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Abstract
Effects of water vapor addition on premixed methane oxygen-enhanced combustion are investigated through experimentsand
numerical simulations on laminar burning velocities of CH4/O2/N2/H2O(v) mixtures, carried out at atmospheric pressure and
for a fixed inlet temperatureTu = 373 K. The mixture equivalence ratio is varied from 0.6 to 1.5, the molar oxygen-enrichment
ratio of the oxidizer O2/(O2+N2) from 0.21 (air) to 0.50 and the water vapor molar fraction from 0 to 0.45. Experimental data
yield a linear decrease of the laminar burning velocity whenthe water vapor molar fraction is increased. This linear decrease
is well predicted by the computation. For an oxygen-enrichment ratio in the oxidizer O2/(O2+N2) (mol.) equal to 0.5, this
decrease is found to be independent of the equivalence ratioand a correlation is proposed to describe the effects of water vapor
on the laminar burning velocity.

Introduction
In the last decade, oxy-combustion has received particu-

lar attention. Technologies in which the fuel is burned with
pure oxygen or oxygen-enriched air have been identified as
a promising approach to reducing greenhouse gas emissions.
Using oxygen as an oxidant instead of air enables to substan-
tially increase CO2 concentration in the burned gases, facil-
itating its capture and then its storage [1]. In most cases,
oxygen has to be diluted with recycled flue gases to maintain
exhaust temperatures compatible with the materials thermal
resistance.

At the same time, oxy-combustion has been increasingly
used to improve processes energy efficiency, enabling a signi-
ficant reduction of fuel consumption. Moreover, highly-dilu-
ted oxy-combustion regimes have been identified as a success-
ful way of limiting NOx emissions [2]. As water vapor is a
key component of combustion products, it is thus valuable to
analyze the influence of water steam in oxy-combustion or
oxygen-enhanced combustion processes.

A few prior studies have examined effects of water steam
addition on premixed and non-premixed flames properties.
Water vapor dilution has first been identified as a success-
ful way to lower pollutant emissions in gas turbines operat-
ing both in premixed and non-premixed modes [3]. It was
shown that water steam addition in various combustible mix-
tures (natural gas,n-heptane,iso-octane) led to substantial
reductions of NOx emissions [4, 5]. Operating at constant adi-
abatic flame temperature, dilution with water vapor was found
to reduce NOx levels by more than a factor of two compared
to nitrogen dilution [6]. Impact of water steam dilution on CO
emissions was also examined and discussed [4, 5].

The influence of water steam as a fire inhibitor in pre-
mixed methane-air flames has also been investigated. Regar-
ding the thermal suppression effect, water vapor was found to
be more effective than other gaseous thermal agents (N2 and
CF4) or some chemical agents (CF3Br) but less effective than
the same mass of water mist [7]. These studies are however
mainly based on numerical simulations; corresponding expe-
riments were limited yet to small quantities of added water
vapor [7, 8]. Studies on inhibition of premixed flames by the
means of various types of dilutents can be closely linked to
the present study since the reduction in laminar burning ve-
locity can be used as a relevant indicator of the effectiveness
of an inhibiting agent [9].
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The effects of water vapor addition on flame extinction
and ignition have also been examined recently. Critical con-
ditions of ignition and extinction for hydrogen and methane
flames were measured and calculated as a function of the wa-
ter mass fraction in the oxidizer [10]. It was observed that
steam addition favors extinction and narrows regimes of ig-
nition for premixed and non-premixed flames. Moreover, it
is worth noting that the elementary reactions examined in the
pre-cited work showed a weak sensitivity to water addition.
This was for example investigated in Ref. [11]. Thanks to
auto-ignition delays and species concentrations measurements,
chemical kinetic modeling was improved to include the reac-
tions that play a significant role in the kinetic of oxidationof
fuels in presence of water vapor.

Laminar burning velocities of methane-air flames diluted
with water steam were measured with spherically expanding
flames in a constant volume vessel for CH4/air/H2O(v) mix-
tures [12]. Measurements were carried out for stoechiometric
mixtures over a wide range of initial pressures and for a con-
stant unburned gas temperatureTu of 473 K, with a water va-
por molar fraction varying from 0 to 0.2. Burning velocities
were deduced from direct photographs of the early stage of
the flame propagation. Results at atmospheric pressure show
a linear decrease of the burning velocity when the water vapor
molar fraction is increased, but data were not reported yet for
non-stoechiometric or oxygen-enriched mixtures.

