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HIGHLIGHTS

e Laminar burning velocities of CHs-air-inert (He, Ar, N3, CO, ) mixtures are reported.

® The experimental burning velocities are examined in comparison to computed ones.

® The influence of pressure and equivalence ratio on burning velocities is examined.

® The overall reaction order and overall activation energy of CH4-O, reaction are reported.

ARTICLE INFO ABSTRACT

Article history:

Received 17 June 2016

Received in revised form 25 August 2016
Accepted 14 September 2016

Available online 14 September 2016

Dedicated to the 150th anniversary of the
Romanian Academy.

Flame propagation was studied in methane-air-inert (He, Ar, N, or CO,) mixtures with various initial
pressures and compositions using pressure-time records obtained in a spherical vessel with central igni-
tion. The laminar burning velocities of CHy-air and CHs-air-inert mixtures obtained from experimental
p(t) records of the early stage of combustion were compared with literature data and with those obtained
from numerical modeling of 1D flames. The overall reaction orders of methane oxidation were determined
from the baric coefficients of the laminar burning velocities determined from power-law equations. For
all mixtures, the adiabatic flames temperatures were computed, assuming that the chemical equilibrium

is reached in the flame front. The overall activation energy for the propagation stage of the combustion
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process was determined from the temperature dependence of the laminar burning velocity.
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1. Introduction

The depletion of crude oil reserves and persistent requirements
for cleaner combustion of fossil fuels have driven the wide use of
natural gas as an alternative fuel for use in internal combustion
engines (ICE) and power generation. Because the main constituent
of natural gas is methane, investigation of its combustion char-
acteristics is of great importance. Numerous studies on methane
flames have focused on understanding the fundamentals of com-
bustion in terms of ignition and extinction, propagation speed and
burning velocity, dynamic behavior or instabilities, and kinetic
mechanisms, among others. An important component of such stud-
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ies is the determination of laminar burning velocity, which is a
fundamental parameter of combustion that depends on the rate
of reactions occurring in the flame and the thermo-physical prop-
erties of the flammable mixture. Numerous studies have focused
on methane combustion in flames, resulting in a large body of
measured and computed burning velocities at ambient initial con-
ditions or under ICE operating conditions. Many of these data
were obtained from closed vessel experiments, using synchronous
records of the pressure and flame radius and applying suitable
corrections for flame stretch and curvature in the early stage of
combustion and for heat losses from the flame front in the late
stage of combustion. A great advantage of this method is the possi-
bility of obtaining burning velocities at pressures and temperatures
different from ambient conditions. Besides this, one can evaluate
the influence of pressure and temperature on the laminar burning
velocity from the data of a single experiment, since the transient
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burning velocities refer to variable temperature and pressure of the
unburnt gaseous mixture [1-6]. Improved values of laminar burn-
ing velocities for CH4-air mixtures corrected for flame stretch were
reported in recent studies using outwardly propagating spherical
laminar flames monitored by optical methods only a short time
after ignition, when the disturbances caused by the energy input at
ignition, the flame curvature, and the varying flame thicknesses
are small [2,7-21]. Other models used only p(t) measurements
over longer periods, i.e., from ignition up to the inflection point
p(t) records. The laminar burning velocities of CHg-air mixtures
were determined using models for either thin flames [3,4,22,23]
or thick flames [3,5,24,25]. Stationary flames anchored on burn-
ers were also used to determine the laminar burning velocity of
methane with air or air + inert additives using the heat flux method
[26-31]. Stagnation flames allowed determination of stretch-free
laminar flame speeds of CH4-air mixtures over extensive ranges of
stoichiometry, pressure, and flame temperature [32-34]. Another
recent method used data obtained in a preheated high-aspect-ratio
diverging channel [35]. All recent studies delivered a reference
value of (37 +1)cms~! for the stretch-corrected laminar burning
velocity of the stoichiometric CH4-air mixture at ambient initial
conditions. For measurements at pressures and/or temperatures
different from ambient conditions, a higher spread of laminar burn-
ing velocities exists despite the advanced corrections.

