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Abstract

Effects of water vapor addition on premixed methane oxygeimanced combustion are investigated through experiraants
numerical simulations on laminar burning velocities of f8h/N2/H20,,y mixtures, carried out at atmospheric pressure and
for a fixed inlet temperatur@,, = 373 K. The mixture equivalence ratio is varied from 0.6 %, the molar oxygen-enrichment
ratio of the oxidizer @/(O2+N2) from 0.21 (air) to 0.50 and the water vapor molar fractianirO to 0.45. Experimental data
yield a linear decrease of the laminar burning velocity wtrewater vapor molar fraction is increased. This lineareizse

is well predicted by the computation. For an oxygen-enriehtiratio in the oxidizer @(0O2+Nz) (mol.) equal to 0.5, this
decrease is found to be independent of the equivalencearadi@ correlation is proposed to describe the effects ofrwafsor

on the laminar burning velocity.

Introduction The effects of water vapor addition on flame extinction
In the last decade, oxy-combustion has received particand ignition have also been examined recently. Criticat con
lar attention. Technologies in which the fuel is burned withditions of ignition and extinction for hydrogen and methane
pure oxygen or oxygen-enriched air have been identified &ames were measured and calculated as a function of the wa-
a promising approach to reducing greenhouse gas emissiots: mass fraction in the oxidizer [10]. It was observed that
Using oxygen as an oxidant instead of air enables to substasteam addition favors extinction and narrows regimes of ig-
tially increase C@ concentration in the burned gases, facil-nition for premixed and non-premixed flames. Moreover, it
itating its capture and then its storage [1]. In most casess worth noting that the elementary reactions examineden th
oxygen has to be diluted with recycled flue gases to maintaipre-cited work showed a weak sensitivity to water addition.
exhaust temperatures compatible with the materials tHermahis was for example investigated in Ref. [11]. Thanks to
resistance. auto-ignition delays and species concentrations measumsm
At the same time, oxy-combustion has been increasinglghemical kinetic modeling was improved to include the reac-
used to improve processes energy efficiency, enabling & sigriions that play a significant role in the kinetic of oxidatioh
ficant reduction of fuel consumption. Moreover, highlyedil ~ fuels in presence of water vapor.
ted oxy-combustion regimes have been identified as a success Laminar burning velocities of methane-air flames diluted
ful way of limiting NO,. emissions [2]. As water vapor is a with water steam were measured with spherically expanding
key component of combustion products, it is thus valuable thames in a constant volume vessel for £Z&ir/H2 O,y mix-
analyze the influence of water steam in oxy-combustion dures [12]. Measurements were carried out for stoechiametr
oxygen-enhanced combustion processes. mixtures over a wide range of initial pressures and for a con-
A few prior studies have examined effects of water steamtant unburned gas temperatdtgof 473 K, with a water va-
addition on premixed and non-premixed flames propertiepor molar fraction varying from 0 to 0.2. Burning velocities
Water vapor dilution has first been identified as a successvere deduced from direct photographs of the early stage of
ful way to lower pollutant emissions in gas turbines operatthe flame propagation. Results at atmospheric pressure show
ing both in premixed and non-premixed modes [3]. It was linear decrease of the burning velocity when the waterwvapo
shown that water steam addition in various combustible mixmolar fraction is increased, but data were not reportedagret f
tures (natural gasp-heptane,iso-octane) led to substantial non-stoechiometric or oxygen-enriched mixtures.
reductions of NQ emissions [4, 5]. Operating at constant adi-
abatic flame temperature, dilution with water vapor was €bun Specific objectives
to reduce NQ levels by more than a factor of two compared  Detailed understanding of water steam addition in oxy-
to nitrogen dilution [6]. Impact of water steam dilution o®@C combustion technologies is required to improve these pro-
emissions was also examined and discussed [4, 5]. cesses. Experiments and simulations are conducted in this
The influence of water steam as a fire inhibitor in prework to examine the effects of water vapor addition on the
mixed methane-air flames has also been investigated. Regiminar burning velocity of oxygen-enhanced methane flames
ding the thermal suppression effect, water vapor was foand @t atmospheric pressure for water vapor concentrationsreov
be more effective than other gaseous thermal agents(d  ing the range of operating conditions in practical appiaat.
CF4) or some chemical agents (¢BB) but less effective than
the same mass of water mist [7]. These studies are howevexperimental setup
mainly based on numerical simulations; corresponding-expe EXperiments were conducted on an oxycombustion-dedi-
riments were limited yet to small quantities of added watefated set-up represented in Fig. 1. This set-up comprises ga
vapor [7, 8]. Studies on inhibition of premixed flames by thefeeding lines, a humidifier used to produce water wapor and
means of various types of dilutents can be closely linked t8n axisymetric burner on which steady conical laminar pre-
the present study since the reduction in laminar burning vehixed CHi/O2/N2/H2 O, flames are stabilized.
locity can be used as a relevant indicator of the effectissne ~ Methane (CH), oxygen (Q), and nitrogen (1) gases

