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Abstract

Global burning velocities of methane-air-steam mixtures are measured on prismatic laminar Bunsen flames
and lifted turbulent V-flames for various preheating temperatures, equivalence ratios and steam mixture
fractions at atmospheric pressure. Experiments are conducted on a new rectangular slot-burner. Experi-
mental burning velocities are compared to computed flame speeds of one dimensional adiabatic premixed
flames using detailed mechanisms (Konnov 0.5 and GRI Mech 3.0). Mean profiles of radicals OH∗ are also
extracted from these flames and compared to simulation results.
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Introduction

In ultra-wet gas turbines, the heat of the exhaust gases is used to generate steam that is then injected
into the combustion chamber. This yields an increase in cycle efficiency at low NOx emissions [1]. Such
large amount of steam significantly decreases burning velocity [10, 4] and may make the stabilization of the
flame difficult. Laminar flame speeds and ignition delays are very fundamental combustion properties of
interest to validate kinetic mechanisms and assess the operability of burners. However, few fundamental
experimental studies on wet combustion are available in the literature [4] and there still exists a need for
more and well-documented experiments, involving different fuels and a wider range of operating conditions.
In the literature, previous studies on wet combustion are usually motivated by other contexts and do not
provide a lot of fundamental experimental data at lean and ultra-wet conditions. In this paper, we are,
therefore, interested in studying the effect of steam on the flame speed and the flame stability up to very
high steam content and for a wider range of equivalence ratios.

Measurements of laminar burning velocities on expanding spherical laminar flames at wet conditions
may be found in the literature [10, 11, 12]. However, Babkin et al. [10] and Galmiche et al. [12] limited
their experiments to stoichiometric methane mixtures, while Koroll et al [11] studied hydrogen mixtures.
Recently, Mazas et al. [4, 5] measured laminar flame speeds of oxygen-enriched methane flames with steam
dilution using a Bunsen burner with various outlet diameters. This study, performed in an oxy-combustion
context, does not provide a large set of data for CH4-air-steam mixtures. Bunsen burners have also been
used in the past to study H2-air-steam burning velocities by Koroll et Mulpuru [6]. Kobayashi et al. [7]
made use of a larger Bunsen burner to study the turbulent flame speed at wet conditions and high pressures
with φ = 0.9. In [29], Seiser et Seshradi evidenced that steam facilitates the extinction of stoichiometric
premixed flames using a counterflow burner. Finally, Selle et al. [15, 16] measured the laminar burning
velocity of methane-air mixtures using a rectangular slot burner with a 10 × 100mm2 outlet section at a
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moderate inlet temperature and a low steam content. The influence of steam on the ignition delay has also
been assessed experimentally by Wang et al. [23] for H2-air steam mixtures (φ = 0.42) and by Gurentsov et
al. [24] for stoichiometric methane-air mixtures using shock tube experiments. If kinetic mechanisms may
reproduce the tendency of steam to increase the ignition delay for hydrogen mixtures [30], it is interesting
to note that steam tends to decrease the ignition delay for stoichiometric methane mixtures in experiments,
which is not predicted by reaction mechanisms [24].

For the present study, a rectangular slot-burner with an adjustable outlet section is built to study laminar
to slightly turbulent flames at wet conditions and for a wide range of operating conditions (φ ∈ [0.6; 1.3] up
to Tu = 480K). This burner allows for stabilizing various types of flames like prismatic Bunsen flames or
rod-stabilized V-flames. Compared to a standard Bunsen flame, the absence of the flame curvature due to
the axisymmetric shape of the flame may be advantageous in order to limit preferential diffusion effects to
the tip of the periodical Bunsen flame [17] or near the rod region in case of a lifted V-flame, when studying
burning velocities at laminar and turbulent conditions. In the current study, laminar Bunsen flames are
stabilized using a slot-width of 10mm while turbulent lifted flames are stabilized on a rod using a 35mm
slot-width. The turbulence level is assessed by hot-wire anemometry. Flame images are recorded using a
high speed camera equipped with an OH∗ filter. Laminar burning velocities are extracted from Bunsen
flames using an area-based method, while turbulent burning velocities are determined from V-flames with
an angle-based method. Simulations with detailed chemistry of 1D adiabatic flames are computed using
the open-source software Cantera [31] and provide comparisons with experimental data. Profiles of OH∗

radicals are also extracted from experiments and a subset of chemistry for OH∗ radicals [18] is added to both
mechanisms GRI Mech 3.0 [33] and Konnov 0.5 [32]. This allows to provide further comparisons between
experiments and 1D simulations.

