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bstract

Different methods, both experimental and numerical, to determine the flammability limits are compared and evaluated, exemplified by a
etermination of the flammability limits of methane/hydrogen/air mixtures for hydrogen fuel molar fractions of 0, 0.2, 0.4 and 0.6, at atmospheric
ressure and ambient temperature. Two different experimental methods are used. The first method uses a glass tube with visual observation
f the flame, whereas the second method uses a closed spherical vessel with a pressure rise criterion to determine whether flame propagation
as occurred. In addition to these experiments, the flammability limits are determined numerically. Unsteady planar and spherically expanding
ames are calculated with a one-dimensional flame code with the inclusion of radiation heat loss in the optically thin limit. Comparison of the
xperimental results with the results of the planar flame calculations shows large differences, especially for lean mixtures. These differences
ncrease with increasing hydrogen content in the fuel. Better agreement with the experimental results is found for the spherically expanding flame

alculations. A limiting burning velocity of 5 cm/s is found to predict the upper flammability limit determined with the tube method very well,
hereas the limiting flame temperature approach was found to give poorer agreement. Further analysis indicates that the neglect of flame front

nstabilities is the probable cause of the large differences between experimental and numerical results at the lower flammability limit.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Knowledge of the flammability limits of gaseous mixtures is
mportant for the safe and economic operation of many industrial
rocesses. There are several standardised experimental methods
vailable to determine these limits [1–4]. These experiments are,
owever, cumbersome and time-consuming, especially at the
levated conditions of temperature and pressure at which many
ndustrial processes are operated. Nowadays, the ever increas-
ng computational capabilities together with the development of

etailed reaction mechanisms have made the numerical compu-
ation of flames possible for a number of geometries, such as
reely propagating flames, burner stabilised flames and counter-

∗ Corresponding author. Tel.: +32 16 32 25 49; fax: +32 16 32 29 85.
E-mail address: Filip.VandenSchoor@mech.kuleuven.be (F. Van den

choor).
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ow flames. This has led to a number of studies in which the
imits of flammability have been determined numerically. These
nclude the simulation of one-dimensional (1D) planar [5,6] and
uasi-1D spherically symmetric [7] freely propagating flames
ith the inclusion of a radiation heat loss term in the energy

onservation equation and the application of a limiting burn-
ng velocity [8] or of a limiting flame temperature [9,10] below
hich flames are unable to propagate. A profound comparison

nd evaluation of these methods, however, was not found in
iterature. Therefore, the aim of this study is to evaluate these
ifferent methods. This evaluation will be based both upon a
omparison of their intrinsic capabilities of capturing the dif-
erent aspects of a near-limit flame relevant to its extinction,
s upon a comparison of their results with experimental data.

wo different experimental methods will be used to determine

hese data, one using a visual criterion and one using a pressure
ise criterion to ascertain flame propagation. This will allow us
o compare both experimental methods and to choose the most

mailto:Filip.VandenSchoor@mech.kuleuven.be
dx.doi.org/10.1016/j.jhazmat.2007.05.006
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ppropriate one for the evaluation of the numerical methods.
he scope of this study will be limited to flames at atmospheric
ressure and ambient temperature. Methane/hydrogen mixtures
re chosen as fuel, since it is expected that they will present an
dequate challenge for the different methods. Moreover, there
xists renewed interest in hydrogen addition to natural gas as a
ossible means of reducing the emissions of CO and CO2 in lean
remixed combustion devices. For example, in the Netherlands,
overnment considers adding hydrogen to the natural gas grid,
hich feeds all household burners, making the results of this

tudy highly relevant.

. Experimental methods

The mixtures to be tested are prepared by mixing the sep-
rate flows coming from two thermal mass flow controllers,
ne for the methane/hydrogen mixture and one for air. The
ethane/hydrogen mixtures are acquired in high pressure

ylinders. Analysis of the three different methane/hydrogen
ixtures used in this study gives hydrogen concentrations

f 20.0 ± 0.4 mol%, 40.3 ± 0.8 mol% and 59.9 ± 0.8 mol%,
espectively. The lower flammability limit (LFL) is taken as the
oncentration of a non flammable mixture for which a 0.2 mol%
icher mixture is flammable, whereas the upper flammability
imit (UFL) is taken as the concentration of a non flammable

ixture for which a 0.2 mol% leaner mixture is flammable. Gas
hromatography is used at regular intervals to verify the mixture
omposition. The test mixtures are prepared with a maximum
ncertainty of 0.2 mol% on the fuel fraction, giving an equal
ncertainty on the flammability limit.

