,lim
a

Chemical kinetics
√ √ √ √

Heat loss
√ √ √ √

Flow strain
√

Flame curvature
√

Natural convection
√

Flame front instabilities
Preferential diffusion

a Strictly speaking the application of a limiting flame temperature should
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the different numerical methods is, however, not biased by any
ot have been included into this comparison since it is empirically based and,
herefore, difficult to ascertain which flame aspects are taken into account by it.

ame propagation is limited to approximately 5 % of the initial
ressure [10]. Further details about the flame code can be found
lsewhere [13].

The radiation heat loss is modelled by means of the optically
hin limit. Four radiating species are considered, namely CO2,

2O, CO and CH4.
Since it is expected that the chemical kinetics play an

mportant role in the limit flame behaviour, different reaction
echanisms will be used in the flame calculations: the GRI 3.0
echanism [14], the Konnov 0.5 mechanism [15], a mechanism

y Appel et al. [16], which will be called the Berkeley mecha-
ism in the remainder of this paper, and the Leeds 1.5 mechanism
17].

The GRI 3.0 mechanism is widely used. Since the nitrogen
hemistry is unimportant for the limits under consideration, it
s removed from the base mechanism. The resulting mechanism
ontains 219 elementary reactions among 36 species. It can only
e used for the calculation of methane and natural gas flames.

The Konnov mechanism contains 776 elementary reactions
mong 93 species (not including the nitrogen chemistry). It
an be used for the calculation of hydrogen, carbon monox-
de, methane, methanol, C2 and C3 hydrocarbons and their
erivatives. To reduce the computational time and to allow a
etter comparison with the GRI mechanism, the C3–C6 species
ther than C3H8 and n-C3H7, are removed from the Konnov
echanism, leading to a reduced Konnov mechanism with 456

lementary reactions among 54 species, which will be used
longside the full mechanism.

The Berkeley mechanism contains 544 elementary reactions
mong 101 species. It can be used for the calculation of methane,
thane, ethylene and acetylene flames at 1 bar. There also exists a
odification of this mechanism for calculating flames at 10 bar,
hich contains a different set of 546 elementary reactions.
The Leeds 1.5 mechanism contains 175 elementary reactions

mong 37 species. It can be used for the calculation of methane,
thane and ethylene flames.

The GRI mechanism is chosen because it is widely used. The
onnov, Berkeley and Leeds mechanisms are chosen in addition
o the GRI mechanism to investigate not only the effect of dif-
erent reaction rate parameters, but also that of a different set of
pecies. Compared to the GRI mechanism, the Konnov mecha-

m

e

ig. 1. Comparison between experimentally determined and calculated adia-
atic burning velocities of rich methane/air flames at 1 atm and 25 ◦C.

ism includes a number of C3–C6 species, while the Berkeley
echanism includes aromatic species in order to better model

oot formation.
These reaction mechanisms were all validated against a vari-

ty of experimental data, including burning velocities, ignition
elay times and species concentration profiles [14–17]. The
ost important parameter of these regarding the calculation

f flammability limits is the burning velocity. Therefore, the
ifferent mechanisms are tested on their ability of reproducing
urning velocities of rich methane/air flames. To this end, one-
imensional planar adiabatic flames are calculated at 1 atm and
5 ◦C. As can be seen in Fig. 1, the calculated adiabatic burn-
ng velocities obtained with the Leeds mechanism are in poor
greement with the experimentally determined values [18,19].
onsequently, this mechanism is not used in any of the further
alculations as it would considerably underestimate the upper
ammability limit.

The flammability limits for the planar flames are determined
y considering whether a transient flame calculation reaches
steady state or not. In the latter case, the maximum flame

emperature and the burning velocity will decrease continuously
n time [2]. In the spherical flame calculations, the gas mixture
s ignited by means of a source term in the energy conservation
quation. This ignition source is modelled as an energy input
f 10.5 J during a period of 40 ms in a spherical volume with a
iameter of 10 mm. These parameters are chosen to resemble the
gnition source that is used in the experiments [10] with which
he calculations will be compared. Mixtures in which flames
ropagate a distance of 100 mm are considered to be flammable.