This paper first describes the new test-rig and typical obtained flames. The post-processing methodology
used to extract burning velocity values and OH∗ profiles from these flames is then presented in Section 2.
Finally, experimental results of methane-air-steam combustion are analysed and described in Section 3.
Burning velocities and profiles of chemiluminescent hydroxyl radicals OH∗ are extracted and compared with
the flame simulations. Concluding remarks finally end the paper in Section 4.

1. Experimental Set-Up

Experiments are conducted on a rectangular slot-burner, equipped with a steam evaporator. A schematic
illustrates both the test-rig and its supply lines (Fig. 1). In this set-up, the slot section may be adjusted
between 5 × 100 to 35× 100mm2 by interchanging the two rectangular wedges. Small outlet sections with
the lowest flow rates applied are used to study laminar burning velocities. All parts are made of stainless
steel.

A honeycomb and a fine grid, placed in the settling chamber upstream of the nozzle, are used to ho-
mogenize and laminarize the flow. The nozzle has been manufactured using electro-erosion technique and
polished to ensure a low surface roughness (Rz10). The nozzle shape, designed to avoid flow separation
according to [19], has a constant contraction in the slot-wise direction (H = 100mm) and a variable width
B2 in the perpendicular direction. The contraction ratio of the nozzle varies with the slot width according
to Table 1.

Table 1: Contraction ratio of the nozzle as a function of the slot
width. The contraction ratio (A1/A2) is defined as the ratio
between the entrance section to the exit nozzle section.

B2(mm) 5 10 15 20 25 30 35
A1/A2 25 13 9 7 5.8 5 4.43

The respective mass flow rates of methane and air are controlled by mass flow meters based on the
Coriolis principle and two pneumatically driven control valves. The air is heated with a 1.5kW preheater.
To reduce heat losses, the preheated air, fuel, and the superheated steam are mixed close to the burner in
a joint supply line. A precision evaporator of 3kW (Cellkraft) is chosen to generate pure steam flow of up
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Figure 1: Schematic view of the experimental test-rig and of its supply lines. The slot width may be adjusted between 5 and
35mm by substituting the red wedge.

to more than 3Kg/h and up to 400˚C. The temperature of the mixture is monitored by a thermocouple
at 15mm upstream of the nozzle outlet without perturbing the flame. The insulation of the burner with
ceramic fibers reduces heat losses to reach preheating temperatures up to 480K at low mass flow rates. All
parts of the burner are sufficiently superheated to avoid the red spots and the red chemiluminescence typical
of a non-uniform wet water vapor [7].

Typical pictures of prismatic flames are shown in Fig. 2. Throughout this paper, prismatic flames will
be obtained using a slot width of 10mm (Fig. 2a and 2b) while lifted flames are stabilized on a tungsten rod
(�1.5mm) placed in the center of a slot 35mm in width (Fig. 2c).

(2a) (2b) (2c)

Figure 2: Raw image of typical flames stabilized on the rectangular slot-burner. Case (a) and (b) show a 3D and a side view
of a prismatic flame at atmospheric conditions (φ = 0.85, Ω = 0) using a slot width of 10mm. Case (c) is a lifted V-flame,
stabilized on a �1.5mm-rod (Tu = 480K, φ = 0.65 and Ω = 10%).

The methane-air-steam composition is characterized by the equivalence ratio φ and the mass dilution
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steam-air ratio Ω :

φ = s
ṁCH4

ṁairY air
O2

with s = 4 and Y air
O2

= 0.233 (1a)

Ω =
ṁsteam

ṁair

(1b)

Since the total mass flow of unburnt gases is ṁu = ṁair+ ṁfuel+ ṁsteam and Yi = ṁi/ṁu, one can convert
directly the parameters (Ω, φ) to mass mixture fractions using the following equations :

Y u
air = 1/(1 + Ω + φY air

O2
/s) (2a)

Y u
steam = Y u

air · Ω (2b)

Y u
CH4

= Y u
air · φY

air
O2

/s (2c)

To localize the flame front and extract flame properties like flame angles and lengths, some pictures,
from a standard SLR camera, and corresponding images from OH∗ chemiluminescence and shadowgraphy
are taken and examples are shown in Figure 3. Images from OH∗ chemiluminescence are taken using a
high speed camera equipped with a band-pass filter around 308nm to measure the OH∗ chemiluminescence.
Shadowgraphy and schlieren techniques have also been used in combination with a high speed camera. As
OH∗ radicals are a good indicator of the reaction zone and because images from the OH∗ chemiluminescence
allow a systematical localization of the flame front and contained additional qualitative information about
the OH chemistry, the chemiluminescence images are preferred and only these data are exploited later in
this study.