The first apparatus is based upon the German DIN 51649
tandard [1]. It consists of a 300 mm long cylindrical tube with
n inner diameter of 60 mm, which is placed vertically. The tube
s made of glass so that the flame behaviour can be observed visu-
lly. This set-up uses a spark discharge between two electrodes
laced 60 mm above the bottom of the tube as ignition source.
dopting the new European standard EN 1839 [2] the spark dis-

harge time is 0.2 s, giving an ignition energy of approximately
J. A visual flammability criterion is used: flame propagation is

aid to have occurred if the flame detaches from the electrodes
nd propagates a distance of at least 100 mm.

The second apparatus is a spherical explosion vessel with
n internal diameter of 200 mm (internal volume of 4.2 l). The
ressure evolution after ignition is measured with a Kistler 701A
iezoelectric pressure transducer. Ignition of the test mixtures is
chieved by fusing a coiled tungsten wire, placed at the centre of
he vessel, by applying a voltage of 40 V dc. The igniter releases
bout 10 J in 40 ms, independently of pressure or temperature.

pressure rise criterion is used to determine the flammability

imit: flame propagation is said to have occurred if ignition is
ollowed by a pressure rise of at least 5% of the initial pressure.

Further details about the experimental set-up and procedure
an be found elsewhere [11]. All experiments are performed at
n initial pressure of 102 ± 1 kPa and an initial temperature of
95 ± 3 K.
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. Numerical methods

The numerical calculations are performed using CHEM1D
12], a one-dimensional (1D) flame code capable of solving 1D
ass, energy and species conservation equations with detailed

ransport and chemical kinetics models. Two different flame
eometries are used, namely 1D planar premixed flames, both
teady and unsteady, and quasi 1D spherically expanding pre-
ixed flames. The density, the temperature and the species mass

ractions are specified at the cold boundary, while vanishing gra-
ients are imposed at the hot boundary. Further details about the
ame code can be found elsewhere [13].

Since for the atmospheric methane/hydrogen/air mixtures
nder investigation the Planck mean absorption length is of the
rder of one metre, reabsorption is unimportant in the exper-
mental equipment used in this study [6]. Therefore, radiation
eat loss is modelled by means of the optically thin limit. Four
adiating species are considered, namely CO2, H2O, CO, and
H4.

Two different chemical mechanisms are used to calculate
he methane/hydrogen/air flames: the GRI 3.0 mechanism [14]
hich contains 325 elementary reactions and 53 species and the
mooke mechanism [15] which contains only 25 elementary
eactions and 16 species. The GRI 3.0 mechanism was opti-
ised for methane and natural gas as a fuel and can be used for

oth lean and rich flame calculations. The Smooke mechanism,
owever, cannot be used to calculate rich flames, since it only
ncludes C1-chemistry.

The flammability limits for the planar flames are determined
y considering whether an unsteady flame calculation reaches a
teady state or not. In the latter case, the maximum flame tem-
erature and burning velocity will decrease continuously in time
5]. Before doing unsteady flame calculations, an initial guess for
he lower (upper) flammability limit is sought by carrying out a
eries of steady flame calculations in which the equivalence ratio
s decreased (increased) in steps of 0.001 until a steady solution
annot be found upon a further decrease (increase) of the equiv-
lence ratio. Next, steady solutions in the neighbourhood of this
nitial guess are calculated with only 90% of the total radiation
eat loss included. Because of the smaller heat loss, steady solu-
ions can be found for leaner (richer) mixtures. Finally, these
olutions serve as initial conditions for the unsteady calcula-
ions, which are done from their start with the radiation heat
oss restored to the full 100%.