Specific objectives
Detailed understanding of water steam addition in oxy-

combustion technologies is required to improve these pro-
cesses. Experiments and 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 atmospheric pressure for water vapor concentrations cover-
ing the range of operating conditions in practical applications.

Experimental setup
Experiments were conducted on an oxycombustion-dedi-

cated set-up represented in Fig. 1. This set-up comprises gas
feeding lines, a humidifier used to produce water wapor and
an axisymetric burner on which steady conical laminar pre-
mixed CH4/O2/N2/H2O(v) flames are stabilized.

Methane (CH4), oxygen (O2), and nitrogen (N2) gases
(purity > 99.99 %) are supplied from an external network of
tanks. Flow rates of CH4, O2, N2 are regulated with calibrated
mass flow controllers (Bronkhorst F-Series). The water va-
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Figure 1:Schematic of the experimental facility dedicated to premixed oxy-combustion. Left: overview of the global set-up.
Right: detailed view of the burner.

por is produced with a custom-built humidifier, derived from
a Cellkraft P-50 humidifier. Steam production is based on
the humidification of a carrier gas by transfer of water vapor
through a specific membrane. The carrier gas is composed of
O2 and N2, which are beforehand premixed according to the
chosen composition of the oxidizer. This carrier gas flows in
membrane tubes, which are immersed in demineralized liquid
water heated with electrical resistances. The carrier gas flows
out saturated with water vapor, the humidity of the obtained
O2/N2/H2O(v) mixture depending on the temperature of the
liquid water surrounding the membrane tubes. The dew point
temperatureTdew of the humidified gas is then measured with
a humidity sensor (Vaisala). A closed loop control of humid-
ity based on the measured dew point temperature is used to
regulate the temperature of liquid water. This allows to reach
the desired humidity of the O2/N2/H2O(v) mixture. The hu-
midified mixture is finally heated to the unburned gases de-
sired temperatureTu set to 373 K in these experiments. The
molar fraction of water vapor XH2O in this mixture is directly
inferred from the saturation vapor pressurepsat(Tdew) and
from the humidifier inner pressureph, which is measured with
a high temperature pressure transducer placed at the humidi-
fier exit:

XH2O =
pH2O

ph

=
psat(Tdew)

ph

(1)

Figure 2 shows the mass of evaporated water as a function
of time for two dew point temperaturesTdew = 320 K and 345
K, and for two carrier gas mass flow ratesṁcg = 10 nL/min
and 30 nL/min. Measurements are compared with theoretical
evaporated water masses calculated with Eq. 1. Results show
that the evaporated water mass is in excellent agreement with
the theoretical predictions within 1% accuracy. It can be con-
cluded from the humidifier linear operation and from the ex-
cellent repeatability of these tests that the water steam con-
centration is remarkably stable and accurately controlled.

The temperature of all the components downstream the
humidifier is regulated atTu = 373 K to prevent water con-
densation. The O2/N2/H2O(v) mixture and methane CH4 flow
are then premixed before being injected in the axisymmetric
burner. Gases are injected in the lower part of the burner,
which is filled with glass marbles (1 to 3 mm diameter) to fur-
ther 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
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Figure 2: Experimental (symbols) and theoretical (lines)
mass of evaporated water as a function of time for different
dew point temperaturesTdew and carrier gas mass flow rates
ṁcg. (�) Tdew = 320 K andṁcg = 30 nL/min. ; (•) Tdew =
345 K andṁcg = 10 nL/min. ; (N) Tdew = 345 K andṁcg =
30 nL/min.

laminar flow entering the inlet of the profiled converging noz-
zle, of contraction ratioσ = (D/d)2 = 86. This converging
nozzle is used to reduce the boundary layer thickness by ac-
celerating the flow and obtain a top hat velocity profile at the
burner outlet of diameter d = 7 mm. Finally, a small co-flow
of nitrogen surrounding the inner main nozzle is used to pre-
vent potential outer perturbations. The velocity profile atthe
burner outlet was characterized using a hot wire anemometry
system (Dantec). It was checked that the velocity profile re-
mains flat over 5 mm and the RMS fluctuations were found
to be less than 1.0 % of the mean velocity. This nearly uni-
form velocity profile is decisive for laminar burning velocity
measurements, as it is discussed below.

