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A comparative study of the influence of CO; and H;O on both lean and rich CH —air
laminar flames is performed. Six premixed flames are stabilized on a flat flame burner
at atmospheric pressure: lean (with the equivalence ratio maintained constant at
¢ = 0.7) and rich (with the equivalence ratio maintained constant at ¢ = 1.4) CH,—air,
CH,—COjy—air, and CH,—H;0O—air flames. These flames are studied experimentally and
numerically. The [CO;]/[CH4] and [H,0]/[CH,4] ratios are kept equal to 0.4 for both
flames series. Species mole fraction profiles are measured by gas chromatography and
Fourier transform infrared spectroscopy analyses of gas samples withdrawn along the
vertical axis by a quartz microprobe. Flames structures are computed by using the
ChemkinII/Premix code. Four detailed combustion mechanisms are used to calculate
the laminar flame velocities and species mole fraction profiles: GRI-Mech 3.0, Dagaut,

UCSD, and GDFkin®3.0.
Key words:
atmospheric pressure.

INTRODUCTION

Exhaust gas recirculation (EGR) is one of the
most effective techniques currently available for reduc-
ing NO, emissions from engines. The principle is recir-
culation of a portion of the engine exhaust gas back to
the engine cylinders. Intermixing of the incoming air
with the recirculated exhaust gas dilutes the mixture
with an inert gas, lowering the adiabatic flame temper-
ature and NO, emissions by the reduction of the rate
of production of “thermal” NO,. The exhaust gas is
mainly composed of CO2, N3, H,O, and Os. Studies
on the EGR effect on combustion chemistry are usu-
ally performed with addition of a simulated exhaust gas
containing a mixture of CO3 and Ng [1-3], a significant
water content in the real exhaust gas being ignored.
Only few studies exist on the effect of water, as it is
usually difficult to add water (vapor) to testing com-
bustion chambers.
nstitut de Combustion, Aérothermique, Réactivité,

Environnement, 45071 Orléans, France;
pillier@cnrs-orleans.fr.

methane—air flames, chemical structure, CO; and H;O additives,

Ren et al. [4, 5] studied the influence of Ha, CO,
COg, and H5O additives in lean premixed methane—air
flames (separately and in combination) on NO, reduc-
tion, laminar flame speeds, and extinction. Addition
of COy and HoO was demonstrated to decrease NO,
emissions, the decrease being larger when the equiva-
lence ratio increased. The presence of COs and HyO
in the fuel mixture results in reduction of the laminar
flame speed and extinction strain rate. Renard et al. [6]
studied the effect of COs and HoO addition on hydro-
carbon intermediates in rich CoHy—Os—Ar flames and
concluded that a larger hydroxyl radical production is
responsible for reduction of hydrocarbon intermediates
in the added flames. Zhao et al. [7] and Hwang et al. [§]
performed numerical studies on the effect of HoO addi-
tion to CH4—0Oo—Ns diffusion flames.

In a previous work [9], we studied both exper-
imentally and numerically the influence of CO2 and
CO3 + Hy addition on the chemical structure of a lean
premixed CHy—air flame (equivalence ratio ¢ = 0.7).
The objective was linked to the potential use of biogas
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TABLE 1
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Initial Conditions of the Lean and Rich CH4—Air, CH4—CO2—-Air, and CH4—H2O-Air Flames (p = 1 atm and Tp = 298 K)

Mole fractions

Flame
CHy CO2 H20
la 0.0683 — —
(CHg—air)
2a 0.0665 0.0266 —
(CH4—COg2-air)
3a 0.0665 — 0.0266
(CH4—H2O—air)
1b 0.1279 — —
(CHg—air)
2b 0.1217 0.0487 —
(CH4—COg2-air)
3b 0.1217 — 0.0487

(CH4—H2O—air)

generated by biomass to reduce NO, formation. The
presence of CO4 in the biogas, however, decreases the
burning velocity and, hence, the energy conversion ef-
ficiency. Addition of Hy was considered as a way to
increase the burning velocity and limit the negative ef-
fect of CO2. The [COy/CHy] ratio was fixed at 0.4. In
the present work, we kept the same ratio to comple-
ment our previous work and study the influence of CO4
and H,O addition on the chemical structure of both
lean and rich premixed CHy—air flames stabilized at at-
mospheric pressure. Experimental measurements were
performed by methods of gas chromatography (GC)
and Fourier transform infrared spectroscopy (FTIR).
Flame structures were computed on the basis of the
ChemkinII/Premix code and four detailed combustion
mechanisms [10-13].