In the spherical flame calculations, the gas mixture is ignited
y means of a source term in the energy conservation equation.
his ignition source is modelled as an energy input of 2.1 J dur-

ng a period of 200 ms in a spherical volume with a diameter
f 5 mm. These parameters are chosen to resemble the ignition
ource that is used in the tube experiments, which is an elec-
rostatic spark, releasing approximately 2 J in 200 ms between
wo electrodes placed 5 mm apart. Since spherical flame calcu-
ations with the GRI 3.0 mechanism are time-consuming, the

mooke mechanism is used to reduce the computational times
or flames near the lean flammability limit. Mixtures in which
ames propagate over a distance of 100 mm, are considered to be
ammable, even if they extinguish at larger distances from the



azar

i
c
t
g
c
m

a
s
b
e
fl

c
i
t
b

4

w
d
t
n
a
g
t
1
e
t
r
i
s
m
1
t
a
f
t
b
c
b
a
c
b

T
O
t

F

R
H
F
N
F

i
o
i
i
c
t
a
m
n
fl
f
r
i
a
z
i
n
n
i

o
i
i
t
s
t
i
b
a
S
i
e
t

i
e
m
[
l
a
i
f
i

F. Van den Schoor et al. / Journal of H

gnition source. This definition was adopted to enable optimal
omparison with the experimentally determined values. Due to
he large computational time and the absence of a good initial
uess for the flammability limit, the equivalence ratio at which
alculations are performed is changed in steps of 0.01 for lean
ixtures and of 0.1 for rich mixtures.
The planar flame calculations with the inclusion of the radi-

tion heat loss term in the energy conservation equation (unless
tated otherwise) will also be used to determine values for the
urning velocities and the maximum flame temperatures which
nable evaluation of the limiting burning velocity and limiting
ame temperature approaches.

It is difficult to ascertain the uncertainty in the numerical cal-
ulations caused by uncertainties in the reaction rate parameters,
n the transport properties, etc. The comparison and the evalua-
ion of the different numerical methods is, however, not biased
y any modelling uncertainty.

. Theoretical background

In Section 5 the outcome of the different numerical methods
ill be evaluated based upon a comparison with experimental
ata. Here, however, we will evaluate them a priori based upon
heir intrinsic capabilities of capturing the different aspects of a
ear-limit flame that are relevant to its extinction. Table 1 gives
n overview of these flame aspects, together with the required
eometry of the numerical model to capture them. Obviously,
he simplest geometry to study flame propagation is that of a
D planar freely propagating flame. However, to study flame
xtinction a loss term must be introduced into the flame equa-
ions [16]. Since flames will always lose part of their energy by
adiation heat transfer [6], the most straightforward approach
s introducing a radiation heat loss term into the energy con-
ervation equation [5,6]. This is, thus, the simplest numerical
ethod to determine the flammability limits, since it only uses a

D planar geometry. The flames that occur in the experimen-
al determination of the flammability limits (see Section 2),
re, however, far from planar. Upon ignition a flame kernel is
ormed, which spreads out spherically. At the same time it starts
o rise as a result of natural convection. This causes the flame to
ecome stretched due to two separate effects, namely its spheri-
al expansion and its interaction with the flow field caused by its

uoyancy. This flame stretch needs to be taken into account to
ccurately calculate flammability limits. The effect of the flame
urvature induced by the outward expansion of the flame, can
e investigated by doing flame calculations in a quasi 1D spher-

able 1
verview of the flame aspects relevant to the calculation of flammability limits

ogether with the required geometry of the numerical model

lame aspects Geometry of numerical model

eaction kinetics 1D planar
eat loss 1D planar
lame curvature Quasi-1D spherically symmetric
atural convection Quasi-2D axisymmetric
lame front instabilities 3D
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cally symmetric geometry [7]. These calculations, however,
nly include part of the flame stretch—especially the stretch
n the early development of the flame kernel immediately after
gnition. Allowing for the total flame stretch would require the
alculation of the entire flow field, induced by natural convec-
ion. The simplest geometry that enables such a calculation is
quasi-two-dimensional (2D) axisymmetric one with the sym-
etry axis parallel to the gravitational acceleration vector. The

umerical calculation of the complete interaction between the
ame front and the flow field that it induces, is, however, hardly
easible when using detailed chemical kinetics models. As a
esult, the direct numerical calculation of flammability limits
s restricted to 1D planar and quasi 1D spherical freely prop-
gating flames. For the calculation of flammability limits in a
ero-gravity environment the calculation of spherically expand-
ng flames might be sufficient. When calculating the limits in a
ormal 1 g environment, however, it must be borne in mind that
either natural convection, nor flame front instabilities are taken
nto account by these flame calculations.