The burner temperature is regulated with electrical heat-
ing tapes and the temperature field homogeneity is simultane-
ously controlled with a J-type thermocouple TC1 inserted in
the burner body close to the top and with a K-type thermocou-
ple TC2 inserted in the bottom plate of the burner. A K-type
thermocouple TC3 located immediately upstream the perfo-
rated plate is used to measure the mixture temperatureTu.
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Laminar burning velocity measurements and calculations
The laminar burning velocityso

u is defined as the velocity
at which a laminar, stationary, plane, unstretched, adiabatic
flame moves relative to the unburned premixed gas in a di-
rection normal to the flame surface. However, a flame ful-
filling the pre-cited requirements cannot be easily obtained
experimentally. Significant efforts have been made to de-
velop experimental techniques leading to accurate measures
of laminar burning velocities [13]. Among those techniques
are the conical flame method, the flat and one-dimensional
flame method, the outwardly propagating spherical flame me-
thod and the stagnation flame method with a counterflow twin-
flame configuration. For a given reactive mixture, the suitable
method depends on the range of burning velocities to be ex-
plored. It is known that increasing the oxygen molar fraction
in the oxidizer substantially raises the burning velocity [14].
Due to those expected high values, it was chosen to work with
steady conical CH4/O2/N2/H2O(v) flames stabilized over the
burner outlet. Despite a few disadvantages discussed below,
the conical flame method is easy to implement and provides
reliable results. Assuming the whole reactive mixture is burnt,
one can define an average laminar flame speeds̄u that can be
calculated from the mass conservation equation:

ṁ = ρu s̄u Af (2)

whereṁ is the reactants mass flow rate,ρu is the unburned
gas density andAf is the flame surface area. The choice
of the flame surface areaAf is of particular importance for
the determination of the burning velocity [15]. Since the la-
minar burning velocityso

u is defined relative to the unburned
gases, the most appropriated area is the upstream boundary
of the preheat zone that can be determined with a Schlieren
technique. When using a Schlieren imaging set-up, the light
deflection due to optical index gradients is in first approxima-
tion proportional to|∇T |/T 2, whereT is the gas temperature
[16]. As the maximum of light deflection occurs close to the
upstream boundary of the preheat zone, the Schlieren tech-
nique is an efficient diagnostic to measure laminar burning
velocities [17, 18].

The quality of burning velocity measurements is very sen-
sitive to the velocity profile at the burner exit. Indeed, a uni-
form velocity profile ensures that the local flame speedsu is
constant over most of the flame cone [14]. Flames obtained
in this work - as well as their Schlieren boundary - are nearly
straight-sided cones as shown in Fig. 3. Schlieren images
are obtained using a classical Z-arrangement with long focal
lengths mirrors and vertical knives to measure horizontal gra-
dients. These images are then post-processed using an edge
detection algorithm based on Sobel operator to determine the
upstream boundary of the preheat zone. The average laminar
flame speed̄su can finally be deduced from the measure of the
half cone angleα (as defined in Fig. 3) and from the unburned
gas mean velocitȳv using the relation:

s̄u = v̄ sin(α) (3)

However, this quantity measured with the methodology
described above does not exactly match with the laminar burn-
ing velocityso

u, mainly due to stretch effects [19, 20]. Stretch
effects due to hydrodynamic strain along the flame front are
not compensated in this study and will be the subject of fur-
ther investigations. However, these effects are limited since
velocity gradients along the flame are small for conical flames
stabilized in uniform flows. Stretch effects due to curvature

α

v̄

Figure 3:Left: direct photograph of CH4/O2/N2 flame, with
O2/(O2+N2) (mol.) = 0.50 andφ = 1.50, at Tu = 373 K
and atmospheric pressure. Center: corresponding Schlieren
image. Right: schematic representation of the method used to
measure the half cone angle.

are predominant in these experiments because the flames are
small. In order to maintain the same field of curvature in all
experiments, the ratio of the flame height over the burner di-
ameter H/d was kept unchanged (within∼ 5%). In what fol-
lows, we use "laminar flame speed" to designate the measured
average burning velocitȳsu introduced previously.

These experiments were completed by simulations of one-
dimensional, freely propagating, unstretched, adiabatic, lami-
nar, premixed flames using the PREMIX code of the CHEM-
KIN package [21]. This complex chemistry one-dimensional
flame solver, based on a second order numerical scheme and
Newton iteration, was employed with the detailed kinetic me-
chanism GRI mech. 3.0 [22]. This mechanism includes 325
elementary chemical reactions, involving 53 species with their
thermodynamic and transport properties. Calculations were
performed considering also differential diffusion effects.

