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The effects of steam addition on the laminar burning velocity of premixed oxygen-enriched methane
flames are investigated at atmospheric pressure. Experiments are carried out with an axisymmetric bur-
ner on which laminar conical flames are stabilized. A newly devised steam production system is used to
dilute the reactants with water vapor. The oxygen-enrichment ratio in the oxidizer, defined as O2/
(O2 + N2) (mol.), is varied from 0.21 (air) to 1.0 (pure oxygen). The equivalence ratio ranges from 0.5 to
1.5 and the steam molar fraction in the reactive mixture is varied from 0 to 0.50. For all compositions
examined, the reactive mixture is preheated to a temperature Tu = 373 K. Laminar flame speeds are deter-
mined with the flame area method using a Schlieren apparatus. The deviations induced by stretch effects
due to aerodynamic strain and flame curvature are assessed using Particle Imaging Velocimetry measure-
ments and flame images, and these data are used to estimate the uncertainty of the flame speed measure-
ments. The experiments are completed by numerical simulations conducted with the PREMIX code using
different detailed kinetic mechanisms. It is shown that the laminar flame speed of CH4/O2/N2/H2O(v) mix-
tures features a quasi-linear decrease with increasing steam molar fraction, even at high steam dilution
rates. Numerical predictions are in good agreement with experimental data for all compositions explored,
except for low dilution rates XH2O < 0:10 in methane–oxygen mixtures, where the flame speed is slightly
underestimated by the calculations. It is also shown that steam addition has a non-negligible chemical
impact on the flame speed for methane–air flames, mainly due to water vapor high chaperon efficiency
in third-body reactions. This effect is however strongly attenuated when the oxygen concentration is
increased in the reactive mixture. For highly oxygen-enriched flames, steam can be considered as an inert
diluent.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Additives in flames are frequently used for various purposes,
including pollutant emissions control, flame stabilization, promo-
tion or inhibition of identified chemical reactions. It is well estab-
lished that adding a diluent in a reactive mixture leads to
significant changes in flame properties. The addition of a diluent
can affect the combustion by the three following mechanisms:
(a) a dilution effect caused by the reduction in reactants concentra-
tion in the reactive mixture; (b) a thermal effect due to the absorp-
tion by the additive of part of the heat released by the reaction,
leading to a change in flame temperature; (c) a chemical effect ow-
ing to the activity of the additive that may alter some reactions
paths. Those three mechanisms are concomitant and closely
ion Institute. Published by Elsevier
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linked. For example, as chemical kinetics strongly depends on
flame temperature, it is consequently difficult to analyze these
effects separately.

Due to the increasing use of flue gas recirculation in combustion
processes, water vapor and carbon dioxide are among the most
common additives. While the effects of CO2 dilution have already
been thoroughly investigated (see e.g. Refs. [1–5]), the impact of
steam addition has been the subject of a relatively limited number
of studies, which are summarized below. In this work, the effects of
water vapor addition on the laminar burning velocity of premixed
oxygen-enriched methane flames are experimentally and numeri-
cally examined for various oxygen concentrations in the oxidizer.
Varying the oxygen concentration in the oxidizer enables analysis
of the sensitivity of water vapor dilution to flame temperature.
Furthermore, the high reactivity of oxygen-enriched flames allows
to investigate the effects of large steam dilution rates. Finally,
studying the impact of steam addition on oxy–fuel flames is of
practical interest since oxy–fuel combustion with flue gas
Inc. All rights reserved.
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recirculation receives a particular attention for its potential use for
CO2 capture and storage [6,7].

Addition of steam in the reactants can be used for various pur-
poses. It was quickly identified as a successful way to lower pollu-
tant emissions, including NOx emissions, in gas turbines operating
both in premixed and non-premixed modes [8–13]. It was then
shown that steam addition in various combustible mixtures (natu-
ral gas, n-heptane, iso-octane) led to substantial reductions of NOx

emissions due to combined effects of flame temperature and oxy-
gen atom concentration decrease [14,15]. Operating at constant
adiabatic flame temperature, water vapor dilution was found to re-
duce NOx levels by more than a factor of two compared to nitrogen
dilution [16]. It was also observed that steam addition has a very
limited impact on CO emissions for a fixed flame temperature
[14,15].

The influence of steam as a fire inhibitor has also been recog-
nized. Water vapor addition was found to be more effective at
reducing the burning velocity of methane–air flames than the addi-
tion of other gaseous thermal agents (N2 and CF4) or chemical
agents (CF3Br), but less effective than the same mass of water mist
[17]. These studies are however mainly based on numerical simu-
lations; experiments were limited yet to small concentrations of
added water vapor, with steam mass fractions typically lower than
0.02 [17,18]. This is mainly due to technical difficulties to seed the
reactive flow with well-controlled high steam concentrations.
Studies on inhibition of premixed flames by the means of various
types of diluents can be closely linked to the present study because
the reduction in laminar burning velocity can be used as a relevant
indicator of an inhibiting agent effectiveness [19].

The effects of water vapor addition on flame extinction and
ignition have also been examined. The initiation of laminar pre-
mixed H2/air/H2O and H2/O2/H2O flames was numerically investi-
gated and the critical conditions of propagation of the initial
kernel were identified in terms of ignition energy and flame kernel
radius [20,21]. Critical conditions of ignition and extinction for
hydrogen and methane planar stretched flames were also mea-
sured and computed as a function of the water mass fraction in
the oxidizer [22,23]. It was observed that steam addition favors
extinction for both premixed and non-premixed flames, and re-
duces the flammability range. The chemical effect of steam addi-
tion in hydrogen–air and methane–air flames was mainly
attributed to the chaperon efficiency of water in three body reac-
tions. Experiments were also conducted by Le Cong and Dagaut
[24] with a jet-stirred reactor operated at pressures pu = 1 and
10 bar to further analyze the chemical effects of steam addition.
Ignition delays and species concentrations were measured during
the oxidation of hydrogen and methane with 10% (mol.) of water
vapor and compared to computed results. It is shown that steam
addition affects combustion kinetics mainly because of H2O high
third-body efficiency in the reaction H + O2 + M � HO2 + M.