The wide use of natural gas as an alternative fuel has promoted
numerous studies on flame propagation in methane-air mixtures
diluted by inert gases because natural gas contains inert compo-
nents such as N, or CO, [8,13,15,19,22-24,27,30-32,36-41]. At the
same time, the use of inert gases as suppressants for methane-
air explosions explains the growing number of experimental and
computational studies on flame propagation and quenching. The
combustion of methane in the presence of inert gases (including
water (vapor)) was studied in connection to the EGR (exhaust gas
recirculation) technique, which was intended to lower combustion
instabilities and reduce NOx emissions and the rate of heat trans-
fer in engines [15,39]. At the same time, the need for adequate and
reliable safety recommendations have driven research on flame
propagation in methane-air mixtures diluted by inert gases. Taken
together, these reasons explain the growing interest in reliable
values of laminar burning velocities for CH4-air and CHg-air-inert
mixtures under various initial conditions. Recent review articles
have presented the state of this problem and outlined the need
to examine and improve the predictions from various chemical
modeling packages by comparing the experimental and computed
burning velocities [42,43].

The aim of this paper is to complete these studies with mea-
surements of the laminar burning velocities of methane-air and
methane-air diluted with He, Ar, N, and CO, determined from
pressure measurements in a spherical vessel with central ignition
in the early stage of flame propagation. For CH4-air, experiments
were conducted on mixtures with various initial pressures and
compositions at ambient temperature. For CH4-air-inert mixtures,
experiments were performed at ambient pressure and temperature
using CH4-air with various methane-air ratios and variable inert
gas contents. The laminar burning velocities obtained from exper-
iments are compared with the burning velocities from detailed
numerical modeling of 1D methane-air and methane-air-inert
flames based on the GRI mechanism (version 3.0) and propagated
under the same initial pressures and compositions. Using the corre-
lations of laminar burning velocity with pressure and average flame
temperature, the overall reaction orders of methane oxidation and
the overall activation energy for the propagation stage of the com-
bustion process were determined. They represent valuable input
data for CFD (Computational Fluid Dynamics) modeling of flame
propagation in various enclosures.

2. Experimental

Experiments were conducted in a spherical closed vessel
(V=0.52L) with central ignition via inductive-capacitive sparks
produced between stainless steel electrodes. A spark gap of con-
stant width (3.5 mm) was located in the geometrical center of the
spherical vessel.

The explosion was monitored using pressure measurements col-
lected with a piezoelectric transducer Kistler 601A connected to a
Charge Amplifier Kistler 5001SN coupled with an acquisition data
system TestLab™ Tektronix 2505. The flame front position was
determined using an ionization probe immersed at various depths
in the vessel. The data acquisition was conducted at 7000 signals/s.

A vacuum and gas-feed line (which was gastight at pressures
between 0.5 mbar and 5 bar) connected the explosion vessel with
the gas cylinders containing fuel, air and the inert gas, the metallic
cylinder for mixture storage and a vacuum pump. Before each test,
the combustion vessel was evacuated to 0.5 mbar, and the explo-
sive mixture was admitted and allowed to reach quiescence. Other
details were previously reported [44-46].

CHg-air mixtures were prepared in a 10 L storage cylinder using
the partial pressure method at a total pressure of 4 bar. CHg-air-
inert mixtures were prepared directly in the combustion vessel by
addition of the inert gas to any CH4-air mixture at the appropriate
partial pressures to reach the total initial pressure of 1 bar. Before
ignition, the flammable mixtures were allowed to mix and become
quiescent for 30 min. The average standard error observed in partial
pressure measurement was 1% for CH4 and 0.5% for inert gases.

Methane (99.99%), He (99.9999%), Ar (99.9999%), N3 (99.99%),
and CO; (99.99%) (SIAD Italy) were used without further purifica-
tion.

Measurements using CHg-air mixtures were collected at initial
pressures between 0.5 and 2.0 bar. Measurements using CHy-air-
inert mixtures were collected at ambient initial pressure using
inert concentrations within 0-40% (He, Ar, N,) and 0-30% (CO;)
(all concentrations are given in vol/vol%).

For each experimental condition, the test was repeated 3-5
times to verify data accuracy and repeatability. The average stan-
dard error observed in explosion pressures was 2%, in the cubic law
coefficients was 2.5% and was less than 3.5% in the corresponding
burning velocities.