1.77m/s 1.74m/s 1.77m/s 1.10m/s 0.58m/s 0.58m/s
Ω = 2.5% Ω = 7.5% Ω = 10% Ω = 20% Ω = 25% Ω = 25%

(3a) (3b) (3c) (3d) (3e) (3f)

Figure 3: Series of instantaneous pictures of a prismatic flame (side view) when varying the degree of humidity. The bottom
pictures are SLR images (shutter speed 1/10s, aperture F-4.5), the middle series are the corresponding OH chemiluminescence
images (shutter 0.1ms) and the top raw represents some shadowgraphs (1/1000s). The slot width is 10mm. The equivalence
ratio is φ = 1.2 and the unburnt temperature is Tu = 480K. The mean outlet velocity Uu and the degree of humidity Ω are
indicated at the bottom of each pictures.
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Images (3a) to (3c) highlight the increase of flame area for a constant mass flow rate due to the decrease
of the flame velocity when steam is added. For higher steam content, the outlet velocity of unburnt gases is
decreased to keep the flame attached. However, the flame can hardly be attached at the edge of the burner
with a temperature of 480K and 25% of steam in the air, even for a rich flame φ = 1.2. At this condition, the
flame oscillates between a prismatic flame, attached on both sides of the slot (3e), and a single side-attached
flame (3f).

2. Post-process strategy

Mean burning velocities are extracted from lateral OH chemiluminescence images of Bunsen prismatic
flames and lifted V-flames. In case of Bunsen flames, the area of the flame Af is measured and the mean
consumption speed Sc is deduced from the total mass flow of unburnt gases :

Sc =
ṁu

ρuAf

(3)

In case of lifted V-flames, the flame angle β is defined and measured as the angle between the vertical
line and the flame front (Fig. 4c). The mean consumption speed is then deduced from the angle using an
angle-based method by :

Sc = Uu · sinβ with Uu =
ṁu

ρuA2
(4)

Assuming the unburnt mixture as an ideal gas, its density is calculated from the ideal gas law. The extraction
of flame angles, flame lengths and OH∗ mean profiles from the OH chemiluminescence images is performed
using a robust automated algorithm allowing the recognition of the flame front. For each operating point,
a Proper Orthogonal Decomposition is used among 50 pictures to remove the background noise from raw
images [20, 21]. The reaction zone is then identified by selecting pixels of highest chemiluminescent intensity
I∗ using a fixed threshold value (I∗min + 0.4 ∗ (I∗max − I∗min)). Spline functions are then determined by a
least square method to mathematically describe the flame front and, hence, allow for the estimation of flame
angles and lengths.

β

Ω = 7.5% Ω = 0% Ω = 15%
φ = 1.2 φ = 0.7 φ = 0.8
1.74m/s 1.73m/s 1.16m/s
(4a) (4b) (4c)

Figure 4: Examples of typical flames fitted by a spline. One of the 50 smoothed POD pictures using
a Proper Orthogonal Decomposition is fitted by a spline (dark line).

Splines are briefly presented using the usual notation [22] and the notation compatible with Matlab since
the identification of coefficients is required to compute spline lengths. An elementary cubic spline is defined
by a third order polynomial restricted to a segment [ξi−1; ξi] :

si(x) =







ai,0 +
3
∑

j=1

ai,j(x− ξi−1)
j if x ∈ [ξi−1; ξi]

0 if x /∈ [ξi−1; ξi]

(5)
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The spline s(x) that is fitted to high OH∗ intensities is a sum of splines on adjacent segments [xmin =
ξ0 < ξ1 < ... < ξk < ξk+1 = xmax], separated by k knots. Fitting splines on a series of pixels ydata(x)
consists in minimizing the expression

∫

xmax
xmin

(ydata(x) − s(x))2dx while maintaining continuous derivatives at
each nodes. When introducing the parameterization ri(t ≡ x) = xx+ si(x)y of the elementary spline, one
can show the length of one elementary spline is equal to

∫ ξi
ξi−1

||r′

i
(x)||dx =

∫ ξi
ξi−1

√

1 + (s′
i
(x))2dx. The length of

the flame is then computed by the following numerical estimation:

Lf =

k+1
∑

i=1

ξi
∫

ξi−1

√

1 + (s′i(x))
2dx (6)

and the total flame surface is equal to Af = H ·Lf assuming the prismatic triangular flame is uniform along
the slot.