Finally, the effects of steam addition on the laminar burning
velocity have been examined with various experimental configura-
tions. Burning velocities of hydrogen–air–steam mixtures were
measured by Liu and MacFarlane [25] using conical flames, for
steam molar fractions limited to XH2O 6 0:12 and for unburned
temperatures ranging from Tu = 300 to 523 K. Using a similar con-
figuration, Koroll and Mulpuru [26] reported flame speed data of
hydrogen–air–steam and hydrogen–oxygen–steam mixtures, fea-
turing a wide range of steam concentrations. Laminar flame speeds
of moist syngas mixtures were reported by Das et al. [27] using a
counterflow twin-flame configuration. Spherical constant volume
vessels were used by Shebeko et al. [28] and by Kuznetsov et al.
[29] to investigate the flame speed evolution of steam-diluted mix-
tures at elevated pressure. Burning velocities of methane–
air–steam flames were also determined by Babkin and V’yun [30]
using spherically expanding flames in a constant volume vessel.
Measurements were carried out for stoichiometric mixtures over
a wide range of initial pressures pu = 1–20 bar, at a fixed unburned
gas temperature Tu = 473 K and for water vapor molar fractions
varying from XH2O ¼ 0 to 0:20. Burning velocities were deduced
from direct photographs of the early stage of the flame kernel
propagation. Results at atmospheric pressure show a linear de-
crease of the burning velocity when the water vapor molar fraction
XH2O is increased, but data have not been reported yet for non-
stoichiometric or oxygen-enriched mixtures.

Experiments and numerical simulations are conducted in this
work to examine the effects of water vapor addition on the laminar
burning velocity of oxygen-enhanced methane flames at atmo-
spheric pressure. The objectives of this study are multiple.

1. An original technical solution for steam generation is presented.
This system, based on a membrane permeation process, enables
to accurately monitor the concentration of water vapor in the
reactive mixture, and to cover a wide range of steam mass flow
rates.

2. The second objective is motivated by the lack of data on funda-
mental aspects of steam diluted oxy–fuel flames. An experi-
mental database is presented for laminar flame speeds of CH4/
O2/N2/H2O mixtures at atmospheric pressure. Burning velocities
are determined over wide ranges of equivalence ratios, oxygen-
enrichment ratios and water vapor dilution rates.

3. This experimental database is completed by numerical simula-
tions using different detailed kinetic mechanisms. Numerical
results are compared to experimental data and used to analyze
the respective contributions of dilution, thermal and chemical
effects of steam addition.

The experimental facility and the steam production system are
described in Section 2. The methodology used for the determina-
tion of the flame speed is then introduced in Section 3. Experimen-
tal data and numerical results are finally presented and discussed
in Section 4.
2. Experimental facility and numerical tools

Experiments are conducted on an oxy–fuel combustion dedi-
cated set-up, including heated gas feeding lines, a steam produc-
tion apparatus and an axisymmetric burner on which steady
conical laminar premixed flames are stabilized.
2.1. Experimental set-up

An overview of the experimental set-up is shown in Fig. 1.
Methane (CH4), oxygen (O2) and nitrogen (N2) gases (purity
>99.99%) are supplied from an external network of tanks. The flow
rates are regulated with mass flow controllers (Bronkhorst F-Ser-
ies), calibrated with the related gas. The precision of the mass flow
rates corresponds to ±2% of the set operating condition. Oxygen
and nitrogen are premixed before being introduced as a carrier
gas in a humidifier, which is described in the next SubSection 2.2.
The O2/N2/H2O mixture and the methane flow are then premixed
before being introduced in an axisymmetric burner. A detailed
view of the burner is shown in Fig. 2. Gases are injected in the low-
er part of the burner, which is filled with glass beads of different
diameters (1–5 mm) to further reduce possible mixture non-
homogeneities. The reactive mixture then flows successively
through a perforated plate, a honeycomb structure and a refined
metallic grid to obtain a laminar flow entering the inlet of a pro-
filed converging nozzle. The burner can be equipped with three dif-
ferent converging nozzles of outlet diameters d = 10, 7 or 4 mm
corresponding to contraction ratios of r = (D/d)2 = 41, 84 and



Fig. 1. Schematic of the experimental facility dedicated to premixed steam-diluted oxy–fuel combustion.

Fig. 2. Detailed schematic of the burner.

Fig. 3. Velocity profiles v/vmax at the burner outlet for various flow velocities and
burner diameters d = 7 and 4 mm.

2430 A.N. Mazas et al. / Combustion and Flame 158 (2011) 2428–2440
256. This converging nozzle is used to reduce the boundary layer
thickness by accelerating the flow and to obtain a top hat velocity
profile at the burner outlet. The burners of diameter d = 10 and
7 mm are used to stabilize conical methane–air flames and
oxygen-enriched flames, for oxygen-enrichment ratios lower than
X = O2/(O2 + N2) (vol.) = 0.50. For larger oxygen-enrichment ratios,
the burner is equipped with the nozzle of diameter d = 4 mm. A
small co-flow of nitrogen surrounding the inner main nozzle may
also be used to prevent potential external perturbations. In this
study, this nitrogen co-flow was used only for non-preheated
methane–air flames. It was not used for preheated mixtures to
avoid undesirable cooling effects.

The temperature of all the components downstream the humid-
ifier is controlled and set at the unburned gases temperature Tu to
prevent water condensation. The burner temperature is regulated
with an electrical heating tape (Vulcanic) and the homogeneity
of the temperature field is monitored with thermocouples. A J-type
thermocouple TC1 inserted in the burner body and a K-type ther-
mocouple TC2 located at the basis of the burner are used to control
the burner temperature. A third K-type thermocouple TC3 located
immediately upstream the perforated plate is also used to measure
the fresh mixture temperature Tu (Fig. 2).

The quality of the laminar flow obtained at the burner outlet
was determined with time resolved pointwise measurements
completed by two-dimensional snapshots of the velocity field in
a vertical plane. Velocity profiles at the burner outlet were charac-
terized using a small hot wire anemometry system (Dantec).
Figure 3 shows that the axial velocity profile remains flat over
70% of the burner diameter. The RMS fluctuations are found to be
less than 2.0% of the mean velocity, even for high velocities up to
20 m s�1. This was completed by Particle Imaging Velocimetry
(PIV) measurements, obtained with a 10 Hz-pulsed Nd:Yag laser
(Continuum) and a set of cylindrical and spherical lenses, used to
generate a 0.5 mm thick vertical laser sheet focused in the burner
central plane. In these experiments, the flow is seeded with micro-
nic zirconium dioxide ZrO2 particles. The Mie scattering signal is



Fig. 4. PIV images of stoichiometric CH4/O2/N2 flames for various oxygen-enrichment ratios X, at atmospheric pressure and ambient temperature. Left: X = 0.30, converging
nozzle diameter d = 7 mm; Center: X = 0.50, converging nozzle diameter d = 4 mm; Right: X = 1.0, converging nozzle diameter d = 4 mm. Only one velocity vector over four is
shown here.
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collected at the right angle onto a CCD camera (1600 � 1186
square pixels, Dantec Hi-Sense) equipped with a 200 mm lens
(Nikkor) and with an interferential filter at the lasing wavelength
k = 532 nm. The post-processing of tomographic snapshot pairs is
carried out with Dantec Flow Manager v4.1 software. Typical PIV
images of stoichiometric CH4/O2/N2 flames are shown in Fig. 4
for various oxygen-enrichment ratios X = O2/(O2 + N2) (vol.) =
0.30, 0.50 and 1.0. The flow is uniform in the unburned gases in
both radial and longitudinal directions. The axial velocity gradient
measured between the burner outlet and the flame tip is typically
lower than 10 s�1.