EXPERIMENT

Six premixed flames were stabilized on a flat flame
burner at atmospheric pressure and were studied exper-
imentally and numerically: three lean flames with the
equivalence ratio maintained constant at ¢ = 0.7 [CHy—
air (flame la), CHy4~COgz—air (flame 2a), and CHy—Ho—
air (flame 3a)], and three rich flames with the equiv-
alence ratio maintained at ¢ = 1.4 [CHy-air (flame
1b), CH4~COq-air (flame 2b), and CH4—H5O-air (lame
3b)]. The [CO2]/[CH4] and [H20]/[CH4] ratios were
kept equal to 0.4 for both flames series. The burner
was made of a brass disc with small holes (0.7 mm in
diameter) drilled on a circular area 4 ¢cm in diameter.

6 Mass flux,
air . 2. -1

g-cm sec
0.9317 0.7 0.0240
0.9069 0.7 0.0192
0.9069 0.7 0.0186
0.8721 1.4 0.0234
0.8296 1.4 0.0103
0.8296 1.4 0.0163

A perforated plate was located at 1 cm above the burner
surface to reduce heat exchanges between the flame and
the burner and to stabilize the flame. CHy and COs
from compressed pure gas cylinders were premixed with
air prior to entering the burner. Water was injected by
a peristaltic pump, became then vaporized, and finally
mixed with CHy and air. The pipes and the burner were
heated to avoid water re-condensation. Table 1 lists the
initial conditions for the six flames studied.

Gas samples were withdrawn along the axis of sym-
metry of the flame by a quartz microprobe constructed
from a quartz tube (0.5 cm in diameter) drawn to a cone
at the end. A hole (0.1 mm in diameter) was drilled at
the tip of this cone. The gaseous samples withdrawn
from the flame were analyzed either by GC or by FTIR.
For GC analyses, the gaseous samples where stored in
Pyrex flasks at a low pressure (2.0 kPa) and were com-
pressed by a home-made piston up to 53 kPa prior to
injection into the chromatograph. The gaseous samples
were collected directly in the FTIR cell up to 3.3 kPa.
Species analyzed by GC were CHy, CoHy, CoHo, CoHg,
C3H8, C3H6, CO, COg, HQO, Hg, 02, and Ng. CHQO
was measured by FTIR. Two GC systems were used for
the analyses. The first one, with a thermal conductivity
detector (TCD) and a flame ionization detector (FID),
was kitted out with two capillaries columns: Poraplot Q
and Molecular Sieve (MS5A). The second chromato-
graph operated with FID and was used for separation
of CH4 and Cs intermediates on an Al,O3/KCl column.
Helium was used as a carrier gas for all species analyses,
except for Hy, which was measured with nitrogen to en-
hance the detector sensitivity. Species calibrations were
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Fig. 1. Temperature profiles used as input data in

lean flame simulations (¢ = 0.7).
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Fig. 2. Temperature profiles used as input data in

rich flame simulations (¢ = 1.4).

Comparison of Measured and Computed Species Mole Fractions in Flame 1a (CH4—Air; ¢ = 0.7)

TABLE 2
Mole fractions X at a distance z
CHy Xi(2=0)

z (Xz = Xi,med)v cm
Os Xi0 (z = 0)

Xi,5 (2=0.3 cm)

z (Xz = Xi,med)v cm
CO2 X5 (2=0.3 cm)

Z (X’L = Xi,mcd): cm
H20O X5 (2=0.3 cm)

z (Xz = Xi,med)v cm
CO Xi,max

z (Xz = Xi,max)y cm
H2 Xi,max

z (X’L = Xi,max), cm
CQH6 Xi,max

z (Xz = Xi,max)y cm
C2H4 Xi,max

z (Xz = Xi,max)y cm
CQH2 Xi,max

z (X’L = Xi,max), cm
NO X5 (2=0.3 cm)

z (Xz = Xi,med)v cm

Experiment

6.28 - 102
0.09

1.84-1071
6.36 - 10~2
0.10
6.56 - 10~2
0.12
1.47-1071
0.11
1.80-1072
0.12
5.05 1073
0.11
4.22.1074
0.11
2.31-1074
0.11
3.54-107°
0.12

6.80 - 102
0.08

1.95-10~1
6.02 - 102
0.09

6.63 - 102
0.11

1.34-10~1
0.08

2.25-1072
0.11

4.81-1073
0.10

3.75-10~4
0.09

1.96 - 104
0.10

8.59 106
0.10
5.12-10~6
0.12

GRI-Mech 3.0

UCSD

6.65 - 10~2
0.08

1.94-1071
6.00 - 10~2
0.08
6.58 - 10~2
0.10
1.33-10~1t
0.08
2.27-1072
0.10
4.00-10-3
0.10
6.79-10~4
0.08
4.83-107%
0.09
2.17-107°
0.09

Dagaut

6.79-10"2
0.08

1.95- 1071
6.03-102
0.10
6.60 - 102
0.11
1.33.1071
0.09
2.07 - 1072
0.11
4.39-103
0.11
7.65-10~4
0.10
5.00 - 104
0.10
3.43-107°
0.11