In case of lifted V-flames stabilized on the rod at x = 0, the mean flame angles β1 and β2, defined
between the vertical and the left and right flame fronts, are estimated from the derivative of the spline :

β1 =
1

x2 − x1
·

∫ x2=−0.2cm

x1=−1cm

∣

∣

∣

∣

arctan

(

1

s′i(x)

)
∣

∣

∣

∣

dx (7a)

β2 =
1

x2 − x1
·

∫ x2=1cm

x1=0.2cm

∣

∣

∣

∣

arctan

(

1

s′i(x)

)
∣

∣

∣

∣

dx (7b)

This integral expression is used to smooth the limited fluctuations present on the local angle ; the positions
at ±0.2cm from the rod are deliberately unconsidered due to the stretch of the flame that affects the local
angle at these positions. In practice, we average both flame angles.

The mean OH∗ profiles across the flame front is also estimated from the chemiluminescence data to be
later qualitatively compared with profiles obtained from one-dimensional simulations. In order to do so, the
OH∗ intensity is estimated along 30 lines uniformly spaced in x-direction and perpendicular to the fitted
spline. The normal vector to the spline N = z ∧T = (−s′i(x)x+ y)/

√

1 + (s′i(x))
2 points towards unburnt

gases, T (x) = r′
i
(x)/||r′

i
(x)|| being the tangential vector to the spline. On each line, 100 points are extracted

from the image using a bilinear interpolation at ±2mm from the spline. The normal distance to the flame
front will be denoted η. A mean profile is then computed from these local profiles, assuming that the OH∗

mixture fraction does not depend too much on the local flame curvature and flame stretch.

3. Experimental results & discussion

3.1. Measurement of the turbulence

The uniformity of the flow and the turbulence level at the nozzle exit have been measured with the
two-component hot-wire anemometry technique (X-Probe, Dantec). The diameter of the hot-wire is 5µm
and ensures a spatial resolution of 1.2mm. The root mean square velocity, measured 5mm downstream of
the slot exit, is given in Table 2 for the various operating conditions presented in the following. Note that
the presented values are averaged over various equivalence ratio. The reader may note that the mean outlet
velocity decreases with the steam content in order to keep the flame stabilized on the burner. The laminar
flame speed is estimated from simulations using GRI Mech 3.0. These hot-wire measurements prove that
the flow is sufficiently laminar for Bunsen flame measurements whereas the flow is moderately turbulent in
case of the lifted flames. Indeed, a larger slot-width yields higher flow velocities through the honey comb
and the fine grid, which generates a higher turbulence level (urms/SL > 50% for some cases).

In the low turbulence regime, the turbulence wrinkles the flame and increases its area without modifying
the inner structure of a laminar flame. The turbulent flame speed, ST , is then increased, compared to the
laminar flame speed, by the flame wrinkling factor AT /AL [27] as described by equation (8).

ST

SL

=
AT

AL

(8)
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Table 2: Turbulence levels for the different operating conditions. The root mean square velocity is calculated from
hot-wire measurements.

Bunsen (10mm slot-width) V-flame (35mm slot-width)
Tu(K) Ω Uu(m/s) urms/Uu Uu/SL urms/SL Uu(m/s) urms/Uu Uu/SL urms/SL

400 0.00 1.48 0.82% 2.6 2.1% 1.68 12.9% 4.5 54.7%
400 0.05 1.17 0.64% 3.0 1.9% 1.61 11.9% 4.6 53.9%
400 0.10 1.10 0.62% 4.5 3.0% 1.15 6.4% 4.7 30.0%
400 0.15 0.64 0.50% 3.5 1.7% 0.86 3.7% 4.1 15.4%
400 0.20 0.50 0.57% 7.2 4.2% 0.59 2.0% 3.7 7.4%
480 0.00 1.64 0.93% 2.5 2.3% 1.80 15.5% 2.9 46.0%
480 0.05 1.65 0.94% 3.0 2.8% 1.77 14.2% 3.6 50.2%
480 0.10 1.64 0.93% 3.7 3.5% 1.87 15.7% 4.3 68%
480 0.15 1.13 0.63% 3.9 2.5% 1.17 6.6% 3.8 24.9%
480 0.20 1.09 0.60% 7.4 4.5% 1.07 6.2% 4.1 29.7%