of an inhibiting agent [9]. (purity > 99.99 %) are supplied from an external network of
: _ o tanks. Flow rates of ClH Oz, N are regulated with calibrated
*Corresponding author: antoine.mazas@airliquide.com mass flow controllers (Bronkhorst F-Series). The water va-
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Figure 1:Schematic of the experimental facility dedicated to prechiaxy-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
0O, and N, 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 gasfl

out saturated with water vapor, the humidity of the obtained
0O2/N2/H2 0,y mixture depending on the temperature of the
liquid water surrounding the membrane tubes. The dew point
temperaturd .., of the humidified gas is then measured with ‘ ‘ ‘
a humidity sensor (Vaisala). A closed loop control of humid- 0 10 20 30

ity based on the measured dew point temperature is used tc Time (min.)

regulate the temperature of liquid water. This allows tahea

the desired humidity of the £N2/H20y,, mixture. The hu- Figure 2: Experimental (symbols) and theoretical (lines)
midified mixture is finally heated to the unburned gases denass of evaporated water as a function of time for different
sired temperatur@, set to 373 K in these experiments. Thedew point temperatureb;.., and carrier gas mass flow rates
molar fraction of water vapor X, o in this mixture is directly  7cg. (#) Tuew =320 K andrineg = 30 nL/min. ; () Tyew =
inferred from the saturation vapor pressgg:(Tue.,) and 345 K andreg = 10 nL/min. ; (&) Tye., = 345 K andriveg =
from the humidifier inner pressugg,, which is measured with 30 nL/min.

a high temperature pressure transducer placed at the kumidi

fier exit:
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X0 = pHO _ Psat(Taew) 1) laminar flow entering the inlet of the profiled converging noz
Dh Dh zle, of contraction ratie = (D/d)? = 86. This converging

Figure 2 shows the mass of evaporated water as a functicezzle is used to reduce the boundary layer thickness by ac-
of time for two dew point temperaturé%.., = 320 K and 345 celerating the flow and obtain a top hat velocity profile at the
K, and for two carrier gas mass flow ratés,, = 10 nL/min  burner outlet of diameter d = 7 mm. Finally, a small co-flow
and 30 nL/min. Measurements are compared with theoreticaf nitrogen surrounding the inner main nozzle is used to pre-
evaporated water masses calculated with Eq. 1. Results sh@@nt potential outer perturbations. The velocity profilehat
that the evaporated water mass is in excellent agreememt wieurner outlet was characterized using a hot wire anemometry
the theoretical predictions within 1% accuracy. It can be-co system (Dantec). It was checked that the velocity profile re-
cluded from the humidifier linear operation and from the eximains flat over 5 mm and the RMS fluctuations were found
cellent repeatability of these tests that the water steam coto be less than 1.0 % of the mean velocity. This nearly uni-
centration is remarkably stable and accurately controlled ~ form velocity profile is decisive for laminar burning velogci

The temperature of all the components downstream th@easurements, as it is discussed below.
humidifier is regulated &f,, = 373 K to prevent water con- The burner temperature is regulated with electrical heat-
densation. The @N2/H>O(,) mixture and methane CHlow  ing tapes and the temperature field homogeneity is simultane
are then premixed before being injected in the axisymmetrigusly controlled with a J-type thermocouple TC1 inserted in
burner. Gases are injected in the lower part of the burneihe burner body close to the top and with a K-type thermocou-
which is filled with glass marbles (1 to 3 mm diameter) to fur-ple TC2 inserted in the bottom plate of the burner. A K-type
ther reduce possible mixture non-homogeneities. Theiveact thermocouple TC3 located immediately upstream the perfo-
mixture then flows successively through a perforated piate, rated plate is used to measure the mixture temperdiire
honeycomb structure and a refined metallic grid to obtain a
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Laminar burning velocity measurements and calculations
The laminar burning velocity:, is defined as the velocity

at which a laminar, stationary, plane, unstretched, atimba

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 obthine

experimentally. Significant efforts have been made to de-. . ) .