Yet, there exists an approximate method to include the effect
f the flame stretch caused by natural convection. By equat-
ng the stretch experienced by a flame propagating upwards
n a cylindrical tube with the stretch necessary to extinguish
he flame, Buckmaster and Mikolaitis [17] derived an expres-
ion for the burning velocity, below which flames are unable
o propagate. The application of a limiting burning velocity
s, thus, not solely empirically based, as suggested by West-
rook [18], but it can also be derived theoretically, thereby
lso exhibiting its pressure and temperature dependence [17,19].
ince it takes into account natural convection, albeit approx-

mately, it is expected to give a better agreement with the
xperimental results than the planar or spherical flame calcula-
ions.

Analogous to the concept of a limiting burning velocity,
s that of a limiting flame temperature. It is based upon the
mpirical finding that the heat liberated by a mole of lean limit
ixtures is nearly constant for many hydrocarbon/air mixtures

20,21], implying that the adiabatic flame temperature at the
ower flammability limit should also be nearly constant. This
pproach is often used when predicting the flammability lim-
ts of fuel/air/diluent mixtures, based upon the limits for the
uel/air mixture [9,10]. It is also implicitly used when apply-
ng Le Chatelier’s mixing rule, since this rule is based upon
he assumption that the heat of combustion of the combustible

ixture at the (lower) flammability limit is constant, equalling
he heat of combustion of the composing combustibles at their
espective (lower) flammability limits [22]. Since the applica-
ion of a constant limiting flame temperature is solely based upon
xperimental data at the lower flammability limit, it might result
n poor agreement between calculated and experimental results,
specially at the upper flammability limit.

An important aspect of flame propagation that is not taken
nto account in any of the above-mentioned methods are flame
ront instabilities. Therefore, it is likely that whenever these
nstabilities are present, none of the methods will yield satis-

actory results. Only 3D numerical calculations can reveal these
ffects.
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Table 2
Experimentally determined flammability limits of methane/hydrogen/air mixtures

Fuel composition LFL UFL

CH4 (mol%) H2 (mol%) Tube Bomb Tube Bomb

mol% φ (mol%) φ (mol%) φ (mol%) φ

100 0 4.4 0.438 4.6 0.459 15.8 1.787 16.0 1.814
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in pressure increase between the central and the lowered ignition
source position. The experiments at 15.8 mol% methane, how-
ever, show an erratic behaviour with no clear trend. The observed

Fig. 1. Pressure increase expressed as a percentage of the initial pressure plotted
against molar concentration of the fuel with the ignition source placed in the
centre of the explosion vessel (central ignition) and at 40 mm below the centre
80 20 4.2 0.355 4.4
60 40 4.0 0.278 4.6
40 60 4.0 0.218 4.6

. Results

.1. Experimental results

The flammability limits were determined experimentally with
wo different methods: the tube method and the bomb method.
able 2 shows the results of the experiments. It can be seen

hat an increase in the hydrogen content of the fuel widens the
ammable range expressed in terms of the equivalence ratio φ:

t lowers the LFL and raises the UFL. The UFL could not be
etermined for mixtures with a methane/hydrogen molar ratio
f 40/60 using the bomb method due to experimental difficulties.
he higher thermal conductivity of these mixtures caused a large
ariance on the ignition energy, since the tungsten wire did not
lways fuse during ignition.