3.2. Stoichiometric consumption speeds

The mean consumption speed of methane-air mixtures is measured on Bunsen flames and lifted V-flames
at atmospheric condition as described previously. Throughout this report, V-flame experimental points are
represented by a downward facing triangle (H) and Bunsen flames by an upward facing triangle (△) to make
an analogy with the shape of these flames. For measurements with steam, the unburnt temperature was
400K and 480K at ±5K. Figure 5 compares the measured consumption speed for a stoichiometric methane-
air flame at 480K to previous experimental data of Babkin et al. [10] and Mazas et al. [4, 5] obtained at
473K. As it was presented by these authors, the burning velocity of the wet flame is normalized by the
flame speed of the dry mixture to highlight the effect of steam.
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Figure 5: Comparison of measured consumption speed with previous available experiments and computed
laminar flame speeds for stoichiometric methane-air flames. The present measurements are performed on V-
flames and prismatic Bunsen flames at 480K (colored triangles). Previous experiments of Babkin et al. [10]
and Mazas et al. [4, 5] are measured at 473K (black circles). Simulations are computed with the GRI-Mech
3.0 mechanism at 473K and the modified GRI∗ mechanism at 480K.

The good agreement between our measurements and previous experiments allows to validate the measure-
ment method. Measurements are also compared to laminar flame speeds determined from 1D simulations
of laminar adiabatic unstretched flames with detailed mechanisms. The modified version of the detailed
GRI Mech 3.0 mechanism, denoted GRI∗ throughout the report (resp. Konnov∗ for Konnov 0.5), includes
a subset of chemistry for OH∗ radicals [18] in order to provide later further validation with the measured
OH∗ chemiluminescence. The solver Cantera [31] is used with mixture-averaged diffusion coefficients. Some
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simulations are also computed with the multi-component transport model and these simulation points are
represented by crosses (see Fig. 5 to Fig. 8) to ensure that simulations using a mixture-averaged assumption
are relevant. Since the concentration of OH∗ is very low compared to its ground species, the effect on the
whole combustion mechanism is small [2]; it is evident in Fig. 5 that GRI∗ gives similar results to GRI
Mech 3.0 and that computed flame speeds compare well with measurements. At ultra-wet conditions, the
stoichiometric methane-air flame speed is observed to be less than one third of the speed of a dry flame.
Even if measured consumption speeds are higher in turbulent lifted V-flames than in laminar Bunsen flames,
it may be noticed that the wet to dry ratio between the mean consumption speeds compares well for both
cases.

In the sequel, measurements of methane-air-steam flames are presented for a wider range of operating
conditions. In the sake of clarity, measurements of Bunsen flames are first compared to laminar flames;
turbulent V-flames are presented in a separate section and profiles of OH∗ chemiluminescence in a final
section. To give an indication of the stability of the flame, all the presented results are obtained until the
flame detaches from the burner on the lean side and are stopped at φ ≃ 1.3 on the rich side.

3.3. Measurements on prismatic Bunsen flames

Figures 6a and 6b plot the measured burning velocity of methane-air-steam mixtures as a function
of the equivalence ratio for different steam content up to Ω = 0.2 respectively at 400K and 480K. As
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Figure 6: Comparison of simulated and measured burning velocity of methane-air-steam mixtures. Burning velocities are
represented as a function of the equivalence ratio for different steam dilution ratio.

before, burning velocities of Bunsen flames are slightly higher than those of a laminar planar flame. As it
is already known in the literature [10, 6, 5], these figures show that steam addition strongly decreases the
flame speed. Bunsen flames were particularly difficult to attach to the burner for lean and wet conditions,
which explains the lack of data at such conditions. The stabilization of the flame is slightly better for the
highest temperature.