GDFkin®3.0

6.79 - 10~2
0.08

1.95-1071
6.00 - 10~2
0.09

6.61-10—2
0.11

1.33-10~1t
0.08

2.10- 1072
0.11

4.23-1073
0.11

8.33.10~¢
0.09

5.51-10"4
0.10

3.11-10°°
0.11

4.94-10-6
0.12

637
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TABLE 3
Comparison of Measured and Computed Species Mole Fractions in Flame 2a (CH4—CO2-Air; ¢ = 0.7)
Mole fractions X at a distance z  Experiment  GRI-Mech 3.0 UCSD Dagaut GDFkin®3.0
CHy X; (2=0) 6.34-10~2 6.59 - 102 6.61-10"2 6.60-10"2  6.57-10"2
2 (X; = X med), cm 0.13 0.13 0.12 0.14 0.14
Oq X;0 (2=0) 1.80-1071 1.90- 1071 1.90-10% 1.90-10"! 1.90- 107!
X5 (2= 0.3 cm) 6.45 - 1072 5.87 1072 5901072 5.85-1072  5.96-1072
2 (X; = X med), cm 0.14 0.14 0.14 0.15 0.16
CO2 X0 (2=0) 2.74-1072 2.67-102 2.67-1072 2.67-1072  2.67-1072
X, 5 (#=0.3 cm) 9.39-10~2 9.06 - 102 8.94-10"2 9.05-1072  8.96-1072
2 (X; = Ximed), cm 0.15 0.16 0.15 0.17 0.17
H2O X, (2=0.3cm) 1.47 1071 1.30 - 1071 1.30-10"% 1.30-107'  1.29-1071
2 (X; = Xi med), cm 0.14 0.13 0.13 0.14 0.15
CcO X, max 1.60-1072 2.08 - 1072 2.16-1072  1.92-1072  1.91-1072
2 (X; = Xi,max), cm 0.15 0.16 0.16 0.17 0.18
Ho X max 2.82-1073 4.13-1073 3.60-1073 3.79-1073  3.55.1073
2 (X; = Xi,max), cm 0.18 0.15 0.15 0.16 0.17
CoHe Xy max 3.23.1074 3.47-1074 6.35-10* 7.06-107*  7.53.1074
2 (X; = Xi,max), cm 0.15 0.14 0.13 0.15 0.16
CoHs  Xi max 1.80- 1074 2.00-10—% 4.68-107* 4.85-107%  527.107¢
2 (X; = Xi,max), cm 0.15 0.15 0.14 0.16 0.17
CoHs  Xi max 2.48-10° 7.93-10-6 2.03-10% 3.06-107%  2.62-107°
2 (X; = Xi,max), cm 0.15 0.16 0.15 0.17 0.18
NO X, 5 (#=0.3 cm) — 3.57-1079 — — 3.63 .10~
2 (X; = Ximed), cm — 0.167 — — 0.17

performed by using gaseous mixtures of known compo-
sitions. The accuracy was estimated to be +5% for the
permanent gases and C; and Cs hydrocarbons, +10%
for H,O, and £20% for CH50. These deviations corre-
spond to the inaccuracies resulting from sampling pres-
sure measurements and GC or FTIR reproducibility.
The temperature of the burnt gases was measured
in each flame by a Pt/(Pt-10%Rh) thermocouple con-
structed with thin wires (50 pm in diameter) tight-
ened parallel to the burner surface and coated with a
BeO-Y>0s3 deposit to reduce catalytic effects [14]. The
measured temperatures were increased by 12% to com-
pensate radiative heat losses. This factor was deter-
mined in previous experiments [15] where heat losses
were measured by means of the electrical compensa-
tion technique [16]. Visual observations showed that
locating the thermocouple in the luminous flame front
induced a noticeable flame displacement. Hence, to
measure the temperature through the flame zone, the
sampling probe was used as a pneumatic temperature-
measuring device by determining the rate of gas inflow
into a known volume as a function of the probe position

in the flame. This technique had been previously used
by Kaiser et al. [17] and details of the method had been
given in their paper.