When comparing the results from both methods it can be seen
hat there are differences of more than 0.2 mol%, meaning that
hey are significant. Since all tests were repeated with a single

ixture used in both experimental set-ups, it was concluded that
he different flammability limit values were not caused by differ-
nces in mixture composition. As the largest disparity between
he two methods is the use of a different flammability criterion,
ts effect on the experimental results was investigated. Since the
pherical explosion vessel does not allow visual observation of
he flame, the bomb method uses an indirect measurement of the
ame propagation, namely the ensuing pressure increase. It is,

hus, incapable of clearly distinguishing between local burning
n the vicinity of the ignition source and flame propagation over

certain distance. Therefore, an other criterion was required
o determine whether or not the flame was propagating away
rom the ignition source, allowing a better comparison with the
xperimental results of the tube method. Based upon the knowl-
dge that lowering the ignition source leads to higher explosion
ressures if the mixture supports flame propagation [23], a new
ethod was devised. Two series of tests were done, one with

entral ignition and the other with the ignition source lowered
y 40 mm. A single mixture was prepared for the experiments at
oth ignition source locations to ensure that the mixture compo-
ition was the same. By comparing the results of both test series,
t was possible to better distinguish between flame propagation
ith low pressure rise and local burning.
Fig. 1a shows the results at the lean side for a mixture
ith a methane/hydrogen molar ratio of 60/40. Mixtures of
.4 mol% and 4.6 mol% fuel were tested, which are just inside
he flammable range determined with the tube method. They
how flame propagation over the entire length of the glass tube.

(
m
b
e
o

0.373 19.0 1.899 19.6 1.973
0.321 24.2 2.128 25.4 2.270
0.253 32.4 2.511 – –

hey are, however, found to be non-flammable when using the
omb method. It is found that lowering the ignition source
eads to a slight increase in explosion pressure. Thus, these
ames might also support flame propagation inside the closed
pherical vessel, albeit with a very small pressure increase.
ig. 1b shows the results at the rich side for a mixture with pure
ethane as fuel. Mixtures of 15.6 mol% and 15.8 mol% methane
ere tested, which are, respectively, just inside and outside the
ammable range determined with the tube method. It is found

hat experiments at 15.6 mol% methane, give a large difference
lowered ignition) for a methane/hydrogen/air mixture with a methane/hydrogen
olar ratio of 60/40 (a) en for a methane/air mixture (b). Distinction is made

etween measurement points obtained from experiments with one single mixture
nsuring constant fuel concentration (shifted to the right for clarity), and those
btained otherwise (shifted to the left).
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catter in the measured pressure increases reflects the stochastic
ature of the ignition process near the flammability limits. Such
behaviour suggests that these mixtures do not support flame

ropagation, but merely burn locally near the ignition source.
he findings of these additional experiments corroborate the

dea that the difference between the results from both methods
tems primarily from the different flammability criteria used.

oreover, the tube method is found to give results that can be
ore readily compared with those of the numerical calculations.
Similar discrepancies between the values of the flammability

imits determined using different standards have been reported
y De Smedt et al. [24] and by Razus et al. [25]. De Smedt et
l. made a comparison between the flammability limits obtained
ith the DIN 51649 standard [1], which uses a visual criterion
f flame detachment, and those obtained in a closed spherical
essel using a 7% pressure rise criterion. They found that DIN
1649 gave systematically wider limits and recommended the
se of a 2% pressure rise criterion to bring the results of both
ethods in closer agreement. Razus et al. compared the data of
e Smedt et al. with data obtained using the Bureau of Mines
ethod [26], which requires flame propagation over a distance

f at least 1.5 m to term a mixture flammable. They found that the
ureau of Mines method gave the narrowest limits. In conclu-

ion, both these previous studies also emphasise the importance
f the flammability criterion in the experimental determination
f flammability limits.