The planar flame calculations (with the inclusion of the radia-
ion heat loss term in the energy conservation equation) will also
e used to determine values for the burning velocity and the max-
mum flame temperature which enable evaluation of the limiting
urning velocity and limiting flame temperature approaches.

It is difficult to ascertain the uncertainty in the calculations
aused by uncertainties in the reaction rate parameters, in the
ransport properties, etc. The comparison and the evaluation of
odelling uncertainty.
Further details about the numerical methods can be found

lsewhere [1].
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at these conditions.

Because of computational difficulties, only a limited number
of spherical flame calculations have been performed using the
GRI mechanism (Table 2). They show only a slight lowering
F. Van den Schoor et al. / Journal of H

. Theoretical background

In the previous study [1], it was found that a constant limiting
urning velocity of 5 cm/s predicts the upper flammability limit
f methane/hydrogen/air mixtures at atmospheric pressure and
mbient temperature very well. At elevated pressures, however,
uang et al. [4] found that the application of a constant limiting
urning velocity significantly underestimates the flammability
imits of highly diluted n-butane/air mixtures. They argued that
his discrepancy is caused by the fact that the mass burning rate,
ather than the burning velocity, is the eigenvalue of the flame
quations. They, thus, concluded that a constant limiting burning
elocity should not be used as a means to calculate the pressure
ependence of the flammability limits. Although they arrived at
he right conclusion, they did not acknowledge the derivation of
uckmaster and Mikolaitis [20] for the limiting burning velocity,
hich clearly shows its pressure dependence.
For a two-reactant mixture and a single-step reaction and for

flame propagating in an axisymmetric stagnation point flow,
uckmaster and Mikolaitis calculated the limiting (minimum)
alue of the Karlovitz number Kalim that leads to extinction:

alim = π

4
exp

[
−1

2

(
1 − 1

Le

)
Ea

RT 2
f

(Tf − Tu)

]
(1)

ith Le the Lewis number, Ea the overall activation energy,
the universal gas constant, Tf the flame temperature and Tu

he temperature of the unburned gases. Based upon Eq. (1), an
xpression for the limiting burning velocity Su,lim can be derived
20,21]:

u,lim ∼ exp

[
1

4

(
1 − 1

Le

)
Ea

RT 2
f

(Tf − Tu)

]
α1/2K1/2 (2)

ith α the thermal diffusivity and K the flame stretch rate.
y assuming in Eq. (2) that the Zeldovich number Ze =
a/[RT 2

f (Tf − Tu)] is (nearly) pressure independent or that Le
s (close to) 1, and that K is (nearly) pressure independent, the
ressure dependence of the limiting burning velocity Su,lim is
iven by

u,lim ∼ α1/2 ∼ p−1/2 (3)

ith p the pressure.
The assumption of a pressure independent flame stretch rate
is based upon the following considerations. For near-limit

ames, which only propagate upwards, the flame stretch rate
s proportional to the upward velocity of the flame kernel.
rescitelli et al. [22] found that the upward velocity v of a

pherical flame kernel with neglect of the drag force is given
y

((ρu/ρb) − 1)gt
=
4(1 + (1/2)(ρu/ρb))

(4)

ith ρu and ρb the densities of the unburned and burned gases
espectively, g the gravitational acceleration and t time. For an

F
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sobaric change of state, it is found that

ρu

ρb
∼ Tf

Tu
. (5)

ince the (adiabatic) flame temperature Tf increases only slightly
ith increasing pressure [23], this density ratio is nearly pressure

ndependent. Consequently, the upward velocity v and hence the
ame stretch rate K are likewise nearly pressure independent.

Since – in addition to the pressure independent flame stretch
ate – the Lewis number for the near-limit methane/air mixtures
nder investigation is found to be close to one: Le = 1.1, Eq.
3) can be used in this study to calculate the limiting burning
elocity at elevated pressures based upon its value at atmospheric
ressure.