MODELING

The flames structures were computed by using the
Chemkin II [18] and Premix [19] codes. Four detailed
combustion mechanisms were used to simulate the lam-
inar flame velocities, temperatures, and species mole
fraction profiles. The GRI-Mech 3.0 mechanism [10]
includes 53 species and 325 reversible reactions. The
mechanism developed by Dagaut et al. [11] contains
54 species involved into 281 reactions (277 reversible
and 4 irreversible). The 2005 version of the mechanism
developed at the University of California, San Diego
[12] (UCSD) contains 40 species (up to Csz) and 175 re-
versible reactions. Finally, the GDFkin®3.0 mechanism,
developed by El Bakali et al. [13], contains 121 species
and 884 reversible reactions. The GRI-Mech 3.0 and
GDFkin®3.0 mechanisms contain their own NO, chem-
istry sub-mechanisms, whereas the UCSD mechanism
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TABLE 4
Comparison of Measured and Computed Species Mole Fraction in Flame 3a (CH4—H20-Air; ¢ = 0.7)
Mole fractions X at a distance z  Experiment  GRI-Mech 3.0 UCSD Dagaut GDFkin®3.0
CHy X; (2=0) 6.05-10~2 6.39 - 102 6.41-1072 6.37-1072  6.40-10~2
2 (X; = X med), cm 0.10 0.09 0.09 0.09 0.09
Oo X;0 (2=0) 1.64-1071 1.89-1071 1.89-10-% 1.89-107! 1.89-107!
X5 (2= 0.3 cm) 6.39 - 1072 5.90 - 1072 5.89-1072 5.90-1072  5.87-1072
2 (X; = X med), cm 0.11 0.10 0.09 0.10 0.10
CO2 X, (2=0.3cm) 6.44 - 1072 6.46 - 1072 6.44-1072 6.44-102  6.47-1072
2 (Xi = Xi mea), cm 0.12 0.11 0.11 0.12 0.12
HoO X0 (2=0) 3.21-1072 2.98- 1072 2.95-1072  3.02-1072  2.95-1072
X, 5 (#=0.3 cm) 1.53-107¢ 1.57-1071 1.57-10"% 1.57-107'  1.57-1071
2 (X; = Xi med), cm 0.11 0.09 0.09 0.10 0.09
CcO X, max 1.33-1072 2.00 - 1072 2.09-1072 1.84-1072  1.87-1072
2 (X; = Xi,max), cm 0.14 0.12 0.11 0.12 0.12
Ho X max 3.14-1073 4.32.1073 3.86-1073 4.00-1073  3.86-1073
2 (X; = Xi,max), cm 0.12 0.11 0.11 0.11 0.11
CoHe Xy max 2.64 1074 3.49 104 6.40-10~* 7.03-107%* 7.74.1074
2 (X; = Xi,max), cm 0.11 0.10 0.09 0.10 0.10
CoHs  Ximax 1.47 1074 2.09 104 4.77-107% 4.91-107%  548-1074
2 (X; = Xi,max), cm 0.11 0.10 0.10 0.11 0.11
CoHz  Xi max 1.97-107° 9.30-10— 2.15-107% 3.40-10=°>  3.06-107°
2 (X; = Xi,max), cm 0.14 0.12 0.11 0.12 0.12
NO X, 5 (#=0.3 cm) — 3.68- 10~ — — 4.07-107
2 (Xi = Xi mea), cm — 0.13 — — 0.13

and the version of the Dagaut’s mechanism that was
used do not include NO, chemistry.

Thermodynamic and transport data were taken
without any changes from the respective mechanisms.
Flame simulations were performed both with “BURN”
and “FREE” options. Very closed results were ob-
tained for the species mole fraction profiles in both
cases. While additional information on both the burn-
ing rate and the adiabatic temperature were obtained
when the “FREE” option was used, all computed results
presented here refer to free lame simulations performed
with the experimental temperature profiles introduced
as a starting estimate.

RESULTS AND DISCUSSION

Influence of CO5 and H,O
on the Species Mole Fraction Profiles

Figures 1 and 2 display the temperature profiles
used as input data in the Premix code to simulate the
structure of the lean and rich flames, respectively. Both

flames are shifted downstream when COs is added to
the fresh gas mixture. Addition of HoO to the rich
flame produces a similar shift, whereas the position of
the lean flame front is almost unaffected.

Tables 2-4 compare the measured and computed
mole fractions for three lean flames. The results ob-
tained for the rich flames are summarized in Tables 5-7.
In these tables, we use X;med = Xio + (Xs,r — Xi0)/2,
where X;o is the mole fraction at the burner surface
and X ¢ is the mole fraction in the burnt gases. In this
work, X; ; was systematically measured at a distance
z = 0.3 cm from the burner surface. The position of
this central part of the mole fraction gradient (X; med)
was also considered to check the accuracy of model pre-
dictions for the reactants and the final products. The
maximum mole fraction (X; max) and its location in the
flame front (z) were considered as a comparison criteria
for the intermediate species.