Laminar flame speeds are determined with Schlieren images
obtained with a classical Z-arrangement set-up. The Schlieren
apparatus includes converging lenses of 100 mm diameter with
large focal lengths f = 1000 mm, plane mirrors and vertical knives
(Ealing) to highlight horizontal density gradients [31]. Schlieren
images are recorded with a video CCD camera (768 � 576 square
pixels, Pulnix), equipped with a variable speed shutter and a
Fig. 5. Typical chemiluminescence photograph (left) and corresponding Schlieren
image (right) of CH4/O2/N2 flames. Top: X = 0.30, / = 1.0; bottom: X = 1.0, / = 1.0.
100–300 mm lens (Cosina) to zoom in the flame region. This is
completed with flame chemiluminescence images recorded with
another CCD camera without specific filter. Typical Schlieren
images and chemiluminescence images are shown in Fig. 5 for stoi-
chiometric oxygen-enriched flames, anchored on the d = 7 and
4 mm burners respectively. Chemiluminescence images of steam
diluted flames are also shown in Fig. 6. The flames obtained are
straight-sided cones, ensuring that the flame propagation speed
is uniform over the main part of the reaction zone [32].
Fig. 6. Chemiluminescence images of CH4/O2/N2/H2O flames, for X = 0.50 and /
= 1.5. From top to bottom, from left to right: XH2 O ¼ 0, XH2 O ¼ 0:09, XH2 O ¼ 0:14,
XH2 O ¼ 0:18.



Fig. 7. Measured (symbols) and predicted (lines) mass of evaporated water as a
function of time for different dew point temperatures Tdew and carrier gas mass flow
rates _mcg . (N) Tdew = 320 K and _mcg ¼ 776:3 g=h; (�) Tdew = 320 K and
_mcg ¼ 2329 g=h; (M) Tdew = 350 K and _mcg ¼ 776:3 g=h; (o) Tdew = 350 K and
_mcg ¼ 2329 g=h.
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2.2. Steam production system

Water vapor is produced with a custom-built device derived
from a Cellkraft P-50 humidifier. Steam addition is based on the
humidification of the carrier gas by transfer of water vapor through
Nafion� membranes (DuPont). The carrier gas flows in the mem-
brane tubes, which are immersed in demineralized liquid water
heated with electrical resistances at a temperature Tlw. At the tube
exit, the carrier gas is saturated with steam and the dew point tem-
perature Tdew of the humidified mixture is measured with a high
precision humidity sensor (Vaisala Humicap Series HMT 330). A
closed loop control of humidity based on the measured dew point
temperature Tdew at the tube outlet is used to regulate the temper-
ature of liquid water Tlw in which the membrane tubes are im-
mersed. This temperature Tlw is adjusted by the controller to
match the desired dew point of O2/N2/H2O mixtures obtained at
the humidifier outlet. The steam molar fraction X�H2O in this
mixture can then be inferred from the steam partial pressure
pH2O, given by the saturation vapor pressure at the dewpoint
temperature psat(Tdew), and from the humidifier inner pressure ph,
measured with a high temperature pressure transducer (Huba
Control) at the humidifier outlet:

X�H2O ¼
pH2O

ph
¼ psatðTdewÞ

ph
ð1Þ

The performances of this humidifier were validated for a selected
number of operating conditions representative of wet mixture com-
positions explored in the present study. These conditions are shown
in Table 1. For these validation tests, air is used as a carrier gas, with
mass flow rates successively set to _mcg ¼ 776:3 and 2329.0 g h�1.
The dew point temperature is also increased from Tdew = 320 to
350 K, corresponding to steam molar fractions X�H2O ¼ 0:10 and
0:42, respectively. The steam mass flow rates are determined by
measuring the mass of water removed from the tank of liquid
water. Measured steam mass flow rates are plotted as a function
of time in Fig. 7 and are compared with predictions obtained with
Eq. (1). These measurements are found to be in good agreement
with theoretical predictions with a relative precision lower than
1%. It can be concluded from the humidifier linear operation and
from the repeatability of these tests that the steam concentration
is stable and accurately controlled.

2.3. Numerical simulations

Experiments are completed by simulations of one-dimensional,
freely propagating, unstretched, adiabatic, laminar, premixed
flames using the PREMIX code of the CHEMKIN package [33].
Two different detailed kinetic mechanisms are tested including
the GRI-mech 3.0 mechanism [34] and a mechanism developed
by Le Cong and Dagaut for methane oxidation in the presence of
steam [24]. The GRI mechanism is commonly used for modeling
the combustion of methane and natural gas, and has been vali-
dated for a wide range of equivalence ratios, unburned tempera-
Table 1
Comparison of measured and predicted steam mass flow rates for various operating
conditions. From left to right: Carrier gas (air) mass flow rate, humidifier pressure,
dew point temperature, steam molar fraction, experimental and theoretical steam
mass flow rates, relative difference.

_mcg (g/h) ph (mbar) Tdew (K) XH2O _mH2 O (g/h) D (%)

Exp. Theor.

776.3 1010 320 0.10 56.2 56.1 0.1
2329.0 1010 320 0.10 166.8 168.4 �0.6

776.3 1217 350 0.42 254.6 253.0 1.0
2329.0 1692 350 0.42 474.2 475.6 �0.3
tures and pressures. It includes 53 species – with C1 to C3
molecules – involved in 325 elementary chemical reactions [34].
The second mechanism was recently developed to specifically in-
clude chemical effects of water vapor addition in hydrogen and
methane combustion. It consists of 99 chemical species involved
in 743 reactions and incorporates C1 to C6 molecules.