. Results

.1. Planar and spherical flame calculations

At an initial pressure of 1 atm, the one-dimensional planar
ame calculations show satisfactory agreement with the exper-

ments (Fig. 2). All of the tested reaction mechanisms predict
he slope of the temperature dependence of the upper flamma-
ility limit well, whereas the observed differences between the
alculated and the experimentally determined values are approx-
mately 2 mol.%. At an initial pressure of 10 bar, however, larger
ifferences are found between the numerical and experimen-
al results as well as large discrepancies between the different
eaction mechanisms (Fig. 3). Moreover, all of the reaction
echanisms overestimate the slope of the temperature depen-

ence. At an initial temperature of 25 ◦C, it can be seen that the
onnov mechanism reproduces the slope of the pressure depen-
ence fairly well, whereas the results of the GRI mechanism
ubstantially diverge from the experimental ones (Fig. 4). These
arge differences between the calculated and the experimentally
etermined values at higher pressures and temperatures imply
hat the estimates of the upper flammability limits obtained by
ne-dimensional planar flame calculations are of limited value
ig. 2. Comparison between experimentally determined and calculated upper
ammability limits of methane/air mixtures at 1 atm.
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Table 2
Comparison of upper flammability limit values (mol.%) of methane/air mixtures
obtained from planar and spherical flame calculations with experimental data

Planar flame Spherical flame Experimental [10]

1 atm 25 ◦C 17.9 16.6 ± 0.4a 16.0 ± 0.4
3 bar 25 ◦C 21.5 20.8 ± 0.3 17.4 ± 0.4
6 bar 25 ◦C 28.9 28.0 ± 0.3 19.4 ± 0.4
1 atm 100 ◦C 19.2 18.1 ± 0.4 17.0 ± 0.4
3 bar 100 ◦C 23.4 22.7 ± 0.3 19.0 ± 0.4
1 atm 200 ◦C 21.0 20.1 ± 0.3 18.8 ± 0.4
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CH3 → CH3O → CH2O and CH3 → CH2O are equally impor-
tant pathways, whereas in the GRI mechanism only the first is
ig. 3. Comparison between experimentally determined and calculated upper
ammability limits of methane/air mixtures at 10 bar.

of about 1 mol.%) of the calculated upper flammability limits,
hen referred to those of the planar flame calculations. At higher
ressures and temperatures, however, this small improvement
oes not outweigh the increased computational effort.

The observed discrepancies between the results obtained
ith the different reaction mechanisms merit further analysis.
herefore, a sensitivity analysis and a reaction path analysis are
erformed for a methane/air flame with a methane concentra-
ion of 25.7 mol.% at an initial pressure of 10 bar and an initial
emperature of 25 ◦C.

Sensitivity analysis can be used to identify the reactions that
nfluence the flame behaviour the most when the flame temper-
ture is lowered. This is done by calculating the sensitivity of
he mass burning rate ṁ on the pre-exponential reaction rate
arameter A for all reactions

∂ ln(ṁ)

∂ ln(A)
.

he influence of the flame temperature on the reaction rate is,
hus, simulated by a change in A.

In a reaction path analysis, the contributions of all reactions
o the consumption (or formation) of a chemical species are
etermined by the production rates. This allows the identification

f the key reactions in the transformation of the reactants into
he products and the subsequent construction of a reaction path
iagram.

ig. 4. Comparison between experimentally determined and calculated upper
ammability limits of methane/air mixtures at 25 ◦C.

i

F
d
t

a The uncertainties on the results of the spherical flame calculations stem from
he concentration step size used in the calculations.

Fig. 5 shows the reactions that exhibit the largest positive
nd negative sensitivities, meaning that variations in their reac-
ion rates have the largest impact on the mass burning rate. The
mportant chain branching reaction

+ O2 � O + OH

s found to have a large positive sensitivity for all three reaction
echanisms. Nevertheless, it is not the most important reaction

n the Berkeley and GRI mechanisms as the reaction

H3 + HO2 � CH3O + OH

as a larger positive sensitivity. The complete sensitivity anal-
sis shows an increased importance of reactions involving the
O2 radical at elevated initial pressures. Egolfopoulos et al.