Lean Flames. In lean flames, the four mecha-
nisms predicted the mole fraction profiles for the re-
actants (CHy and O3) and the final products (COq
and Hy0), which are both very close to each other and
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TABLE 5
Comparison of Measured and Computed Species Mole Fractions in Flame 1b (CH4-Air; ¢ = 1.4)
Mole fractions X at a distance z  Experiment  GRI-Mech 3.0 UCSD Dagaut GDFkin®3.0
CHs X; (2=0) 1.11-107¢ 1.24-1071 124107t 1.27-1071 1.27-107¢
2 (X; = X med), cm 0.09 0.11 0.11 0.09 0.10
O2 X0 (z=0) 1.65-10¢ 1.81-1071 1.82-107t 1.82-1071 1.82-107¢
X5 (z=0.3 cm) 1.02-1072 1.87-107° 3.52-107° 4.12-107%  2.17-107°
2 (X; = X med), cm 0.10 0.12 0.12 0.10 0.11
CO2 X, (2=0.3cm) 5.10- 1072 4.63 - 1072 4.57-1072 478102  4.58-1072
2 (Xi = Xi mea), cm 0.11 0.14 0.14 0.11 0.13
HxO X, (2=0.3cm) 1.63 107! 1.77 - 1071 1.78-10"Y  1.75-107'  1.75-1071
2 (X; = Xi med), cm 0.09 0.11 0.11 0.09 0.10
Cco X; 5 (z=0.3 cm) 7.19-1072 7.10- 1072 7.14-1072  6.94-1072  7.08-1072
2 (X; = X med), cm 0.10 0.12 0.12 0.09 0.10
Hy X; 5 (z=0.3 cm) 6.12 102 6.16 - 1072 6.13-10"2 6.18-1072  6.31-1072
2 (Xi = Xi mea), cm 0.08 0.10 0.10 0.07 0.08
CoHe Xy max 1.29 - 1073 1.37-1073 1.43-1073  2.20-1073%  2.29.1073
2 (Xi = Xi,max) 0.11 0.12 0.13 0.09 0.11
CoHs X max 1.62-1073 1.84-1073 2581072 259-1073  3.05-1073
2 (Xi = Xi,max) 0.11 0.13 0.13 0.10 0.12
CoHo Xy max 2.45-1073 1.75.1073 2.09-1073 2.00-1073  2.26-1073
2 (X = Xi,max) 0.12 0.16 0.16 0.12 0.14
NO X, 5 (#=0.3 cm) — 4.58-107° — — 7.83-107°
2z (Xi = Xi,med), cm — 0.19 — — 0.15

in good agreement with the experiments. CO and Hs
are the main intermediate species in lean flames; their
predicted maximum mole fractions are roughly similar
and in reasonable agreement with the experiments. For
CO, the slight evolution Xco max (flame 1a) > Xco, max
(flame 2a) > Xco,max (flame 3a) observed experimen-
tally is also reproduced by the four mechanisms. For
Hs, addition of CO5 or HyO reduces the experimental
maximum mole fraction with respect to the methane—air
flame, but the maximum measured in flame 3a is higher
than that in flame 2a. The four mechanisms lead to
similar evolutions.

Cq species are minor intermediates in these lean
flames, and some scatter is observed in the computed
values. The GRI-Mech 3.0 mechanism predicts the
maximum concentration of CoHg and CoHy in all lean
flames with reasonable accuracy. On the other hand,
it underpredicts markedly the maximum CyHs mole
fraction. The Dagaut, UCSD, and GDFkin®3.0 mecha-
nisms overpredict the CoHg and CoHy maximum mole
fractions; however, they ensure better agreement with
the experiments for CoHy. The NO mole fractions cal-
culated with the GRI-Mech 3.0 and the GDFkin®3.0

mechanisms are approximately identical in the burnt
gases. It is seen from Tables 2—4 that addition of COq
and HyO reduces the NO mole fraction by 28% and
23%, respectively.

Concerning the relative positions z of the maxi-
mum mole fraction gradients (for reactants and final
products) or of the maximum mole fractions (for inter-
mediates), the four mechanisms predict values that are
almost identical and in good agreement with the exper-
iments.

Rich Flames. In rich flames (Tables 5-7), the
final products include CO and Hs in addition to CO9
and H2O. Good agreement with the experiments is ob-
served with the four mechanisms for the final mole frac-
tions reached in the burnt gases. Tables 5 and 6 show
that CO; addition slightly increases the final CO mole
fraction and decreases markedly the Hs mole fractions.
Addition of HoO produces only slight variations of the
CO and H; final mole fractions. The former decreases,
whereas the latter increases.