Simulations are also conducted with a virtual species, hereaf-
ter designated as Virt-H2O, to investigate the effects of water
vapor dilution on combustion chemistry. This virtual species
Virt-H2O is added in both detailed mechanisms. It is assigned
the same molecular structure, and the same thermodynamic
and transport properties as water vapor. This virtual species
Virt-H2O does however not appear in the elementary reactions
of the kinetic mechanisms. Thereby, numerical calculations con-
ducted with Virt-H2O highlight dilution and thermal effects of
steam addition only. For a given mixture composition, the chem-
ical effects of steam addition can then be isolated by comparison
of the results obtained with real CH4/O2/N2/H2O mixtures and the
ones obtained with artificial CH4/O2/N2/Virt-H2O mixtures [2,4,
24,35].
3. Flame speed measurement methodology

The laminar burning velocity so
u is the velocity at which a lam-

inar, steady, plane, unstretched, adiabatic flame moves relative to
the unburned premixed gas in the direction normal to the flame
surface [36]. It is however established that a flame that perfectly
matches all these requirements is difficult to obtain and different
experimental configurations have been developed to generate
flows approaching these conditions [37]. These configurations
have been continuously improved and a particular attention
was paid to correct thermal, stretch and curvature effects that
are known to affect the laminar burning velocity [38–49]. The
suitable experimental configuration for flame speed measure-
ments mainly depends on the range of burning velocities to be
explored. Compared to air combustion, it is established that
highly oxygen-enriched premixed flames (a) feature significantly
higher burning velocities [32], (b) are subject to flame instabili-
ties [50,51], and (c) are characterized by a high sensitivity to
detonation [52–54]. These properties considerably constrain the
choice of an appropriate configuration for the measurement of
oxy–fuel flames burning velocities and make the conical flame
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method a reliable and safe solution for laminar premixed oxy–
fuel flames studies [26,32,55].

In this study, the flame speed measurement is an area-weighted
average over the entire flame surface. Assuming that the whole
reactive mixture injected in the burner is consumed across the pre-
mixed flame front (see Fig. 8), the area-weighted average laminar
flame speed su is given by the mass balance equation:

_m ¼ qusuAf ð2Þ

where _m is the reactants mass flow rate, qu the unburned gas den-
sity and Af the flame surface area. Since the laminar burning velocity
so

u is defined relative to the unburned gases, the appropriate area Af

is the upstream boundary of the preheat zone, which can be deter-
mined by the Schlieren technique [31,32,36,56–58]. The flame area
Af is determined from the Schlieren images with an edge detection
program based on Sobel operator. For each operating condition, 20
Schlieren images are typically recorded. The area Af is averaged over
these 20 images, assuming the flame is axisymmetric around the
burner axis. The relative root-mean-square deviation of the flame
surface area determined with the set of Schlieren images is less than
2% of the mean value Af.

Conical flames stabilized on the rim of a cylindrical burner are
not rigorously adiabatic, and are affected by stretch effects. Heat
losses are difficult to evaluate. The burner wall temperature was
measured close to the flame with a K-type thermocouple of diam-
eter 0.25 mm. The burner temperature reaches about 473 K for
methane–oxygen flames at atmospheric pressure. Since only a
small fraction of the flame surface lies close to solid boundaries
and considering the reduced thickness of the burner outlet
(0.5 mm), heat losses at the burner rim can be neglected compared
to the total heat release. Furthermore, quenching effects at the
flame foot are reduced due to the increase of the flame tempera-
ture when the oxygen-enrichment ratio is increased. It is observed
on chemiluminescence and Schlieren images shown in Figs. 5 and 6
that the flame front edge starts at the immediate vicinity of the
burner rim. Radiative heat losses are likely to increase due to the
contributions of steam vibrational bands in the infra-red range,
but this effect needs to be considered only at elevated pressure.

Premixed conical flames are also affected by stretch effects due
to aerodynamic straining and flame curvature [48]. Consequently,
an estimation of the difference between the reported flame speed
su, which is measured with the methodology described below,
Fig. 8. Schematic of a conical flame stabilized over an axisymmetric burner.
and the unstretched laminar flame speed so
u is needed. Aerody-

namic straining of the flame front is first examined. Figure 3 shows
that the velocity profile at the burner outlet is nearly uniform and
PIV measurements presented in Fig. 4 show that the velocity gradi-
ents in radial and longitudinal directions are limited. Tangential
velocity profiles along the flame front, extracted from PIV measure-
ments, are also plotted in Fig. 9 for various oxygen-enrichment ra-
tios X = 0.30, 0.50 and 1.0. The velocity gradients along the flame
front lies typically within 50 s�1 for X = 0.30, 80 s�1 for X = 0.50
Fig. 9. Velocity profiles along the flame front of stoichiometric CH4/O2/N2 flames,
for various oxygen-enrichment ratios. (A) X = 0.30, / = 1.0; (B) X = 0.50, / = 1.0;
(C): X = 1.0, / = 1.0. Tangential velocities are reported for various distances to the
flame front in normal direction towards the unburned gases.
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and 200 s�1 for X = 1.0. It is also observed that the tangential
velocity gradient measured near the flame anchoring point is lim-
ited, in accordance with the results reported by Choi and Puri [59],
and its effect on the measured flame speed is minimal. Stretch ef-
fects due to aerodynamic straining are thus limited in the present
configuration.

Here, the stretch effects affecting the conical flames are mainly
due to flame curvature, along the flame front and at the flame tip.
As shown in Fig. 5, the round shape of the flame tip observed for
methane–air flames is strongly reduced when the oxygen-enrich-
ment ratio is increased. Oxygen-enriched flames feature sharp tips,
especially in lean and near-stoichiometric conditions. Furthermore,
the tip area is negligible compared to the total flame surface, that is
why stretch effects due to tip curvature will not be considered
here. The curvature of the reaction zone is calculated in the plane
(eh, n), where eh and n are respectively the unit vector in the azi-
muthal direction and the unit vector normal to the flame front.

An error estimate due to stretch effects is conducted using the
expression of the ratio su=so

u derived by Sun et al. [60] for a curved
flame propagating in a non-uniform flow field. This estimate pro-
vides a confidence interval in the flame speed measurement meth-
odology. For steady adiabatic non-equidiffusive flames, the ratio
su=so

u is given by:

su

so
u
¼ 1þ Ze

2
1
Le
� 1

� �
aojdo

T

so
u
þ cdo

T ð3Þ

where Ze ¼ Ea To
b � Tu

� �
= R To

b

� �2
h i

is the Zeldovitch number, Le the

Lewis number of the reactive mixture, j the global stretch rate, do
T

the thermal flame thickness, c the flame curvature and ao a factor
accounting for the thermal expansion effect, with ao = 1 + ln[ro +
(1 � ro)e�1] where ro ¼ Tu=To

b ¼ qo
b=qu. In the previous equation,

Ea denotes the overall activation energy, R the universal gas con-
stant, T and q the temperature and the density respectively; the
subscripts u and b refer to properties associated with unburned
and burned gas respectively and the superscript o indicates flow
properties relative to one-dimensional unstretched flames. The ra-
tio su=so

u is calculated for conical flames with various oxygen-enrich-
ment ratios, representative of the present experimental
configuration. The quantities To

b, Ze, Le, ao and do
T can be extracted

from numerical simulations of one-dimensional adiabatic un-
stretched flames using the procedure suggested in Ref. [60]. Consid-
ering a small change in the nitrogen concentration to vary the
temperature of the burned gases To

b, the activation energy can be
obtained from:

Ea ¼ �2R
@ ln quso

u

� �
@ 1=To

b

� � ð4Þ

Here, this quantity was numerically determined from the results
obtained with the PREMIX code, used with the GRI-mech 3.0, by
varying the oxygen-enrichment ratio X. Similarly, the thermal
flame thickness is estimated using the gradient of the calculated
temperature profile:

do
T ¼

To
b � Tu

ðdT=dxÞmax
ð5Þ
Table 2
Geometrical characteristics and computed flame parameters of stoichiometric CH4/O2/N2

X / To
b (K) Ze LeCH4 Le

0.21 1.0 2261 8.9 0.95 1
0.30 1.0 2548 10.7 0.93 1
0.50 1.0 2825 12.3 0.91 1
1.00 1.0 3060 13.2 0.84 1
The Lewis number of the mixture is estimated following the
analysis proposed in Ref. [61] and ranges between LeCH4 and
LeO2 , both quantities being close to unity. For steady conical flames,
the stretch rate j can be expressed in the cylindrical coordinate
system (r, h, z) as [48]:

jðr; h; zÞ ¼ � sin a
r

@

@r
ðrw cos aÞ þ cos a

@

@z
ðw cos aÞ

� �
ð6Þ

In this expression, w is the vertical component of the reactants mix-
ture velocity and a the flame angle with respect to the flow direc-
tion, as shown in Fig. 8.

Neglecting flame curvature effects at the flame tip and at the
flame basis in the vertical plane (r, z), Eq. (6) reduces to:

jðrf Þ ¼ �
w sinð2aÞ

2rf
ð7Þ

where rf is the local flame radius in the cylindrical coordinate sys-
tem. One can then define an area-weighted average stretch �j over
the flame surface Af:

�j ¼ 1
Af

Z
Af

�w sinð2aÞ
2r

dS ¼ �w sinð2aÞ
R

¼ j rf ¼
R
2

� �
ð8Þ

where R is the radius of the conical flame basis. It is worth noting
that the area-weighted average stretch �j is equal to the local stretch
calculated at a radial distance r = R/2. Similarly, an area-weighted
average curvature �c can be defined:

�c ¼ 1
Af

Z
Af

cðrÞdS ¼ 1
Af

Z
Af

1
r cosðaÞdS ¼ c rf ¼

R
2

� �
ð9Þ

Eqs. (8) and (9) suggest that the values of the local stretch
jðr ¼ R=2Þ ¼ �j and of the local curvature cðr ¼ R=2Þ ¼ �c can be seen
as global flame parameters useful for the analysis of stretch effects
on the properties of conical laminar flames. The flame parameters
required to estimate the flame speed ratio su=so

u given by Eq. (3)
are presented in Table 2, for various oxygen-enrichment ratios X
ranging from 0.21 (air) to 1.0 (pure oxygen). All these parameters
were calculated using the PREMIX code with the GRI-mech 3.0
mechanism, except �j and �c that were measured. It is found that
the absolute value of the area-weighted average stretch �j increases
when the oxygen-enrichment ratio is increased. This increase is due
to the increase of the flow velocity and to the decrease of the burner
diameter, needed to avoid flame instabilities. It is also observed that
the thermal flame thickness d0

T is significantly reduced when the
oxygen-enrichment ratio is increased. This decrease strongly mod-
erates the curvature effects on the flame speed. Finally, the relative
difference between the measured flame speed and the unstretched
laminar flame speed due to combined aerodynamic and curvature
stretch effects remains limited. It is found to be within 15% for
methane–air flames and within 10% for methane–oxygen flames.

Only raw data will be presented in Section 4 without correction
by this estimate. The analysis conducted here shows that the
uncertainty on burning velocity measurements due to stretch ef-
fects reduces for the oxygen-enriched mixtures considered in this
study.
mixtures, for various oxygen-enrichment ratios X ¼ XO2 =ðXO2 þ XN2 Þ.

O2 ao �j (s�1) do
T (mm) �c (mm�1)

.10 0.25 �216 0.41 0.42

.12 0.22 �1278 0.24 0.59

.19 0.19 �3997 0.14 1.0

.68 0.16 �9993 0.10 1.1
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4. Results and discussion

Laminar flame speeds of CH4/O2/N2/H2O(v) mixtures are mea-
sured for different operating conditions. The parameters examined
in this work are (a) the oxygen-enrichment ratio in the oxidizer X:

X ¼ XO2=ðXO2 þ XN2 Þ ð10Þ

where Xk is the molar fraction of the species k, (b) the steam molar
fraction XH2O in the reactive mixture and (c) the mixture equiva-
lence ratio /, defined as:

/ ¼
_mCH4

_mO2

� ��
_mCH4

_mO2

� �
s

ð11Þ

In this expression ð _mCH4= _mO2 Þs indicates the stoichiometric fuel-to-
oxygen mass ratio. All experiments are conducted for a constant un-
burned gas temperature Tu = 373 K, except for the cases of dry and
wet CH4/air mixtures where the gas inlet temperature is set either
to Tu = 298 K or to Tu = 473 K, to compare the results with existing
experimental data [30,47]. All these temperatures are controlled
with a precision of ±2 K. Experimental results are presented with
vertical error bars of ±5% indicating the uncertainty in the flame
speed determination with the present methodology.

4.1. Validation of the experimental methodology

The experimental methodology is first validated with well doc-
umented CH4/air flames at Tu = 298 K and at atmospheric pressure.
Laminar flame speeds are measured for mixture equivalence ratios
varying from / = 0.8 to 1.5, as shown in Fig. 10. Leaner CH4/air
flames cannot be stabilized with this set-up. The present results
are compared with reference measurements of stretch-corrected
flame speeds obtained with various experimental configurations.
Vagelopoulos and Egolfopoulos [47] measured CH4/air laminar
flame speeds with counterflow flames in a near-zero strain-rate
state, using Laser Doppler Velocimetry. Burning velocities mea-
surements were obtained by Hassan et al. [62] with outwardly
propagating spherical laminar premixed flames at constant pres-
sure. Bosschaart and de Goey [63] used the heat flux method to sta-
bilize flat adiabatic flames over a thin perforated plate burner,
while Dong et al. [64] used a stagnation flow configuration with
a Digital Particle Image Velocimetry system to determine CH4/air
laminar flame speeds. The results of the present work are in good
agreement with these data. In lean and near-stoichiometric
Fig. 10. Experimental (symbols) and computed (lines) laminar flame speeds of CH4/
air mixtures, at Tu = 298 K and atmospheric pressure.
conditions, the data are in accordance with the reference measure-
ments within the error bars. For rich conditions, the data scattering
increases slightly. The measured flame speeds are found to be close
to the results of Vagelopoulos and Egolfopoulos [47]. Furthermore,
a good agreement between measured and computed burning
velocities is noted, experimental results being lower than numeri-
cal calculations presumably due to heat losses at the burner rim.