3. Computing program

The adiabatic flame temperatures and adiabatic explosion pres-
sure of flammable mixtures were calculated using the COSILAB 0-D
program [47] with the assumption that the thermodynamic equi-
librium is reached within the flame. This program is based on a
general algorithm for computing the equilibrium composition of
products for fuel-oxidizer gaseous mixtures by determining the
minimum of the free enthalpy (isobaric combustion) or free energy
(isochoric combustion).

Kinetic modeling of one-dimensional, premixed laminar free
flames was performed with the COSILAB 1-D package (version
3.0.3) which uses preprocessors that accept molecular and ther-
modynamic data and reaction mechanisms compatible to the
international standard format put forward by Sandia National lab-
oratories. As solvers, the package uses a steady Newton solver
(usually 25 iterations, relative tolerance 10~5; absolute tolerance
10-8), an unsteady Newton solver (usually 15 iterations, rela-
tive tolerance 10~4; absolute tolerance 10-%) and an unsteady
Euler solver. For the adaptive grid parameters, we used GRAD =0.1,
CURV=0.2 and maximum ratio of adjacent cell size between 1.3
and 1.1.The modeling used GRI (Gas Research Institute) mechanism
version 3.0 [47]. This mechanism, in which 53 chemical species and
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325 elementary reactions are considered, was optimized for com-
bustion of natural gas in air. The computations were performed
for premixed 1D adiabatic laminar free flames of methane-air
at various initial compositions ([CH4]=6.0-12.0%) and pressures
(0.5-2bar) and for methane-air-inert mixtures at various initial
compositions ([CH4]=6.0-12.0%; [inert] = 5-30%) and ambient ini-
tial pressure.

4. Data evaluation

The laminar burning velocity was calculated from the cubic law
coefficient of pressure rise in the early stage of flame propagation in
a closed vessel k by assuming isothermal compression of unburned
gas ahead the flame front [44]:

1
Su=R- (=X 7 p0)2/3
v APmax Pmax
where R is the radius of the explosion vessel, Ap max is the
peak pressure rise of the explosion at the initial pressure pg, and
Pmax = APmax + Po- The measured values of p max and Ap max were
used as input values for Sy calculation.
The cubic law coefficient, given by equation:

Ap = k3 (2)

(1)

was determined for each experiment using a nonlinear regres-
sion method with a relationship of the form:

Ap=a+k-(t—c)? (3)

where a and c are corrections for pressure and time, respectively,
necessary for eliminating the signal shift of the pressure transducer
and the possible delay in signal triggering [44]. The cubic law coef-
ficient was obtained for each experiment over a restricted pressure
range of

Po <p <2po.

From Egs. (1)-(3), it can be observed that the method requires
only measurable properties and can be applied to mixtures of
unknown nature and composition.

5. Results and discussion
5.1. Methane-air

The laminar burning velocities of methane-air at various ini-
tial pressures and ambient initial temperature are plotted against
methane concentration in Fig. 1 along with the best-fit correlations
of data as 2nd order polynomials. The plot displays a broad peak
near the stoichiometric concentration ([CH4]=9.5%) for all exam-
ined pressures. The smoothed peak burning velocity at 1bar is
Su=39cms~1, which is well within the range of values reported
from the literature. The initial pressure increase results in the
decrease of laminar burning velocities for all examined mixtures.
Several data sets referring to lean and stoichiometric CH4-air mix-
tures are shown in Fig. 2.