In rich flames, Cy species are important intermedi-
ates with the maximum concentrations far larger than
those in lean flames. In three rich flames, the exper-
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TABLE 6
Comparison of Measured and Computed Species Mole Fractions in Flame 2b (CH4—CO2-Air; ¢ = 1.4)
Mole fractions X at a distance z  Experiment  GRI-Mech 3.0 UCSD Dagaut GDFkin®3.0
CHs X; (2=0) 1.12-107¢ 1.20- 1071 1.21-107t  1.21-1071 1.19-107¢
2 (X =imed), cm 0.15 0.19 0.18 0.15 0.16
O2 X0 (z=0) 1.70-107¢ 1.73-1071 1.73-10"t  1.73-1071! 1.72-107¢
X, (2=0.3 cm) 1.16-1072 1.75- 1074 1.67-1072 7.00-107°  1.03-107%
2 (X; = X med), cm 0.15 0.14 0.19 0.16 0.18
CO2 X0 (2=0) 4.57-1072 4.87-102 4.87-1072  4.86-1072  4.88-1072
X, 5 (#=0.3 cm) 8.53- 1072 7.55- 1072 7.61-1072 7.96-10"2  7.90-1072
2 (Xi = Xi mea), cm 0.16 0.22 0.21 0.18 0.19
H2O X, (2=0.3cm) 1.81-107! 1.80- 1071 1.82-107%  1.79-107'  1.80-1071
2 (X; = Xi med), cm 0.15 0.19 0.18 0.16 0.16
CO X5 (2=0.3 cm) 7.65-1072 7.82-1072 7.93-1072 7.82-1072  7.85-1072
2 (X; = X med), cm 0.15 0.20 0.19 0.16 0.18
Hy X; 5 (z=0.3 cm) 4.45 1072 4.37-1072 4.45-1072  4.71-1072  4.64-1072
2 (Xi = Xi mea), cm 0.14 0.16 0.16 0.13 0.14
CoHe Xy max 1.22-1073 1.12-1073 1.18-1073% 1.81-1073  1.88.1073
2 (X; = Xi,max) 0.16 0.22 0.20 0.16 0.19
CoHsy  Xi max 1.47-1073 1.77-1073 2.34-1073 230-107%  2.62-1073
2 (Xi = Xi,max) 0.16 0.23 0.22 0.18 0.20
CoHo Xy max 1.77 1073 1.57-1073 8.52-10* 1.65-1073  1.68-1073
2 (X = Xi,max) 0.17 0.27 0.25 0.20 0.23
NO X, 5 (#=0.3 cm) — 9.83 .10~ — — 3.23-107°
2z (Xi = Xi,med), cm — 0.25 — — 0.21

iments provided the Cy species maximum mole frac-
tions ranging as Xc,H, > Xc,H, > Xc,Hs- GRI-
Mech 3.0 predicts the same order in the CH;—H;O—-air
flame (see Table 7) but not in the CHy—air and CHy—
COg-air flames where Xc,g, > Xc,H,- The three
other mechanisms also predict X¢,p, > Xc,H,- When
the changes induced by COs or Hy addition are con-
sidered, the UCSD and Dagaut mechanisms reproduce
the experimental observations more closely. Both addi-
tives decrease the maximum mole fractions of CoHy and
CoHs, and this effect is more pronounced when COs is
added to the flame. Calculations of NO mole fractions
with the GRI-Mech 3.0 and GDFkin®3.0 mechanisms
lead to different results with higher values predicted by
GDFkin®3.0. The results show a significant reduction of
the NO mole fraction due to addition of CO2 (reduction
of 78% for the GRI-Mech 3.0 and 58% for GDFkin®3.0)
and H2O (reduction of 77% for the GRI-Mech 3.0 and
54% for GDFkin®3.0).

From comparisons of computed and measured
species mole fraction profiles, it can be concluded that

the four mechanisms predict the evolution of the ma-
jor species rather well, but lead to discrepancies for the
minor intermediates.