The dependence of the flame speed on steam addition in meth-
ane flames is now investigated. Figure 11 shows the evolution of
the burning velocity of stoichiometric CH4/air/H2O(v) mixtures
when the steam molar fraction is increased from XH2O ¼
0 to 0:20, at Tu = 473 K. Also plotted are the computed burning
velocities for reactive mixtures diluted respectively with steam
and with the virtual species Virt-H2O introduced in Section 2.3.
The laminar flame speed decreases with increasing water vapor
molar fraction. This decrease is found to be linear when the steam
molar fraction XH2O is varied between 0 and 0.10. Numerical
calculations reproduce accurately the experimental results. One
can also observe a significant difference between the calculated
flame speeds obtained with steam dilution and those obtained
with the virtual species. The relative difference g ¼ ðsuðXVirt-H2OÞ�
suðXH2OÞÞ=suðXH2OÞ reaches 29% for XH2O ¼ 0:20, highlighting
chemical effects of steam addition in these conditions. This point
is discussed further in the paper. The evolution of the ratio
suðXH2OÞ=suðXH2O ¼ 0Þ is plotted in Fig. 11 and the results are
compared with data obtained by Babkin and V’yun with spherically
expanding flames in a constant volume vessel [30]. A good agree-
ment is found between these data, the present measurements
Fig. 11. Top: Experimental (symbols) and computed (lines) laminar flame speeds of
stoichiometric CH4/air/H2O mixtures, at Tu = 473 K and atmospheric pressure.
Bottom: laminar flame speed ratio suðXH2 OÞ=suðXH2 O ¼ 0Þ in the same conditions.



Fig. 12. Experimental (symbols) and computed (lines) laminar flame speeds of CH4/
O2/N2/H2O mixtures, for X = 0.30 and / = 0.70, 1.0 and 1.40, at Tu = 373 K and
atmospheric pressure.
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and the numerical predictions obtained with the two detailed ki-
netic mechanisms. Results presented in Fig. 10 for dry methane–
air mixtures and those presented in Fig. 11 for methane–air–steam
mixtures validate the experimental methodology developed in the
present study for laminar flame speed measurements in wet condi-
tions. This methodology yields results in agreement with existing
data obtained with different experimental techniques and numer-
ical predictions within about 5% accuracy.

4.2. Effects of steam addition on the burning velocity of oxygen-
enriched mixtures

In this section, burning velocity measurements of oxygen-en-
riched methane flames diluted with steam are reported for the first
time. While the effects of steam addition on the flame speed were
investigated for stoichiometric methane–air mixtures only [30],
burning velocities are measured in the present study for wide
ranges of oxygen-enrichment ratio and equivalence ratio. The oxy-
gen-enrichment ratio in the oxidizer X is varied from 0.21 (air) to
1.0 (pure oxygen). This enables to vary the flame temperature from
To

b ¼ 2261 K to 3060 K, as shown in Table 2. In this work, three
oxygen-enrichment ratios X = 0.30, 0.50 and 1.0 are examined
and, for each value of X, the impact of steam addition is investi-
gated in lean, stoichiometric and rich conditions.

Figure 12 shows the evolution of the laminar flame speed when
the water vapor molar fraction is increased from 0 to 0.25, for a
stoichiometric (/ = 1.0) slightly oxygen-enriched (X = 0.30) mix-
ture. In almost dry conditions ðXH2O ¼ 0:01Þ, the measured flame
speed su reaches 112 cm s�1 and fits with numerical predictions.
The burning velocity decreases quasi-linearly when the steam mo-
lar fraction is increased. The calculations conducted with the two
kinetic mechanisms lead to analogue results and a similar quasi-
linear decrease of the burning velocity is observed. Experimental
and numerical results are in agreement for low steam concentra-
tions XH2O < 0:10. The slope (in absolute value) of the straight line
defined by the experimental data is found to be slightly higher
than the one associated with the calculated flame speeds. The rel-
ative difference g introduced previously reaches about 12% for
XH2O ¼ 0:20. This value is lower than that obtained for a wet meth-
ane–air stoichiometric mixture (X = 0.21), diluted with the same
steam concentration XH2O ¼ 0:20. This may indicate that chemical
effects of steam addition are reduced for oxygen-enriched flames
compared to wet methane–air combustion. Experimental and
numerical results obtained in lean (/ = 0.70) and rich (/ = 1.40)
conditions for X = 0.30 are shown in Fig. 12. In both cases, a similar
quasi-linear decrease of the flame speed is observed. In the lean
case (/ = 0.70), the agreement between measured and computed
flame speeds is within 6%. One can however note that numerical
results obtained with Le Cong et al. mechanism slightly underpre-
dict the burning velocity. Despite the slight deviation observed be-
tween numerical predictions obtained for steam and virtual
species dilutions, it is difficult to discriminate possible chemical ef-
fects of water addition because both data sets are enclosed within
experimental error bars. In the rich case (/ = 1.40), the numerical
predictions of the GRI-mech 3.0 and the experimental results are
in good agreement for steam fractions XH2O varying from 0 to
0.20. In this range of steam concentrations, no significant differ-
ence is found between the flame speeds calculated with H2O and
the virtual species Virt-H2O.

Results are now presented for a higher oxygen concentration
X = 0.50, for lean (/ = 0.6), stoichiometric (/ = 1.0) and rich (/
= 1.5) mixtures in Fig. 13. As observed previously, the burning
velocity decreases linearly with increasing steam molar fraction.
Solid and dashed lines indicate the computed burning velocities
and show a similar linear dependence with water vapor addition.
For lean (/ = 0.6) and stoichiometric (/ = 1.0) mixtures, numerical
results obtained with the GRI-mech 3.0 mechanism and the
mechanism proposed by Le Cong et al. are very close and match
well with the experimental results for the whole range of steam
concentrations explored. Furthermore, one can note the deviation
between the numerical results obtained with steam addition and
those calculated with the virtual species for lean and stoichiome-
tric mixtures. The relative difference g increases with increasing
steam molar fraction and reaches 13% for XH2O ¼ 0:30 when
/ = 0.6 and 15% for XH2O ¼ 0:50 when / = 1.0. It is however worth
emphasizing that for a given steam molar fraction, the relative
difference remains lower than that found for lower oxygen concen-
trations X = 0.21 or 0.30. This confirms that the chemical impact of
steam addition on the laminar burning velocity reduces with



Fig. 13. Experimental (symbols) and computed (lines) laminar flame speeds of CH4/
O2/N2/H2O mixtures, for X = 0.50 and / = 0.60, 1.0 and 1.50, at Tu = 373 K and
atmospheric pressure.