5] reached the same conclusion for lean methane/air flames.
urthermore, it can be seen that the reaction

H3 + O2 � CH2O + OH

lays an important role in the Konnov mechanism, whereas
ts role in the Berkeley and GRI mechanisms is rather lim-
ted. This finding is corroborated by the results of the reaction
ath analysis, which show that in the Konnov mechanism
mportant (Fig. 6).

ig. 5. Sensitivity of the mass burning rate on the reaction rate parameters of
ifferent reaction mechanisms for a methane/air flame with a methane concen-
ration of 25.7 mol.% at 10 bar and 25 ◦C.
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ig. 6. Comparison of the main reaction pathways of the GRI (a) and Konnov
b) mechanism in the oxidation of CH4 to CO and CO2 for a methane/air flame
ith a methane concentration of 25.7 mol.% at 10 bar and 25 ◦C.

The reactions that exhibit the largest negative sensitivity are
he same for all three-reaction mechanisms, namely

H3 + CH3(+M) � C2H6(+M)

nd

O2 + HO2 � H2O2 + O2.

here is, however, a large difference between the GRI mecha-
ism and the Konnov mechanism regarding the sensitivity of the
rst reaction.

The reaction path analysis shows that despite the large dif-
erence in the number of species between the GRI (36) and the
onnov (93) mechanism, the main pathways for the oxidation
f CH4 to CO and CO2 are very similar (Fig. 6). The pres-
nce of C3–C6 species in the Konnov mechanism is, thus, of
inor importance for the calculation of rich methane/air flames.
herefore, it is not surprising that the results of the reduced Kon-
ov mechanism – from which these species were removed – are
early equal to those of the full mechanism (Figs. 2–4). This also
eans that the large differences between the upper flammability

imits calculated with the GRI and the Konnov mechanism that
re observed at elevated pressures (Fig. 4) are probably caused
y a difference in reaction rate parameters, rather than by a
ifference in the set of elementary reactions.

The observation that the results obtained with the Konnov
echanism agree better with the experimental data does not

ecessarily mean that this reaction mechanism is to be preferred
ver the GRI mechanism, given the large differences between
he numerical and experimental flames. Unfortunately, no exper-
mental data are available on planar or spherical methane/air
ames near the upper flammability limit at elevated pressures.
owever, there is an important difference in how these mech-

nisms were constructed that determines their applicability at

levated pressures. Whereas the reaction rate parameters of the
RI mechanism were fitted to the experimental data, those
f the Konnov mechanism were determined a priori and only
fterwards was the mechanism validated by means of the exper-

fi
o
0
s

ig. 7. Comparison of the experimentally determined upper flammability limit
markers) [10] and the pressure dependence estimated based upon the limiting
urning velocity approach (solid lines) for methane/air flames.

mental data. This implies that the GRI mechanism can only
e used confidently within the pressure and temperature range
f the experimental data used for its construction. The Konnov
echanism, however, can be used with more confidence outside

ts validation range. This is the primary reason why the Konnov
echanism will be used in the subsequent calculations.

.2. Limiting burning velocity

At atmospheric pressure and ambient temperature, a value of
.8 cm/s is found for the burning velocity at the experimentally
etermined upper flammability limit using the reduced Konnov
echanism. The theoretical derivation in Section 3 gives the

ressure dependence of the limiting burning velocity (Eq. (3)).
sing this equation, an estimate of the upper flammability limit

t elevated pressures can be obtained starting from the exper-
mentally determined value at atmospheric pressure. First, the
urning velocity at the experimentally determined flammabil-
ty limit at atmospheric pressure is calculated. Next, Eq. (3) is
sed to calculate the limiting burning velocity at the desired ini-
ial pressure and finally, the corresponding fuel concentration
s calculated. Fig. 7 shows a comparison between the experi-

ental data, indicated by the markers, and the results of this
alculation, indicated by the full lines. Given the inaccuracies
n the experimental determination of the flammability limits and
n the calculation of burning velocities, as well as the assump-
ions made in the derivation of the limiting burning velocity, the
greement is very good.