3.4. Measurements of turbulent burning velocity

These measurements of quasi-laminar flame speeds are now compared to turbulent burning velocities
extracted from rod-stabilized flames at 400K (Fig. 7) and 480K (Fig. 8). Because the turbulence is suffi-
ciently low not to affect the inner structure of the flame, experimental data are also compared to simulations
with the GRI∗ mechanism by assuming a constant flame wrinkling factor. Correlations exist to describe the
turbulent/laminar ratio of methane-air flame speed as a function of the turbulence intensity [26]. However,
such correlations do not successfully quantify the wrinkling factor. Note that other reasons like measurement
uncertainties, Helmholtz resonance, boundary layers, stretch-curvature effects and preheating of the mixture
near the walls could explain some deviations and require further investigation in the future. In this work,
a low constant wrinkling flame factor of 1.28 is chosen for Bunsen flames to reach a satisfactory agreement
between experiments and simulations. Larger factors are required for V-flames because of the increased
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level of turbulence. Note that a factor of 2.57 at 400K (2.4 at 480K) is chosen because the ratio urms/SL

is higher at nearly dry conditions and 400K (see Table 2).
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Figure 7: Comparison of simulated and measured turbulent burning velocity of methane-air-steam mixtures at 400K. Burning
velocities are represented as a function of the equivalence ratio for different steam dilution ratio.
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Figure 8: Comparison of simulated and measured turbulent burning velocity of methane-air-steam mixtures at 480K. Burning
velocities are represented as a function of the equivalence ratio for different steam dilution ratio.

The agreement between experiments and one-dimensional adiabatic flame simulation again satisfyingly
supports the flame-wrinkling assumption. At lean conditions, methane-air-steam V-flames are better sta-
bilized than Bunsen flames. At rich conditions, Bunsen flames are well attached to the burner while lifted
flames also get attached to the burner to form a M-shaped flame. For richer conditions, the rod cannot
sustain the flame that is only attached at the edge of the slot. These reasons explain why more experimental
points are present at the lean side for rod-stabilzed flames while more points are present at the rich side for
Bunsen flames (compare Fig. 7a to 7b and Fig. 8a to 7b).

Additional measurements have been performed to plot this turbulent burning velocity as a function of
the steam dilution ratio (Fig. 9). The same conclusions as for Figures 7 and 8 can be drawn. The decrease
of turbulent burning velocity is well captured by experiments and fits GRI∗ simulations, assuming wrinkling
flame factors to be constant for the two flame configurations at 400K and 480K. At lean conditions, a
wet flame is much easier to stabilize on a rod than on the edge of the slot, which makes the lifted V-
flame configuration complementary to the Bunsen method. The difference of stability may be explained
by a difference of implied mechanisms to stabilize the flame. Stabilization mechanisms may be complex
and beyond the scope of this paper. Nevertheless, it may be noticed that the attachment configuration
is fundamentally different for the lifted and the Bunsen flame. In the Bunsen configuration, the flame is
attached on the edge of the slot where a recirculation of air is present (see the extinction of OH∗ radicals
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Figure 9: Comparison of simulated and measured turbulent burning velocity of methane-air-steam mixtures at 480K. Flame
speeds are represented as a function of the steam dilution ratio for a lean, a stoichiometric and a rich flame.

at the flame basis of Fig. 3d). It is believed that this recirculation of air plays an important role to further
decrease the burning velocity of lean wet mixtures at the flame basis and avoids the stabilization of prismatic
flames at those conditions. This phenomenon could be an advantage to stabilize rich conditions. In the case
of rod-stabilized flames, unburnt mixtures are present on both sides of the rod and no surrounding air is
present to disturb the attachment of the flame at such lean conditions.

3.5. Profiles of OH∗ chemiluminescence

The luminous signal emitted by the chemiluminescence of OH∗ radicals is qualitatively compared in
Fig. 10 to the mole fraction XOH∗ computed from laminar adiabatic flames with the GRI∗ mechanism. At
this low pressure, XOH∗ is approximately proportional to the OH∗ chemiluminescence [2]. The profiles are
plotted as a function of the distance η to the flame front, previously described at the last paragraph of
Section 2, for 3 different steam contents (Ω = 0, Ω = 0.1 and Ω = 0.2) at 480K and for 3 equivalence ratio
(φ = 0.8, φ = 1 and φ = 1.3); they are also plotted for the lean condition at 400K to see the effect of the
temperature.