Fig. 14. Experimental (symbols) and computed (lines) laminar flame speeds of CH4/
O2/N2/H2O mixtures as a function of the equivalence ratio /, with X = 0.50 and
various steam molar fractions XH2 O ¼ 0, 0.10 and 0.20, at Tu = 373 K and atmo-
spheric pressure.
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increasing flame temperature. In rich conditions (/ = 1.5), Le Cong
et al. mechanism overpredicts the measured laminar flame speeds
by about 10% while predictions based on GRI-mech 3.0 show a bet-
ter agreement with the measured flame speeds, despite a slight
overprediction for dry mixtures. For this equivalence ratio, no
chemical effect of steam addition is observed.

Figure 14 shows the flame speeds plotted as a function of the
equivalence ratio /, for X = 0.50 and for increasing steam molar
fractions XH2O ¼ 0; XH2O ¼ 0:10 and XH2O ¼ 0:20. Experimental
and numerical results are still in good agreement in the range of
conditions explored. In rich conditions, the numerical predictions
obtained with Le Cong et al. mechanism are slightly higher than
those calculated with the GRI-mech 3.0 mechanism. This difference
reduces with increasing steam concentration.

Finally, flame speeds of steam-diluted methane–oxygen flames
(X = 1.0) are plotted in Fig. 15, for three equivalence ratios / = 0.5,
1.0 and 1.50 respectively. For steam molar fractions varying from 0
to 0.45, a good agreement between experimental data and numer-
ical predictions is observed. The flame speed features a linear de-
crease with increasing steam concentration, which is also well
predicted by the simulations performed with the virtual species
Virt-H2O. Results provided by the GRI-mech 3.0 and Le Cong
et al. mechanism are similar for / = 0.5. The latter yields slightly
higher burning velocities for / = 1.0 and 1.5. It is finally remarkable
that no significant difference is observed, in these conditions, be-
tween the computed flame speeds obtained with H2O and Virt-
H2O. This highlights that chemical effects of steam dilution on
the burning velocity of methane–oxygen flames is negligible. For
highly oxygen-enriched flames, the flame speed evolution is
mainly due to dilution and thermal effects induced by steam
addition.

4.3. Thermal and chemical effects of steam addition

The chemical effect of steam addition on the burning velocity of
oxygen-enriched methane flames has been discussed previously,
based on the comparison between experimental data and numeri-
cal predictions obtained with the virtual species Virt-H2O. It was
shown that, for a fixed steam molar fraction, the chemical effect
on the burning velocity reduces when the oxygen-enrichment ratio
is increased. This effect, while limited, is however more significant
in lean and stoichiometric conditions than in rich conditions. The
chemical impact of steam addition is now examined for two mix-
tures featuring different adiabatic flame temperatures. Results
are presented for a stoichiometric methane–air flame X = 0.21
and a stoichiometric methane–oxygen flame X = 1.0 diluted with
a steam molar fraction XH2O ¼ 0:20 or with a virtual species molar
fraction XVirt-H2O ¼ 0:20. The evolution of the molar fraction profiles
of H, O, OH and CH3 radicals in the reaction zone is plotted in
Fig. 16. Depending on flame temperature, the presence of water va-
por molecules leads to changes in the production and in the con-
sumption of H, O and OH radicals. For a standard methane–air
flame (X = 0.21) featuring an adiabatic flame temperature
To

b � 2200 K, steam addition reduces peak values of H and O atom
concentrations respectively by about 30% and 50% compared to the
predictions obtained with the virtual species. In contrast, the peak



Fig. 15. Experimental (symbols) and computed (lines) laminar flame speeds of CH4/
O2/H2O mixtures, for X = 1.0 and / = 0.50, 1.0 and 1.50, at Tu = 373 K and
atmospheric pressure.

Fig. 16. Profiles of OH, O, H and CH3 molar fractions in one-dimensional CH4/O2/N2/
H2O stoichiometric flames computed with the GRI-mechanism 3.0. Continuous
lines: diluent = H2O; Dashed lines: diluent = Virt-H2O. (a) X = 0.21 (air), / = 1.0,
Xdiluent = 0.20; (b) X = 1.0 (oxygen), / = 1.0, Xdiluent = 0.20.

Fig. 17. Laminar flame speed ratio �suðXH2 OÞ=�suðXH2 O ¼ 0Þ of CH4/O2/N2/H2O mix-
tures, at Tu = 373 K and atmospheric pressure. (�) X = 0.21, / = 1.0; (�) X = 0.30, /
= 0.70; (j) X = 0.30, / = 1.0; (N) X = 0.30, / = 1.40; (�) X = 0.50, / = 0.60; (h)
X = 0.50, / = 0.75; (e) X = 0.50, / = 1.0; (.) X = 0.50, / = 1.50; (�) X = 1.0, / = 0.50;
(M) X = 1.0, / = 1.0; (+) X = 1.0, / = 1.50.
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of OH concentration is increased by 17% with steam addition.
These observations are consistent with the conclusions reported
by Le Cong and Dagaut [24], who attributed this effect to steam
high chaperon efficiency in the recombination reaction
H + O2 + M � HO2 + M, which competes with the chain-branching
reaction H + O2 � OH + O. Water vapor addition also favors O
radical consumption and OH production in the reaction H2O + O
� OH + OH, which removes O atoms and tends to inhibit methane
oxidation in the reaction CH4 + O � CH3 + OH, especially in lean
conditions. For a methane–oxygen flame (X = 1.0) featuring an adi-
abatic flame temperature To

b � 3000 K, H, O and OH concentrations
are increased by more than one order of magnitude compared to
air combustion. This increase is due to the high flame temperature
obtained with pure oxygen combustion. The chemical effect of
water vapor is here considerably reduced. In this case, the differ-
ences in H, O and OH radical concentrations calculated with H2O
and Virt-H2O dilutions are limited.

The evolution of the flame speed with steam addition suðXH2OÞ is
now analyzed by plotting in Fig. 17 the ratio suðXH2OÞ=suðXH2O ¼ 0Þ,
where suðXH2O ¼ 0Þ is the flame speed of the dry mixture,
for various oxygen-enrichment ratios and equivalence ratios.
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Experimental results show that, for all mixture compositions ex-
plored, the ratio suðXH2OÞ=suðXH2O ¼ 0Þ features a quasi-linear de-
crease with increasing steam molar fraction. The rate of decrease
of this ratio reduces globally with increasing oxygen-enrichment
ratio. For a given oxygen-enrichment ratio, the lowest rate of de-
crease of this ratio is systematically obtained for the stoichiometric
mixture. These observations suggest that the decrease rate of the
flame speed is mainly controlled by the adiabatic flame tempera-
ture. This conjecture is used in Appendix A to build a semi-empir-
ical model for the flame speed evolution with steam dilution. This
model, based on a one-step overall reaction, provides an analytical
expression for the ratio suðXH2OÞ=suðXH2O ¼ 0Þ as a function of steam
molar fraction XH2O. Although based on crude assumptions, this
analytical model can be used to quickly estimate the laminar burn-
ing velocity of steam-diluted oxygen-enriched mixtures by means
of thermo-chemistry calculations.