Whereas the pressure dependence of the limiting burning
elocity can easily be deduced, its temperature dependence
s more complicated. For example, the flame stretch rate K
xperienced by a flame kernel propagating upwards cannot
e assumed to be temperature independent. Therefore, another
pproach is used to ascertain whether the exponent a of the
ower dependence Su,lim ∼ Ta is nearly constant for different
ressures by calculating the burning velocity at the experimen-
ally determined upper flammability limits and by subsequently

tting the power dependence to these data points by means
f the least squares method. a is found to lie in the range
.96–1.18 for pressures up to 10 bar. Compared to the pres-
ure dependence for which a similar exercise with Su,lim ∼ pb
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Table 3
Calculated flame temperature (K) at the experimentally determined upper
flammability limits of methane/air mixtures at different initial pressures and
temperatures

298 K 373 K 473 K

1 atm 1692 1678 1667
3 bar 1648 1622 1612
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6 bar 1597 1583 1584
10 bar 1545 1533 1524

ives b = −0.50 ± 0.02, the spread on a is too large to be use-
ul. This comparison, however, only shows that the temperature
ependence of the limiting burning velocity does not follow a
imple power dependence, as opposed to its pressure depen-
ence. Consequently, more research is necessary to explore the
pplicability of the limiting burning velocity approach to pre-
ict the temperature dependence of the flammability limits. In
he next section, it will be shown that the limiting flame tempera-
ure concept offers a better potential to estimate the temperature
ependence.

.3. Limiting flame temperature

Calculation of the maximum flame temperatures at the exper-
mentally determined upper flammability limits shows that the
imit flame temperature remains nearly constant for a given
nitial pressure, independent of initial temperature (Table 3).
sing the concept of a constant limiting flame temperature,

n estimate of the upper flammability limit at elevated tem-
eratures can be obtained starting from the experimentally
etermined value at ambient temperature. Fig. 8 shows a compar-
son between the experimental data, indicated by the markers,
nd the results of this calculation, indicated by the full lines.
t can be seen that the use of a constant limiting flame tem-
erature to estimate the temperature dependence of the upper
ammability limit leads to slight underestimations at elevated

emperatures. Moreover, it must be emphasised that using this

pproach to estimate the pressure dependence would lead to
arge underestimations at elevated pressures as the calculated
ame temperatures at the experimentally determined upper

ig. 8. Comparison of the experimentally determined upper flammability limit
markers) [10] and the temperature dependence estimated based upon the limit-
ng flame temperature approach (solid lines) for methane/air flames.

(

A

1
P

R

ous Materials 153 (2008) 1301–1307

ammability limits decrease by approximately 150 ◦C in the
ressure range 1–10 bar (Table 3).

. Discussion

The findings of this study corroborate those of the previous
tudy [1]. Specifically, they show that the concept of a limit-
ng burning velocity (derived from a limiting Karlovitz number)
as the best potential for accurately calculating the flammability
imits. This is not surprising since – as was described in detail in
he previous study – this approach takes most of the aspects of a
ear-limit flame that are relevant to its extinction into account,
s can be seen in Table 1. It must, however, be borne in mind –
s can be deduced from Table 1 – that none of the methods will
ive satisfactory results if flame front instabilities are present.
evertheless, this study has shown that the concept of a limiting
urning velocity cannot only be used to estimate the flammabil-
ty limits at atmospheric pressure and ambient temperature, but
lso at elevated pressures (and temperatures).

. Conclusions

It is found that for rich methane/air mixtures:

1) At atmospheric pressure, the calculation of the upper
flammability limit by calculating planar flames with the
inclusion of radiation heat loss is satisfactory. The differ-
ences between the reaction mechanisms are minimal.

2) At elevated pressures, the calculated upper flammability
limit values are significantly too high and large differences
are found between the different reaction mechanisms. The
results obtained with the (reduced) Konnov mechanism
show the best agreement with the experimental data.

3) The spherical flame calculations show a marginal improve-
ment compared with the planar flame calculations.

4) The application of a limiting burning velocity with a pres-
sure dependence Su,lim ∼ p−1/2 gives good agreement with
the experimental data.

5) The application of a constant limiting flame temperature
slightly underestimates the temperature dependence of the
upper flammability limit, while it considerably underesti-
mates its pressure dependence.
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