Figure 10 shows that the mean experimental OH∗ profiles do not have the same thickness than those
predicted by the simulation of a one-dimensional laminar flame. This difference may be explained by the
fact that the wrinkling of the flame leads to a thickening of the mean profiles. The solid angle of the camera,
and the non-uniformity of the flame along the slot, notably at the two ends (see Fig. 2), also tends to thicken
the experimental profiles. Nevertheless, the maximum of the OH∗ peak is in satisfactory agreement between
experiments and simulations for a constant calibration of the experimental signal. The largest difference
between experiments and the predicted concentration by the GRI∗ mechanism is at the stœchiometry and
at the highest steam content. Experiments with prismatic flames give relatively similar concentrations as
the V-flame experiments.

This figure 10 evidences that the steam significantly reduces the chemiluminescence of hydroxyl radicals.
Note that concentrations are plotted in a logarithmic scale and these variations are spread over several order
of magnitudes. As predicted by GRI∗ and Konnov∗ mechanisms, the highest luminous intensity is observed
at the stœchiometry and decreases at lean and rich conditions. The mechanism also predict the observed
increase of chemiluminescence when the temperature is increased from 400K to 480K at φ = 0.8.

The maximum concentration of OH∗ is now plotted as a function of the adiabatic flame temperature in
Fig. 11 and appears to be very low for low flame temperatures, e.g. for leanest flames. It increases rapidly till
the stoichiometry and decreases afterwards again for rich conditions (see loops on Fig. 11). As it was observed
experimentally for OH∗, reaction mechanisms confirm that steam strongly participates in the reduction of
OH∗ chemiluminescence (see Fig. 11b at 2150K). It is worth noticing that steam significantly decreases
OH∗, even for a constant flame temperature. This indicates that steam modifies reaction pathways and could
explain why NOx emissions are reduced in presence of steam, even at a constant flame temperature [2, 28].
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Figure 10: Comparison of measured OH∗ profiles with computed profiles using the GRI∗ reaction mechanism. The profiles are
plotted at ±2mm of the flame front. The chemiluminescence signal intensity from experiments on Bunsen and V-flames are
compared to predicted molar fractions for various equivalence ratios, temperatures, and steam contents.
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(11a) Tu = 400K

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 1300  1400  1500  1600  1700  1800  1900  2000  2100  2200  2300
 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

Ω = 0.0

Ω = 0.2

adiabatic temperature (K)

SIM GRI*
SIM Konnov* (

pp
m

) 
/ G

R
I*

Ω = 0.1

(p
pm

) 
/ K

on
no

v*
O

H
*

X
O

H
*

XEXP Bunsen
EXP V−flame

 0

(11b) Tu = 480K

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 1400  1500  1600  1700  1800  1900  2000  2100  2200  2300  2400
 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

adiabatic temperature (K)

SIM GRI*
SIM Konnov* (

pp
m

) 
/ G

R
I*

(p
pm

) 
/ K

on
no

v*

EXP Bunsen

Ω = 0.2

Ω = 0.1
EXP V−flame

X
O

H
*

X
O

H
*

Ω = 0.0

 0

Figure 11: Plots of simulated and measured OH∗ concentrations as a function of the computed adiabatic flame temperature.
Points correspond to the 12 operating conditions of Fig. 10.

4. Conclusions

A new nozzle burner with an adjustable rectangular slot, designed to study laminar to slightly turbulent
combustion of methane-air-steam mixtures, is presented. Bunsen flames and rod-stabilized V-flames are
attached at ultra-wet conditions until the detachment of the flame. Turbulent burning velocities and OH∗

profiles are extracted and compared to both laminar measurements available and numerical predictions using
GRI-Mech and Konnov 0.5 mechanisms. The chemiluminescence of hydroxyl radicals is also compared to
simulations for further validation.

The mechanisms are able to predict the strong decrease of the measured turbulent burning velocity with
steam content up to Ω = 25% of steam into the air. Excellent agreement of the influence of steam (Swet

L /Sdry
L )

with previous experiments and with the simulations is achieved. It is evidenced that a methane-air flame at
ultra-wet conditions might be more than three times slower than a dry flame. Assuming the light intensity
from the OH chemiluminescence is proportional to the mixture fraction of OH∗, the modified mechanisms
are also found able to qualitatively predict this chemiluminescence when varying the temperature, the
equivalence ratio or the steam content. A wider range of operating conditions than found in the literature
is presented. At wet and lean conditions, Bunsen flames of methane-air are found difficult to stabilize in
comparison with V-flames. However, stabilization is possible and an increase of the inlet temperature seems
interesting to increase this stability zone.
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