Wierzba and Ale [27] have measured the UFL of
ethane/hydrogen/air mixtures in a cylindrical tube, with a

iameter of 50.8 mm and a height of 1 m. Ignition was initi-
ted by an electric spark discharge. The electrode gap and the
park duration were adjusted to give the widest flammable range.
hey, however, do not report values for these parameters, nor for

he ignition energy. A mixture was considered flammable, if it
upported flame propagation over the entire length of the tube.
asse, as cited by Schröder [28], has determined the UFL of
ethane/hydrogen/air mixtures following the DIN 51649 [1]

tandard. Pahl, as cited by Schröder [28], has measured the LFL
nd UFL of methane/hydrogen/air mixtures in a closed cylindri-
al bomb, with a diameter of 150 mm and a height of 150 mm.
gnition was achieved by means of a fuse wire placed at the centre
f the vessel, which released an ignition energy of approximately
0 J. Flame propagation was said to have occurred if ignition
as followed by a pressure rise of at least 10% of the initial
ressure. Fig. 2 shows a comparison between our experimen-
al results and those of these researchers. The results of Gasse
gree very well with those obtained in this study using the tube
ethod. The use of a longer spark duration (0.5 s) and a less

evere flammability criterion (flame detachment from the elec-
rodes) explain why the limits found by Gasse are slightly wider
han ours. Comparison of the results of this study obtained in the
losed bomb with those of Pahl who used a similar experimental
et-up shows differences of up to 3 mol%. The higher ignition
nergy used by Pahl could explain the wider limits even with the

se of a more severe flammability criterion. The requirement of
ame propagation over a length of 1 m, applied by Wierzba and
le makes their flammability criterion much more severe than
urs, giving rise to lower UFL’s. Overall, there is good agree-

l
a

m

ig. 2. Flammability limits of methane/hydrogen/air mixtures plotted against
ydrogen fuel fraction.

ent between the experimental results at the UFL. At the LFL
he differences between our results and those of Pahl are smaller
han the experimental uncertainties.

.2. Numerical results

Fig. 3 shows a comparison between the experimentally deter-
ined flammability limits and those calculated with the planar

nd spherical flame calculations. It can be seen that the results
f the planar flame calculations differ substantially from the
nes obtained experimentally. The difference is largest for lean
ixtures and increases with increasing hydrogen content in the

uel. The results of the spherical flame calculations are in closer
greement with the experimental ones. This was expected, since
hese calculations include part of the flame stretch (see Section
). The effect of this flame stretch is shown in Fig. 4 in which a
pherical flame and a steady planar flame are compared for a lean
φ = 0.60) and a rich (φ = 2.00) mixture with a methane/hydrogen
olar ratio of 40/60. For lean mixtures, the spherical flame has a
aximum flame temperature of 1759 K, while the planar flame

nly reaches a temperature of 1700 K. Moreover, the spherical
ame has a lower final oxygen concentration and higher overall
adical concentrations. Both indicate that the spherical flame is
ore reactive than the planar flame causing the observed lower-

ng of the calculated LFL (Fig. 3). This increased reactivity also

eads to a higher burning velocity (see below). Opposite results
re found at the UFL (Figs. 3 and 4).

Fig. 5 shows the propagation of a spherical flame with a
ethane/hydrogen molar ratio of 40/60 at different equivalence
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Fig. 3. Experimentally and numerically determined upper flammability limits
(a) and lower flammability limits (b) of methane/hydrogen/air mixtures plotted
against hydrogen fuel fraction.

Fig. 4. Comparison between numerically calculated temperature and oxygen
concentration profiles for a stationary planar and a spherically expanding
methane/hydrogen/air flame with a methane/hydrogen molar ratio of 40/60 at
an equivalence ratio φ = 0.60 (a) and φ = 2.00 (b).
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ig. 5. Numerically calculated temperature profiles for a spherically expanding
ethane/hydrogen/air flame with a methane/hydrogen molar ratio of 40/60 at

n equivalence ratio φ = 0.37 (a), φ = 2.80 (b) and φ = 2.90 (c).

atios. The mixture at φ = 0.37 was termed flammable as the
ame propagates over a distance of at least 100 mm. Never-

heless, the flame temperature continuously drops during flame
ropagation, eventually leading to extinction of the flame at a
istance of approximately 120 mm. This is not surprising, since
he flame stretch which leads to the increased flame tempera-
ure continuously decreases as the flame radius increases. This
ehaviour is observed experimentally at micro-gravity and is
ermed self-extinguishing flames [29]. For rich mixtures spher-
cal flame propagation occurs with a continuously increasing
ame temperature as the stretch decreases. As a result these
ames will propagate indefinitely (φ = 2.80) or they will extin-
uish immediately after they are initiated (φ = 2.90).