velop experimental techniques leading to accurate measutjé'gure 3:Left: direct photograph of CHO./N. flame, with

of laminar burning velocities [13]. Among those technique<2/(Q2+N2) (mol.) = 0.50 and¢ = 1.50, atT, = 373 K

are the conical flame method, the flat and one-dimensioné\‘fﬁOI atmqsphenc pressure. Center: _correspondlng Schiiere

flame method, the outwardly propagating spherical flame mdmage. Right: schematic representation of the method wsed t

thod and the stagnation flame method with a counterflow twirfeasure the half cone angle.

flame configuration. For a given reactive mixture, the silétab

method depends on the range of burning velocities to be ex- . . )

plored. It is known that increasing the oxygen molar frattio are predominant in th.ese. experlments. because the flames are

in the oxidizer substantially raises the burning velocy]| small._ In order to mgmtaln the same fleld of curvature in al!

Due to those expected high values, it was chosen to work Wit(ﬁxperlments, the ratio of the flame r_]e|ght over the burner di-

steady conical CiHO,/N2/H,0,, flames stabilized over the 2Meter H/d was kept unchanged (within5%). In what fol-

burner outlet. Despite a few disadvantages discussed peldR"/S: We use "laminar flame speed” to designate the measured

the conical flame method is easy to implement and provide%Verage burnlng_ velocity, introduced preV'Ol_JSW' .
reliable results. Assuming the whole reactive mixture isbu These experiments were completed by simulations of one-

one can define an average laminar flame spgetiat can be dimensioqal, freely pfopagating, unstretched, adiapkativi-
calculated from the mass conservation equation: nar, premixed flames using the PREMIX code of the CHEM-

KIN package [21]. This complex chemistry one-dimensional
m = pu Su Ay (2) 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

wherern is the reactants mass flow raje, is the unburned

gas density andd; is the flgme surfgce area. The ChOiCeeIementary chemical reactions, involving 53 species whidfirt
of the flame surface ared; is of particular importance for ,ermodynamic and transport properties. Calculationswer

the determination of the burning velocity [15]. Since the 1a herformed considering also differential diffusion effect
minar burning velocitys;, is defined relative to the unburned

gases, the most appropriated area is the upstream boundgf¥sits

of the preheat zone that can be determined with a Schlieren | gminar flame speeds of GHD2/N2/H20y,) mixtures are
technique. When using a Schlieren imaging set-up, the lighteasured over a wide range of operating conditions, for a con
deflection due to optical index gradients is in first appra@dm stant unburned gas temperatte = 373 K = 1 K. The pa-
tion proportional FqVT|/T?, whereT"is the gas temperature rameters examined in this work are the oxygen-enrichment
[16]. As the maximum of light deflection occurs close to thepatio in the oxydizer = 0./(02+N>) (mol.), the water va-

upstream boundary of the preheat zone, the Schlieren teghor molar fractionX 7,0 and the mixture equivalence ratio
nique is an efficient diagnostic to measure laminar burning, gefined as:

velocities [17, 18].

The quality of burning velocity measurements is very sen- 6= <m0H4 ) / <mCH4 ) @
sitive to the velocity profile at the burner exit. Indeed, & un Moy mo, /,
form velocity profile ensures that the local flame spegds
constant over most of the flame cone [14]. Flames obtaineihere (rhcm, /1o, )s is the ratio of fuel to oxygen at stoe-
in this work - as well as their Schlieren boundary - are nearlghiometry.
straight-sided cones as shown in Fig. 3. Schlieren images The methodology developed is first validated with well
are obtained using a classical Z-arrangement with longl focdocumented methane-air flamesrat= 298 K and at atmo-
lengths mirrors and vertical knives to measure horizomai g spheric pressure. Laminar flame speeds are measured for mix-
dients. These images are then post-processed using an el equivalence ratios varying from 0.9 to 1.4, as shown in
detection algorithm based on Sobel operator to determime tf19- 4. Leaner Chi/air regimes cannot be obtained using this
upstream boundary of the preheat zone. The average lamirgt-up dedicated to oxy-combustion. Results are compared
flame speed., can finally be deduced from the measure of thevith numerical simulations and with reference measurement
half cone angle: (as defined in Fig. 3) and from the unburnedobtained using Laser Doppler Velocimetry and Particle lenag

gas mean velocity using the relation: Velocimetry [23, 24]. A good agreement is found between the
different experimental results, as well as with the comgute
Sy = sin(a) (3)  burning velocities.