Results
Laminar flame speeds of CH4/O2/N2/H2O(v) mixtures are

measured over a wide range of operating conditions, for a con-
stant unburned gas temperatureTu = 373 K ± 1 K. The pa-
rameters examined in this work are the oxygen-enrichment
ratio in the oxydizerΩ = O2/(O2+N2) (mol.), the water va-
por molar fractionXH2O and the mixture equivalence ratio
φ, defined as:

φ =

„

ṁCH4

ṁO2

«

/

„

ṁCH4

ṁO2

«

s

(4)

where(ṁCH4
/ṁO2

)s is the ratio of fuel to oxygen at stoe-
chiometry.

The methodology developed is first validated with well
documented methane-air flames atTu = 298 K and at atmo-
spheric pressure. Laminar flame speeds are measured for mix-
ture equivalence ratios varying from 0.9 to 1.4, as shown in
Fig. 4. Leaner CH4/air regimes cannot be obtained using this
set-up dedicated to oxy-combustion. Results are compared
with numerical simulations and with reference measurements
obtained using Laser Doppler Velocimetry and Particle Image
Velocimetry [23, 24]. A good agreement is found between the
different experimental results, as well as with the computed
burning velocities.

The influence of water vapor on the laminar burning ve-
locity of methane flames is now examined. Because of the dif-
ficulty to stabilize conical methane-air flames with high wa-
ter vapor concentrations, the oxidizer is first slightly enriched
with oxygen. Figure 5 shows the evolution of the laminar
flame speed when the water vapor molar fraction is increased
from 0 to about 0.2, for a stoechiometric mixtureφ = 1.0 and
for an oxygen-enrichment ratio of the oxidizerΩ = 0.30. The
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Figure 4: Experimental (symbols) and computed (lines) la-
minar flame speeds of CH4/air mixtures, for O2/(O2+N2)
(mol.) = 0.21, atTu = 298 K and atmospheric pressure. (•)
present work ; (◦) Vagelopouloset al. (1998) ; (△) Dong et
al. (2003).
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Figure 5:Experimental (symbols) and computed (lines) lam-
inar flame speeds of CH4/O2/N2/H2O(v) mixtures, forφ =
1.0 and O2/(O2+N2) (mol.) = 0.30, atTu = 373 K and atmo-
spheric pressure.

laminar flame speed decreases linearly when the water steam
molar fraction is increased. The agreement between experi-
mental results and GRI mech. 3.0 predictions is within 7%.
Although the laminar burning velocity of the dry CH4/O2/N2

mixture is overestimated by numerical calculations, the slope
of the straight line defined by the experimental data is cor-
rectly predicted by the GRI mech. 3.0 kinetic mechanism.

Effects of water steam dilution are now examined for a
higher oxygen-enrichement ratioΩ in the oxidizer. Figure 6
shows the results obtained when the oxygen molar fraction
in the oxidizer is increased toΩ = 0.50, and for three dif-
ferent equivalence ratiosφ = 0.60, 1.0 and 1.50 respectively.
As observed previously, the laminar flame speed evolves li-
nearly when the water vapor molar fraction is increased from
0 to 0.45. Solid lines in Fig. 6 indicate the computed burning
velocities, that show a similar linear dependence with water
vapor addition. For a stoechiometric mixtureφ = 1.0, nume-
rical simulations match very well with experimental results.
For lean mixtures (φ = 0.60), the laminar burning velocity
also linearly decreases when increasing the water vapor molar
fraction from 0 to 0.28. It is observed in this case that the GRI
mech. 3.0 overpredicts the measured laminar flame speeds by
∼11%, but slopes of measured and computed burning veloci-

ties are identical. Consequently, it seems that, despite anover
prediction of the burning velocity without water vapor, effects
of water steam addition are correctly taken into account by the
GRI mech. 3.0. The laminar burning velocity is finally mea-
sured and computed for rich mixtures. As shown in Fig. 6, the
same linear trend is observed when the water molar fraction is
varied from 0 to 0.3, for a rich mixture whereφ = 1.50. In this
configuration, it is observed that the GRI mech. 3.0 under-
predicts the measured flame speeds by∼20%. However, as
for lean mixtures, slopes of measured and computed burning
velocities are found to be equal.
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Figure 6: Experimental (symbols) and computed (lines)
laminar flame speeds of CH4/O2/N2/H2O(v) mixtures, for
O2/(O2+N2) (mol.) = 0.50, atTu = 373 K and atmospheric
pressure. From top to bottom:φ = 0.60, φ = 1.0 andφ =
1.50.
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Figure 7: Experimental (symbols) and computed (lines)
laminar flame speeds of CH4/O2/N2/H2O(v) mixtures, for
O2/(O2+N2) (mol.) = 0.50, atTu = 373 K and atmospheric
pressure. From top to bottom:XH2O = 0 , XH2O = 0.10 and
XH2O = 0.20.