The application of a limiting burning velocity and of a limit-
ng flame temperature are shown in Figs. 6 and 7, respectively.
limiting burning velocity of approximately 5 cm/s is found to
redict the upper flammability limit determined with the tube
ethod very well (Fig. 6a). This value is in the range of the-

retically derived [16,18] and experimentally determined [30]
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Fig. 6. Comparison of calculated burning velocities with experimentally deter-
mined upper flammability limits (a) and lower flammability limits (b) of
methane/hydrogen/air mixtures plotted against hydrogen fuel fraction.

Fig. 7. Comparison of calculated flame temperatures with experimentally deter-
mined upper flammability limits (a) and lower flammability limits (b) of
methane/hydrogen/air mixtures plotted against hydrogen fuel fraction.
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alues for the limiting burning velocity. As can be seen in Fig. 7a,
he use of a limiting flame temperature gives a slightly worse
greement with the experimentally determined upper flamma-
ility limits than does that of a limiting burning velocity. This is
xpected since the constancy of the flame temperature was exper-
mentally observed for mixtures at the lower flammability limit
nly (see Section 4). At the lower flammability limit, however,
oth methods show large differences with the experimental data
Figs. 6b and 7b). Since the experimentally determined LFL val-
es are lower than those obtained with the (non-adiabatic) planar
ame calculations, adiabatic planar flame calculations were nec-
ssary to obtain values of the adiabatic burning velocity and the
diabatic flame temperature at the LFL. Unrealistically low val-
es are found for the limit adiabatic burning velocity (less than
cm/s), while the limit adiabatic flame temperature decreases

rom 1357 K for pure methane to 1078 K for a mixture with a
ethane/hydrogen molar ratio of 60/40.
It is believed that the unsatisfactory results for all methods at

he lower flammability limit are caused by the omission of flame
ront instabilities, leading to the formation of cellular flame prop-
gation, where the flame breaks up in individual cells. These
ellular flames are highly susceptible for the effect of preferen-
ial diffusion of fuel and oxygen: the higher mass diffusivity of
ethane and especially that of hydrogen with respect to oxygen

an make a flame behave as though it is actually richer [31].
he higher the hydrogen content in the fuel, the larger will be

he impact of this phenomenon on the flame propagation, which
xplains the increasing difference with increasing hydrogen con-
ent (Figs. 3b, 6b and 7b). The breaking up of the flame could,
owever, not clearly be seen in the glass tube experiments. Still,
his does not mean that cellular flame formation is absent, as the
ow luminosity of these hydrogen enriched flames and the rapid-
ty of the phenomenon seriously complicate observations made
ith the naked eye. Moreover, there is some indirect experimen-

al evidence. It was found that near the LFL flames propagate
ith a very small pressure increase, whereas flames near the
FL show very large pressure increases, especially if the igni-

ion source is lowered (Section 5.1). This can be explained by
he presence of cellular flame formation at the lean limit and
ts absence at the rich limit, since this phenomenon causes only
art of the mixture to be actually traversed and consumed by the
ame.

There is more evidence that the methane/hydrogen/air flames
ecome unstable near the lean limit, especially for high hydro-
en contents. The Markstein number Ma, governs the sensitivity
f the burning velocity SL to changes in flame stretch rate K by
L = S0

L(1 − MaKa). In this expression, flame stretch rate K is
uantified in terms of the Karlovitz number Ka = Kδf/S

0
L with

f being the flame thickness and S0
L the unstretched burning

elocity [32]. The Markstein number is a measure to quantify
he sustainability of flames to instabilities. Flames are sta-
le if the Markstein number is positive and unstable if it is
egative, leading to cell formation during flame propagation.

he Markstein numbers are determined for different equiva-

ence ratios and different hydrogen fuel fractions by solving
he 1D equations for weakly stretched planar flames [33].
ig. 8 shows the results of these calculations for lean flames