A comparison between the laminar burning velocities of
methane-air at ambient initial conditions from the current mea-
surements and from the literature based on various experimental
techniquesis shown in Fig. 3. The data were fitted by 2nd order
polynomials, also plotted in Fig. 3. The current results are close
to the stretch-corrected burning velocities reported by Liao from
measurements on outwardly propagating flames [9] but are higher
compared with data reported by other authors using stationary
flames and heat flux measurements [28] or counterflow flames
[33]. The burning velocities of methane-air at ambient initial
conditions obtained from 2nd order polynomial fit of data from

¢
0.61 0.72 0.83 0.94 1.06 1.18 1.30

0L -

B0f
kR ;
1S ‘
\:20-‘—
@ : p0=1.0bar
® p,=15bar
10 A p =20bar
i L . - - i . - i
6 7 8 9 10 11 12
[CH,] %

Fig. 1. Laminar burning velocities of CHs-air at various initial pressures; experi-
mental data.
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Fig. 2. Pressure influence on laminar burning velocities of CH4-air; experimental
data.
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Fig. 3. Laminar burning velocities of CHs-air at ambient initial conditions; present
experimental data and reference values from literature: outwardly propagating
flames [9,25]; flat flames, heat flux technique [28]; counterflow flames [33].

various authors, together with other measured burning velocities
reported in literature are listed in Table 1. Even when the mea-
sured data were corrected for stretch in the incipient stage of the
propagation and for other disturbing effects, the laminar burning
velocities atambientinitial conditions are scattered within 34.0 and
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Table 1
Reference values of laminar burning velocities for stoichiometric CH4-air mixtures at To =298 K and pg =1 bar.
Measuring conditions Su/(cms1) Refs.
OPF (outwardly propagating spherical flames); 339 Hassan et al. [2]
synchronous measurements of p(t) and rp(t) 394 Liao et al. [9]
35.0 Rozenchan et al. [8]
34.6 Halter et al. [11,13,14], Galmiche et al. [15]
34.5 Liang et al. [19]
Spherical vessel, p(t) records; thin-flame model 41.0 Zhang et al. [23]
Spherical vessel, p(t) records; multi-zone flame model 35.0 Han et al. [39]
Heat flux measurement, stretch-corrected 37.0 van Maaren et al. [26]
burning velocities 36.6 Boschaart and de Goey [28]
359 Goswami et al. [29]
Counter-flow opposed twin-jet flames 35.0 Zhu et al. [32]
36.8 Vagelopoulos and Egolfopoulos [33]
Single jet flame (single jet-plate configuration) 35.7 Park et al. [34]

Table 2

Baric coefficients v of laminar burning velocities for CH4-air mixtures at 298 K.
[CH4] % 6.0 7.0 8.0 9.5 10.0 12.0
@7 0.61 0.72 0.83 1.00 1.06 1.30
-V 0.296 0.393 0.578 0.264 0.448 0.550

2 ¢ is the equivalence ratio defined as ¢ = ([CH4]/[02])/(ICH41/[021)stoich-

Table 3
Reference values of baric coefficient v for stoichiometric CH4-air mixtures at 298 K.

Pressure range (bar) -V Reference

1-8 0.30 Hill and Hung [48]
1-10 0.37 Guetal.[7]

0.75-70 0.44 Eliaetal. [37]

1-10 0.28 Dahoe and de Goey [3]
0.5-1.5 0.40 Liao et al. [9]

1-5 0.37 Han et al. [39]

1-5 0.38 Goswami et al. [29]
1-60 0.32° Huetal. [21]

2 The authors report a decrease of the baric coefficient with pressure increase
within 1-60 bar.

41.0cms~ 1. In recent discussions of discrepancies between these
values and the main error sources, Chen [20] and Egolfopoulos [43]
acknowledged that the uncertainty in laminar burning velocities
for methane-air measurements using spherical flames is approxi-
mately 5% for systems at ambient initial pressure and temperature
but might increase to 8-10% for mixtures at different initial con-
ditions. Based on this observation, the current measurements can
be used in further examination of the inert gas influence on the
laminar burning velocities of methane-air.

The pressure dependence of the laminar burning velocities for
methane-air was examined using a power law:

v

p
Po)
where S, ror is the laminar burning velocity at reference pressure
Pref» and v is the baric coefficient. In the current case, p.; was
1 bar. The baric coefficients of the laminar burning velocities deter-
mined by a non-linear regression analysis of S, .. versus p data
are given in Table 2. The negative values indicate a decrease of S,
when p increases. For the stoichiometric CH4-air mixture, we found
v=-0.264, which is close to the values reported by Dahoe at al.
[3] and Hill [48] from measurements performed using the spheri-
cal vessel technique over an extended pressure range, as given in
Table 3. The baric coefficients for lean and rich CH4-air mixtures
are lower compared with the stoichiometric mixture. No definite
trend is noted between the baric coefficient and the equivalence
ratio.