Flame speeds are plotted in Fig. 7 as a function of the
equivalence ratioφ, for an oxygen-enrichment ratio in the
oxidizer Ω = 0.50 and for three different molar fractions of
water vapor:XH2O = 0, XH2O = 0.10 andXH2O = 0.20.
Experimental data obtained for a fixed equivalence ratio with
an increasing water vapor molar fraction were interpolatedto
obtain the symbols presented in Fig. 7. It is observed that ex-
perimental and numerical results are in excellent agreement
near stoechiometry, independently of the water vapor concen-
tration in the initial mixture. As exposed previously, the GRI
mech. 3.0 predictions are found to be slightly higher than the
measured laminar flame speeds for very lean mixtures while
the mechanism underestimates rich mixtures burning veloci-
ties.
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Discussion
Adding a dilutent in a reactive mixture modifies the com-

bustion properties. Depending on the dilutent physical and
chemical characteristics, a dilution process lead to changes
in mixture heat capacity, in exothermicity, and in heat and
mass diffusion phenomena. In addition to modifications of
the thermophysical properties, dilution may also affect signi-
ficantly the elementary chemical reactions taking place in the
reaction zone. One of the major issues of studying the impact
of a dilutent on the flame properties is to determine whether
the considered dilution has mainly a thermodynamical effect
or if it also modifies the chemical kinetics. Since the H2O
molecule is likely to produce highly reactive elementary radi-
cals like H, O or OH, it is interesting to discuss the impact of
water vapor addition on methane oxygen-enhanced premixed
flames. To that purpose, Fig. 8 plots the normalized value
of laminar flame speeds as a function of the water vapor mo-
lar fraction, for a given oxygen-enrichment ratioΩ = 0.5 and
different equivalence ratios. It is observed that the experimen-
tal data collapse on a single curve. A correlation can then be
proposed for CH4/O2/N2/H2O(v) mixtures:

s̄u(XH2O)

s̄u(XH2O = 0)
= 1 − C XH2O (5)

where the coefficientC was found to be equal toC = 1.86
in these experiments. This correlation is valid for an oxygen-
enrichment ratioΩ = 0.50, equivalence ratios comprised be-
tween 0.6 <φ < 1.5 and for water vapor molar fractions in
the range 0 <XH2O < 0.4. For these conditions, dilution of
CH4/O2/N2 flames by water vapor is found to be independent
of the equivalence ratio. It can be inferred from this resultthat
the chemical impact of water vapor dilution on CH4/O2/N2

flames relative to laminar burning velocities is limited even
for high water vapor concentrations.
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Conclusions
Effects of water vapor on the laminar burning velocity of

CH4/O2/N2/H2O(v) mixtures were investigated over a wide
range of operating conditions, for an unburned reactants tem-
perature of 373 K and at atmospheric pressure. Laminar flame
speeds were measured with the conical flame method thanks
to a Schlieren apparatus, with a constant flame height to burner
diameter ratio H/d to keep a constant curvature. Experimental
results are compared to computed laminar burning velocities
using the detailed kinetic mechanism GRI mech. 3.0. For all
conditions explored, it is found that the burning velocity de-
creases linearly when the water vapor fraction is increased.
The slope of the line defined by the experimental results is ac-
curately predicted by the GRI mech. 3.0. A good agreement
between measurements and calculations is found for stoechio-
metric mixtures. For an oxygen enrichment-ratio in the oxi-
dizer O2/(O2+N2) (mol.) = 0.50, the laminar burning velocity
is over predicted for lean mixtures while it is underestimated
for rich mixtures. Furthermore, the decrease of the burning
velocity for an increasing vapor molar fraction is found to
be independent of the equivalence ratio, for a given oxidizer
composition.

This highlights that the effect of water steam addition on
the laminar burning velocity of CH4/O2/N2 mixtures is mainly
thermodynamical while flame chemicals is weakly affected.
This dilution phenomenon has now to be confirmed for higher
oxygen concentrations in the oxidizer, including the case of
full-oxycombustion.
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