The influence of water vapor on the laminar burning ve-
ty of methane flames is now examined. Because of the dif-
Ity to stabilize conical methane-air flames with high wa-

However, this quantity measured with the methodolog)fOCi
described above does not exactly match with the laminar bunﬂ cu

. o, .
ing velocity s, mainly due to stretch effects [19, 20]. StretChter vapor concentrations, the oxidizer is first slightlyielned

effects due to hydrodynamic strain along the flame front arg oxygen. Figure 5 shows the evolution of the laminar

not c.ompe.nsa.ted in this study and will be the Su.bJPTCt of .furf'lame speed when the water vapor molar fraction is increased
ther investigations. However, these effects are limitedesi

. . . from 0 to about 0.2, for a stoechiometric mixtuse= 1.0 and
velocity gradients along the flame are small for conical flame

. . . for an oxygen-enrichment ratio of the oxidizer= 0.30. The
stabilized in uniform flows. Stretch effects due to curvat%r yo
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Figure 4: Experimental (symbols) and computed (lines) la-

minar flame speeds of GHiir mixtures, for Q/(O2+Ns)
(mol.) =0.21, atT,, = 298 K and atmospheric pressuree)(
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Figure 5:Experimental (symbols) and computed (lines) lam-

inar flame speeds of Ci02/N2/H20y,) mixtures, for¢ =
1.0 and Q/(O2+N2) (mol.) = 0.30, atT,, = 373 K and atmo-
spheric pressure.

laminar flame speed decreases linearly when the water stean® 1.8'—.
molar fraction is increased. The agreement between experi-= Ce
mental results and GRI mech. 3.0 predictions is within 7%.

Although the laminar burning velocity of the dry GHD2/N;

mixture is overestimated by numerical calculations, tiopsl
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 ratio in the oxidizer. Figure 6
shows the results obtained when the oxygen molar fraction
in the oxidizer is increased t@ = 0.50, and for three dif-
ferent equivalence ratias = 0.60, 1.0 and 1.50 respectively.

ties are identical. Consequently, it seems that, despitwvan
prediction of the burning velocity without water vapor,esfts

of water steam addition are correctly taken into accounhby t
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 i
varied from 0 to 0.3, for a rich mixture whege= 1.50. In this
configuration, it is observed that the GRI mech. 3.0 under-
predicts the measured flame speeds-30%. However, as
for lean mixtures, slopes of measured and computed burning
velocities are found to be equal.

16

1.47
12}
1.0}
081

0.6

Laminar flame speed (m/s)

044 0.10 020 030  0.40

H>O molar fraction

2.5 ‘
' ¢=1.0

207

157

107

0.5¢

Laminar flame speed (m/s)

0 010 020 030 040 050
H>O molar fraction

2.0 : : : : ‘
3 : =15 |
1.6t
1.4
1.2
1.0
0.8
0.6t
0.4

0 005 0.10 0.15 0.20 025 0.30
H>O molar fraction

Laminar flame speed (m

As observed previously, the laminar flame speed evolves li-

nearly when the water vapor molar fraction is increased fror]:igure 6: Experimental (symbols) and computed (lines)
010 0.45. Solid lines in Fig. 6 indicate the computed burningaminar flame speeds of GHD2/N2/H20(,y mixtures, for
velocities, that show a similar linear dependence with watep, /(0,+N.) (mol.) = 0.50, atT,, = 373 K and atmospheric

vapor addition. For a stoechiometric mixtuge= 1.0, nume-

pressure. From top to bottomp = 0.60, ¢ = 1.0 and¢ =

rical simulations match very well with experimental result 1 50.

For lean mixtures4 = 0.60), the laminar burning velocity

also linearly decreases when increasing the water vaparmol
fraction from O to 0.28. It is observed in this case that thd GR
mech. 3.0 overpredicts the measured laminar flame speeds by
~11%, but slopes of measured and computed burning veloci-



26 1.2
o ~
£ 24+ ? ]_,0%%b
©
g 22f 208 T
& > T,
e 2.0 <06/ /8
S 18] = St
g 0.4 184,
£ I 0%
g 1.6+ %é’ 50,
S Zo2} Yt
- 141 I

06 08 10 12 14 16 0 010 020 030 040 050
Equivalence ratio H2O molar fraction

2.2 X‘ _d 10 Figure 8: Normalized flame speeds forQ02+N2) (mol.)
201 H20 = & 1 = 0.50 and for different equivalence ratiosA\j ¢ = 0.60, (0)
¢ =0.75, (©) ¢ =0.90, (¢) ¢ = 1.0, (J) ¢ = 1.15, (¥) ¢ =
1.35, a) ¢ = 1.50.