Influence of CO-2 and H2O on Flame Velocity
and Maximum Temperature

Table 8 compares the calculated laminar flame ve-
locities for six flames studied. Some scatters are ob-
served between the four mechanisms. Relative varia-
tions induced by CO; or H2O addition, however, are
very similar. CO4y addition leads to a 18% reduction of
the flame velocity in the lean flame and to a 40% re-
duction in the rich flame velocity. Addition of the same
amount of HyO reduces the flame velocity by 14% in
the lean flame and by 25% in the rich one. The larger
effects observed in the rich flame result from the proce-
dure adopted to determine the additive initial mole frac-
tion. Keeping constant the ratio X,qditive/Xcn, leads
to a larger content of the additive in the rich flames.
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TABLE 7
Comparison of Measured and Computed Species Mole Fractions in Flame 3b (CH4—H2O-air; ¢ = 1.4)
Mole fractions X at a distance z  Experiment  GRI-Mech 3.0 UCSD Dagaut GDFkin®3.0
CHs X; (2=0) 1.11-107¢ 1.15-1071 1.16-10"%  1.17-10"1 1.17-107¢
2 (X; = X med), cm 0.12 0.13 0.12 0.10 0.11
O2 X0 (z=0) 1.53-107¢ 1.70 - 10~ 1.70-10=t 1.71-1071 1.71-107¢
X, (2=0.3 cm) 9.41-107% 3.09-1074  233-107% 1.30-107*  1.56-107*
2 (X; = X med), cm 0.13 0.14 0.13 0.10 0.11
CO2 X, (2=0.3cm) 4.12-1072 4.67-1072 4.69-102 5.05-1072  4.97-1072
2 (Xi = Xi mea), cm 0.15 0.17 0.16 0.12 0.14
HoO X0 (2=0) 4.45.1072 5.35- 1072 5.28-1072 5.09-1072  5.16-1072
X, 5 (#=0.3 cm) 2.08 107! 2.14-1071 2.12-107!  2.08-107!  2.08-107!
2 (X; = Xi med), cm 0.12 0.13 0.12 0.10 0.11
CcO X5 (2=0.3 cm) 6.38 - 10~2 6.25 - 102 6.39-10"2 6.11-1072  6.23-10"2
2 (X; = X med), cm 0.11 0.13 0.13 0.10 0.10
Hy X; 5 (z=0.3 cm) 7.08 102 5.91-1072 6.17-1072  6.46-10"2  6.49-1072
2 (Xi = Xi mea), cm 0.12 0.13 0.12 0.09 0.10
CoHe Xy max 1.06 - 1073 1.19-1073 1.26-1073  1.96-1073  2.04-1073
2 (X; = Xi,max) 0.14 0.15 0.13 0.10 0.12
CoHsy  Xi max 1.51-1073 1.86-1073 252-1073 245-1073  2.88-1073
2 (Xi = Xi,max) 0.14 0.16 0.15 0.12 0.13
CoHo Xy max 2.26 - 1073 1.99-1073 1.01-1073  1.97-1073  2.15.1073
2 (X = Xi,max) 0.16 0.20 0.18 0.13 0.15
NO X, 5 (#=0.3 cm) — 1.04-1075 — — 3.57-107°
2z (Xi = Xi,med), cm — 0.2 — — 0.175
TABLE 8
Influence of CO5 and HoO Addition on the Flame Velocity
Velocity, cm/sec
Kinetic
mechanism  Flame la Flame 2a Flame 3a Flame 1b Flame 2b Flame 3b
(CH4—air) (CH4—COg2—air) (CH4—H2O-air) (CHyg-air) (CH4—COgz-air) (CH4—H2O-air)
¢=0.7 =14
GRI-Mech 3.0  18.7 15.1 15.8 14.7 8.5 10.4
Dagaut 17.3 14.2 14.7 22.8 14.2 17.7
UCSD 19.8 16.3 17.3 16 9.7 11.9
GDFkin®3.0 16.8 13.8 14.4 18.7 12.1 14.3

The results (see Tables 9 and 10) show that each
additive reduces both the flame velocity and the adi-
abatic flame temperature for both equivalence ratios.
It was worth considering these effects more closely and
checking if the decrease in the flame velocity only re-
sulted from a thermal effect or if a chemical effect also
contributed. The procedure proposed by Liu et al. [20]
was adopted to compare the influence of CO5 or HyO

and fictitious additives FCO5 and FH>0O. FCO5 and
FH;0 have the same thermochemical and transport
properties as the normal COs and H5O, respectively,
but they are not consumed or produced in the reaction
mechanism. They are included in the lists of third-
body species with the same collision efficiencies as COq
and HyO, respectively. As the four mechanisms lead
to roughly similar results, the following simulation was
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TABLE 9

Influence of CO2 and H20 on the Flame Velocity

and Temperature of Burnt Gases

(Lean Methane—Air Flames; ¢ = 0.7; UCSD Mechanism)

Composition
[CO2]/[CH4] =0
[CO2]/[CH4] =0.4
[FCO,]/[CHa] = 0.4
[Ho0]/[CHa] = 0.4
[FH20]/[CH4] = 0.4

TABLE 10

Influence of CO2 and H20 on the Flame Velocity

vy, cm/sec

19.8
16.5
16.8
17.7
17.6

Ty, K
1820
1764
1767
1777
1779

and Temperature of Burnt Gases

(Rich Methane—Air Flame; ¢ = 1.4; UCSD Mechanism)

Composition
[CO2]/[CH4]=0
[CO2]/[CH4]=0.4
[FCO3]/[CH4] = 0.4
[H20]/[CHa] = 0.4
[FH20]/[CH4] = 0.4

vy, cm/sec

16.0
9.7
10.1
11.0
10.5

Ty, K
1983
1871
1882
1889
1887

v, cm/sec
40

0 ' 10

Fig. 3. Influence of exhaust gas recirculation on
the flame velocity of lean, stoichiometric, and rich

EGR,% 20

methane—air flames (UCSD mechanism).

30

performed with the smallest mechanism, UCSD, to re-
duce the calculations times.

Tables 9 and 10 show that the replacement of CO4
or H,O by FCO4 or FH20O produces only very minor
changes in the flame velocity, especially in the lean
flame. Larger changes were reported by Liu et al. [21]
who replaced as much as 30% of Ny contained in air by
COg3 in a numerical study of CH4 and Hy flames in a
large range of equivalence ratios. In our experimental
study, flame stability requirements limited the initial
CO3 or H,O mole fraction in the unburnt mixture, so
that changes in vy and Ty were also limited.