5. Conclusion

The effects of water vapor addition on the laminar burning
velocity of oxygen-enriched methane flames were investigated
experimentally and numerically. A large set of results was obtained
for preheated dry and wet mixtures at Tu = 373 K and at atmo-
spheric pressure pu = 1 bar. Burning velocities were measured for
equivalence ratios ranging from 0.50 to 1.50, oxygen-enrichment
ratios varying from X ¼ XO2=ðXO2 þ XN2 Þ ¼ 0:21 (air–fuel combus-
tion) to 1.0 (oxy–fuel combustion) and steam molar fractions cov-
ering XH2O ¼ 0 to 0.45 in CH4/O2/N2/H2O mixtures. Covering this
large range of operating conditions was made possible by using a
specific experimental facility dedicated to premixed oxy–fuel com-
bustion, including a newly devised humidifier for steam produc-
tion and different converging nozzles. Laminar flame speeds were
determined from steady conical flames with the flame area meth-
od. Experimental results were compared to computed laminar
burning velocities using the detailed kinetic mechanism GRI mech.
3.0 and the kinetic mechanism developed by Le Cong and Dagaut
for methane oxidation in presence of water vapor. The major con-
clusions of the present study are:

1. Humidifiers, based on membrane permeation technologies and
equipped with a closed loop control of humidity, are flexible
and efficient solutions to obtain a precise control of steam con-
centration in a carrier gas for a wide range of operating condi-
tions and steam dilution rates.

2. The burning velocity of methane flames decreases when the
water vapor concentration is increased. This decrease is quasi-
linear with increasing steam molar fraction, especially for
highly oxygen-enriched flames. This evolution is well predicted
by the two detailed kinetic mechanisms used in this study (GRI-
mech 3.0 and Le Cong et al. mechanisms), except for methane–
oxygen flames with low steam dilution rates ðXH2O < 0:10Þ
where the burning velocity is slightly underestimated by
numerical predictions.

3. Steam addition has a significant chemical effect on the burning
velocity of wet methane–air flames. This impact is found to be
greater in lean and near-stoichiometric conditions than in rich
conditions, and strongly reduces when the oxygen concentra-
tion is increased. In the case of oxygen-enriched reactive mix-
tures, steam can be considered as an inert diluent, even at
high steam concentrations.

These findings are of interest for the development of oxy-
combustion technologies with flue gas recirculation, as considered
for example for CO2 capture and storage. In this type of highly reac-
tive mixtures, water vapor may essentially be treated as an inert
diluent.
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Appendix A. A simplified model for inert diluent addition

Neglecting the chemical effects of steam addition on the burn-
ing velocity of oxygen-enriched methane flames, it is possible to
describe the evolution of the ratio suðXH2OÞ=suðXH2O ¼ 0Þ with a
simplified model based on a one-step overall reaction:

mFFþ mOOþ mII�
X

k

mkPk þ mII ðA:1Þ

where fuel, oxygen and inert diluent are designated by the letters F,
O and I respectively, while the notation Pk encompasses reaction
products. The diluted versus non-diluted molar fraction ratio
Xj(mI)/Xj(mI = 0) calculated either for the fuel (j = F) or for the oxidizer
(j = O) only depends on the inert diluent molar fraction XI:

XjðmIÞ
XjðmI ¼ 0Þ ¼

mF þ mO

mF þ mO þ mI
¼ ð1� XIÞ ðA:2Þ

The mass burning flux, defined as f o
u ¼ quso

u, is a function of the exo-
thermicity, diffusivity and reactivity of the mixture. In the limit of
high activation energy, it is possible to obtain the following expres-
sion for the mass burning flux [48]:

f o
u

� �2 ¼ 1
Ze

� �2

Le
k
cp

_x ðA:3Þ

where k and cp are the thermal conductivity and the heat capacity of
the mixture, and _x is the overall reaction rate. We further assume
that this reaction rate can be modeled by an Arrhenius law
_x ¼ AXnF

F XnO
O exp �Ta=To

b

� �
where A is a pre-exponential factor, nF

and nO denote the fuel and oxidizer specific reaction orders,
Ta = Ea/R corresponds to the activation temperature and To

b indicates
the burned gases temperature. The laminar flame speed so

u is then
given by:

so
u ¼

1
quZe

Le
k
cp

� �1
2

AXnF
F XnO

O exp
�Ta

To
b

� �� �1
2

ðA:4Þ

Assuming that the variations of k, Le and Ta remain limited when
the inert diluent molar fraction is increased, an expression for the
flame speeds ratio so

uðXIÞ=so
uðXI ¼ 0Þ can be derived from Eqs. (A.2)

and (A.4):

so
uðXIÞ

so
uðXI ¼ 0Þ ’

Zequ

ffiffiffi
c
p

p

� �
XI¼0

Zequ

ffiffiffi
c
p

p

� �
XI

ð1� XIÞðnFþnOÞ=2

� exp
�Ta

2To
bðXIÞ

1� To
bðXIÞ

To
bðXI ¼ 0Þ

� �� �
ðA:5Þ

Noting that the Zeldovich number can be approximated by Ze
� Ta=To

b for oxygen-enriched flames and defining a reduced flame

temperature eT ðXIÞ ¼ To
bðXIÞ=To

bðXI ¼ 0Þ, Eq. (A.5) yields:

so
uðXIÞ

so
uðXI ¼ 0Þ �

qu

ffiffiffi
c
p

p

� �
XI¼0

qu

ffiffiffi
c
p

p

� �
XI

ð1� XIÞn=2eT ðXIÞ

� exp
�Ta

2To
bðXIÞ

1� eT ðXIÞ

 �� �

ðA:6Þ
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where n = nF + nO is the overall reaction order. Eq. (A.6) provides a
simple expression for the ratio so

uðXIÞ=so
uðXI ¼ 0Þ, which is a function

of the inert diluent molar fraction XI, the density qu and the heat
capacity cp of the unburned gases, the activation temperature Ta,
the reduced flame temperature ~TðXIÞ and the overall reaction order
n. For highly oxygen-enriched mixtures, the ratio Ta=To

bðXIÞ de-
creases and the reduced flame temperature eT ðXIÞ remains close to
unity. In these conditions, the exponential term in Eq. (A.6) can then
be replaced by unity, indicating that the reduced flame speed
so

uðXIÞ=soðXI ¼ 0Þ is proportional to the reduced flame temperatureeT ðXIÞ.
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