A comparison of the measured and predicted laminar burning
velocities can be useful in revealing the issues associated with these

Su= Su,ref( (4)
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Fig. 4. Pressure influence on laminar burning velocities of CH4—air; computed data.

results. The pressure influence on the laminar burning velocity pre-
dicted by modeling is shown in Table 4 and Fig. 4. A comparison
of the laminar burning velocities measured and predicted by the
GRI 3.0 mechanism is also given in Table 4. The computed burn-
ing velocities are systematically lower than the measured values,
but the variation trend is the same for both data sets, i.e., the peak
burning velocity appears at 10% (rich CH4-air mixture) at ambient
initial pressure and at 9.5% (stoichiometric CH4-air composition) at
po=2.0bar.

The influence of pressure on the laminar burning velocity can be
understood by examining the relationship derived in the thermal
theory of flame propagation [49]:

12

Su~( -Gy - exp(—Ea/RTf))

pies (5)
where M\ is the thermal conductivity, p - density and C, - spe-
cific heat of unburned gas; Cp is the initial fuel concentration, Ty
is the end temperature of the flame front, and n and E, are the
overall activation parameters (reaction order and activation energy,
respectively) of the oxidation reaction.

At constant fuel concentration, the pressure increase should
result in an increase in the density and a decrease in the laminar
burning velocity. The other properties, such as the thermal conduc-
tivity and specific heat, appear to be less influenced by pressure
[50]. The overall pressure effect on the laminar burning velocity
expressed by the baric coefficient v can be further used to deter-
mine the overall reaction order n. This analysis is presented in
Section 5.3.
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Table 4
Experimental and computed burning velocities of CHs-air at two pressures.
[CH4] % ¢ po=1.0bar Po=2.0bar
Suexp/(cms) Su,cac/(cms™") Suexpl(cms) Su,cac/(cms™")
6.0 0.609 13.4 13.0 109 5.5
7.0 0.719 233 22.1 17.7 145
8.0 0.830 35.2 29.8 23.6 21.0
9.0 0.944 - 35.9 - 26.2
9.5 1.002 374 374 31.2 27.8
10.0 1.061 41.0 384 30.1 30.6
11.0 1.180 - 35.2 - 25.0
12.0 1.302 25.0 24.6 17.1 154
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Fig. 5. Influence of inert gas addition on the laminar burning velocities of a lean
CH4-air mixture; experimental data.
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Fig. 6. CO; influence on computed burning velocities of lean- and stoichiometric
CHg4-air mixtures.

5.2. Methane-air-inert mixtures

The laminar burning velocities of methane-air-inert mixtures at
300K obtained from the experiments are plotted in Fig. 5, where
a comparison of the inert additive influence is shown. For all
methane-air mixtures, CO, has the greatest influence on burn-
ing velocity, followed by N5, Ar and He. A similar variation is
observed for the computed laminar burning velocities. Typical plots
are shown in Fig. 6 for CHg-air-CO, mixtures.

A comparison of experimental and computed data is shown
in Fig. 7, where the lines represent the computed burning veloc-
ities. The experimental burning velocities are scattered around the
computed burning velocities, but their variation with the inert gas

Fig. 7. Comparison between experimental and computed burning velocities of sto-
ichiometric CH4-air-inert mixtures.
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Fig. 8. Nitrogen influence on burning velocities for the stoichiometric CH4-air mix-
ture at ambient initial pressure and temperature.

concentration is consistent with the expected trend: inert gas addi-
tion determines the burning velocity decrease.