From a closer examination of the results listed in
Tables 9 and 10, however, it can be noticed that the
opposite effects are observed for COy and HyO. Sup-
pressing artificially the chemical reactivity of the addi-
tive leads to an increase in the flame velocity for CO9
and to a decrease in the flame velocity for HoO. This
observation deserves consideration regarding the com-
position of the burnt gases in EGR simulations. Very
often, the burnt gases are assimilated to pure Ny or to
a CO2—Ns mixture, whereas, as mentioned in the intro-
duction, H2O is generally ignored.

Additional UCSD computations performed with
stoichiometric, lean (¢ = 0.7), and rich (¢ = 1.4) CHy—
air flames are summarized in Fig. 3. The objective
was to compare, with larger additive concentrations, the
changes induced on the flame velocity by addition of Ng
or mixtures composed of CO5—Ns, HoO-Ns, and CO45—
Hs0-02—Ns. The latter was designed as “EGR,” be-
cause it was expected to represent the real composition
of the burnt gases. In rich and stoichiometric flames, the
“EGR” composition was 0.0948 COs + 0.1896 H>O +
0.7156 N3, corresponding to the burnt gases of a
stoichiometric flame. In the CO5—Ns and HyO-Ns
binary mixtures, the Ny mole fraction was kept to
0.7156. In the lean flame, the “EGR” composition was
0.0662 CO2 + 0.1338 HoO + 0.0604 O2 + 0.7396 N2, cor-
responding to the composition measured at 0.3 cm from
the burner surface in the lean methane-air flame (flame
la). The presence of Og was imposed to modify the
initial methane—air flame composition to maintain the
equivalence ratio at 0.7 in the diluted flame. The EGR
added to the lean and the rich flames were limited to
25 and 8%, respectively, to avoid convergence problems
encountered with higher EGR contents.

Results show that, for the three equivalence ratios
examined, assimilating the exhaust gas to a CO9—Ny
mixture leads to a lower flame velocity than for the
complete EGR (CO2-H30-Ny mixture). Higher flame
velocities are obtained, however, when only N2 or the
H50O—-N; mixture is considered. This effect is more pro-
nounced in the stoichiometric flame. Comparing the
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slopes of these curves, we can notice that the rich flame
is far more sensitive to the recirculation of exhaust
gases, followed by the stoichiometric flame, and then
the lean one.

The chemical effect of CO2 on the burning veloc-
ity of hydrocarbon-air flames was generally attributed
to an increase in the rate of the reaction COy + H =
CO + OH [20-22]. This reaction consumes H atoms
and reduces the rate of the main branching reaction
H + O, = OH + O. Hence, in addition to its ther-
mal effect, CO2 produces chemical inhibition. Only few
studies concern HyO addition to hydrocarbon flames,
and divergences are observed in the chemical effect ex-
erted on the burning velocity [23—-25]. Miiller-Dethlefs
and Schlader [25] reported, however, that the measured
decrease in the flame velocity with steam addition to
propane and ethylene flames is smaller than it would be
expected in the case with steam acting solely as an inert
heat sink. The slight decrease in the flame velocity in
the case with H2O replaced by the fictitious FH2O (see
Tables 9 and 10) is in agreement with this conclusion.

CONCLUSIONS

The main objective of this work was to compare
the influence exerted by CO2 and HyO addition on the
chemical structure of lean and rich methane—air flames.
It extended a previous study on COs and Hy addition
to a lean methane—air flame, motivated by the poten-
tial use of biogas in gas turbines, toward issues related
to the use of EGR to reduce pollutant emissions from
combustion systems. As the first step, the chemical
structure of lean (¢ = 0.7) and rich (¢ = 1.4) pre-
mixed flames (CHy—air, CH4—COsq—air, and CH4—H>O—-
air) was determined experimentally. The species mole
fraction profiles were used to check the accuracy of four
reaction mechanisms markedly different in their reac-
tions and species numbers. The four mechanisms re-
produce the experimental major species mole fraction
profiles reasonably well; however, discrepancies are ob-
served in the prediction of the maximum mole fractions
of minor species. Additional flame structure simula-
tions, conducted with fictitious FCOs or FH,O added
to methane—air flames, show that, in addition to the
main thermal effect, chemical flame inhibition is ob-
served with CO3, whereas H2O increases chemically the
burning velocity. As Ng is the main component of the
burnt gases, the opposing chemical effects of COy and
H5O are limited in this case. For a more accurate sim-
ulation of EGR, however, the presence of HoO in the
burnt gases must be taken into consideration.

Matynia, Delfau, Pillier, and Vovelle
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