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 chang
in mixture heat capacity, in exothermicity, and in heat and
mass diffusion phenomena. In addition to modifications of

Laminar flame speed (m/s)

06 08 10 12 14 16
Eauivalence ratio

18 ' ‘ . the thermophysical properties, dilution may also affeghsi
@ 16! Xm,0 =0.20 | ficantly the elementary chemical reactions taking placéén t
E reaction zone. One of the major issues of studying the impact
3 of a dilutent on the flame properties is to determine whether
g)i the considered dilution has mainly a thermodynamical éffec
o or if it also modifies the chemical kinetics. Since the(H
% molecule is likely to produce highly reactive elementanjita
= cals like H, O or OH, it is interesting to discuss the impact of
g water vapor addition on methane oxygen-enhanced premixed
% flames. To that purpose, Fig. 8 plots the normalized value
- 0.4l of laminar flame speeds as a function of the water vapor mo-

s s s s s lar fraction, for a given oxygen-enrichment rafio= 0.5 and
0.6 0.8 1.0 12 1.4 1.6 different equivalence ratios. Itis observed that the expen-
Equivalence ratio : .
tal data collapse on a single curve. A correlation can then be
Figure 7: Experimental (symbols) and computed (linespProposed for Ch/O2/N2/H20(,,) mixtures:
laminar flame speeds of GHD2/N2/H20O(,y mixtures, for

04/(02+N>) (mol.) = 0.50, atT’, = 373 K and atmospheric _SuXuy0) 8;((XH23)0 —1-C Xmo ©)
pressure. From top to bottonX s,0 =0, X#,0 =0.10 and 5u(Xm,0 =0)
Xn,0 =0.20. where the coefficien€ was found to be equal t6' = 1.86

in these experiments. This correlation is valid for an oxyge
enrichment ratid2 = 0.50, equivalence ratios comprised be-
Flame speeds are plotted in Fig. 7 as a function of thgveen 0.6 <¢ < 1.5 and for water vapor molar fractions in
equivalence ratigp, for an oxygen-enrichment ratio in the the range 0 <X1,0 < 0.4. For these conditions, dilution of
oxidizer 2 = 0.50 and for three different molar fractions of cH,/0,/N, flames by water vapor is found to be independent
water vapor: Xm,o = 0, Xu,0 = 0.10 andXm,0 = 0.20.  of the equivalence ratio. It can be inferred from this rethat
Experimental data obtained for a fixed equivalence ratid witthe chemical impact of water vapor dilution on @B5/N,
an increasing water vapor molar fraction were interpolated flames relative to laminar burning velocities is limited eve
obtain the symbols presented in Fig. 7. It is observed that eXor high water vapor concentrations.
perimental and numerical results are in excellent agreemen
near stoechiometry, independently of the water vapor aonce
tration in the initial mixture. As exposed previously, th&IG
mech. 3.0 predictions are found to be slightly higher than th
measured laminar flame speeds for very lean mixtures while
the mechanism underestimates rich mixtures burning veloci
ties.



Conclusions
Effects of water vapor on the laminar burning velocity of [13]
CH4/O2/N2/H20(,,y mixtures were investigated over a wide
range of operating conditions, for an unburned reactants te
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 taburn [15]
diameter ratio H/d to keep a constant curvature. Experiatent

results are compared to computed laminar burning velacitie
using the detailed kinetic mechanism GRI mech. 3.0. For all [1

conditions explored, it is found that the burning velocig-d
creases linearly when the water vapor fraction is increased [17]

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 stwechi
metric mixtures. For an oxygen enrichment-ratio in the oxi-

dizer G,/(0O2+N2) (mol.) = 0.50, the laminar burning velocity
is over predicted for lean mixtures while it is underestiecat
for rich mixtures. Furthermore, the decrease of the burning [20]
velocity for an increasing vapor molar fraction is found to

be independent of the equivalence ratio, for a given oxidize

composition.

This highlights that the effect of water steam addition on

the laminar burning velocity of CHO2/N2 mixtures is mainly

thermodynamical while flame chemicals is weakly affected.

[12]

[14]

[18]

[19]

[21]

This dilution phenomenon has now to be confirmed for higher [22]

oxygen concentrations in the oxidizer, including the calse o

full-oxycombustion.
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