580 F. Van den Schoor et al. / Journal of Hazar

F
n
h

u
b
h
a
u
i
fl
n
m
l
s
a
h

6

m
a
b
t
l
a
f
v
d
i
t
i
t
r
t
m
r
fl
t
i
s
a
W
t

c
s
i
p
c
s
c
a
i

7

h
o

1

2

3

4

a

b
p
f
a

R

Symposium on Combustion, The Combustion Institute, 1990, pp. 433–440.
ig. 8. Numerically calculated Markstein numbers of weakly stretched pla-
ar methane/hydrogen/air flames plotted against equivalence ratio for different
ydrogen fuel fractions.

sing the Smooke mechanism. Note that the Markstein num-
er decreases for decreasing equivalence ratio and increasing
ydrogen fuel fraction. These results indicate that the flames
re unstable near the lean limit. The flames become more
nstable if the hydrogen fuel fraction is increased. Recent exper-
ments in methane/air flames [34] and methane/hydrogen/air
ames [32,35] have shown a similar behaviour for the Markstein
umber. Huang et al. [35] also concluded from their measure-
ents that lean methane/hydrogen/air flames are unstable, while

ean methane flames and rich methane/hydrogen/air flames are
table. This flame instability, thus, explains the increasing devi-
tion between numerical and experimental results for increasing
ydrogen content in the mixture at the LFL.

. Discussion

Both the theory (Section 4) and the comparison of experi-
ental and numerical results (Section 5.2) indicate that in the

bsence of flame front instabilities, the application of a limiting
urning velocity has the best potential for accurately calculating
he flammability limits. It must be noted, however, that a constant
imiting burning velocity can only be used at constant pressure
nd temperature, as was the case in this study. This limitation
ollows from the theoretical derivation of the limiting burning
elocity, which allows for its pressure and temperature depen-
ence [16,18]. If an accurate value for the flammability limits
s not required, but only a safe value, i.e. lower (higher) than
he experimental LFL (UFL), the calculation of planar or spher-
cal flames with the inclusion of a radiation heat loss term in
he energy conservation equation is sufficient, again, however,
equiring the absence of flame front instabilities. On the con-
rary, if flame front instabilities are present, none of the studied

ethods gives satisfactory results, as expected from the theo-
etical background (Section 4). As a result, when calculating
ammability limits, it is important to know whether the mix-

ure is prone to flame front instabilities. As already mentioned
n Section 5.2, the stability of a flame is governed by the Mark-

tein number Ma: if Ma is negative the flame is unstable. For
two-reactant mixture and a single-step reaction, Clavin and
illiams [36] found that if the Lewis number Le = α/D, with α

he thermal diffusivity of the mixture and D the mass diffusion
dous Materials 150 (2008) 573–581

oefficient of the deficient reactant, is larger than 1, the Mark-
tein number will be positive. This result is not surprising, since
t is the thermal-diffusive instability that destabilises the flame
ropagation at the limits. Since the Lewis number can be easily
alculated, it can be used as an approximate measure of flame
tability. In conclusion, if the Lewis number of one of the defi-
ient components is smaller than 1, the flame could be unstable
nd care must be taken when using any of the methods studied
n this paper to calculate the flammability limits.

. Conclusions

Different methods for the calculation of flammability limits
ave been compared and evaluated. It is found that in the absence
f flame front instabilities:

. Planar flame calculations with the inclusion of radiation heat
loss in the optically thin limit lead to safe, but inaccurate
values for the flammability limits, due to the neglect of the
effects of flame curvature and natural convection on limit
flame propagation.

. Spherical flame calculations with the inclusion of radiation
heat loss in the optically thin limit show a marked improve-
ment compared with the planar flame calculations, since they
include part of the flame stretch, but still show a difference
with the experimental values.

. The application of a limiting burning velocity shows the best
potential for calculating the flammability limits, since it takes
natural convection into account, albeit approximately.

. The application of a constant limiting flame temperature is
less accurate than that of a limiting burning velocity.

If, however, flame front instabilities are present, none of the
bove-mentioned methods gives satisfactory results.

These conclusions are derived from a study of the flamma-
ility limits of methane/hydrogen/air mixtures, at atmospheric
ressure and ambient temperature. To further corroborate them,
uture work will focus on the calculation of flammability limits
t elevated pressures and temperatures.
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