The influence of inert gas addition on the laminar burn-
ing velocity of methane-air mixtures was examined by many
authors using both experimental and computational methods
[13,15,19,22-24,27,30-32,36-41,51,52]. Plots of the current exper-
imental data compared with the reference burning velocities from
literature are shown in Figs. 8 and 9. Our data on Nj- and
CO,-diluted stoichiometric CH4-air mixtures are similar to those
reported by Halter et al. [13] and Hu [40] as stretch-corrected data
for outwardly propagating spherical flames. No direct comparison
could be made with the burning velocities of Ar-diluted CHy-air
mixtures reported by Zhang et al. [23] and with the burning veloc-



M. Mitu et al. / Journal of Hazardous Materials 321 (2017) 440-448 445

5 = Present data
| B Halter[13]

0L N b A

[CO,] %

Fig. 9. CO, influence on burning velocities for the stoichiometric CH4-air mixture
at ambient initial pressure and temperature.
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Fig. 10. Correlation between the laminar burning velocities and the adiabatic flame
temperatures for lean methane-air-inert mixtures.

ities of CO,-diluted CH4-air mixtures, reported by Qin et al. [52].
These datasets couldn’t be compared directly because the algo-
rithm for computing their composition was different. In the cited
papers [23,52] the inert concentration was expressed as% from the
initial amount of (CH4 +inert) whereas in our measurements the
inert concentration was expressed as% from the total gas amount
(CHg4 +inert +air).

The influence of inert additives on laminar burning velocity
was assigned mostly to their ability to change the thermal prop-
erties of flammable mixtures by changing the heat capacity and
consequently the flame temperature. Indeed, the laminar burning
velocities correlate well with the adiabatic flame temperatures, as
shown in Fig. 10 for certain representative mixtures. The effect of
dilution by inert gases on maximum flame temperature varies in
the order of CO, >N, = Ar >He. Additionally, inert addition deter-
mines the decrease in fuel content (resulting in the decrease of the
available amount of released heat and the reaction rate) and influ-
ences both the thermal diffusivity of the reacting mixture and the
oxidation reaction kinetics [49,50]. The differences in thermal dif-
fusivities are observed by examining CH4-air flames diluted by He
and Ar gases with the same heat capacity. Overall, Ar, with a higher
molecular weight than He, has a lower thermal diffusivity, resulting
in lower burning velocities for Ar-diluted mixtures compared with
He-diluted mixtures. In the case of CO, dilution, a specific influ-
ence exists based on its ability to dissociate and to dissipate heat
by radiation.
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Fig. 11. Variation of total peak mass fraction for radical species against inert gas
concentration; stoichiometric methane-air-inert mixtures.
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Fig. 12. Variation of laminar burning velocities versus the total peak mass fraction
for radical species; stoichiometric methane-air-inert mixtures.

A quantitative evaluation of the physical and chemical effects of
each additive has been recently reported [13,15,38,40] by consid-
ering the flame propagation of “real” and “false” additive molecules
(FHe, FAr, FN5, and FCO,) in modeling, i.e., molecules that have the
same thermal and transport characteristics as their correspond-
ing “real” molecules but do not participate in any reaction. For any
additive, e.g., CO,, the chemical effect of its addition is shown by the
difference between the results of CO, and FCO,. Halter [ 13] showed
that the burning velocities of CHg-air-FCO, are located between
those corresponding to dilution with N, and CO,, but the effect
of carbon dioxide dissociation is less important when the additive
amount is increased because the flame temperature is lower and
does not afford extensive dissociation.

The variation of laminar burning velocities determined by addi-
tion of inert gases to methane-air changes in parallel with the
decrease of the peak mass fraction of reactive radical species in
the front of these flames. Taking H, OH, O and HO, as representa-
tive species, the plots of Xx; (the sum of their peak mass fractions)
versus inert concentration given in Fig. 11 are similar to those in
Fig. 7, where the burning velocities were plotted against inert con-
centration. In Fig. 12, the burning velocities are shown as functions
of ¥x; for stoichiometric CHs-air-inert mixtures. Among the exam-
ined cases, CH4-air-He mixtures have the highest concentration of
reactive radical species and CH4-air-CO, mixtures have the lowest,
in accordance with their flame temperatures.
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Table 5
Sum of peak mass fractions for the most important radical species and volumetric rates of heat release at T=ct=1700K; stoichiometric CHs-air diluted with 10% inert gas.
Inert x;*104 —Rax (Maximum Su/(cms™1)
volumetric rate of heat
release)-1078/(Js~' m~3)
He 24.01 30.7 34.59
Ar 19.72 289 31.08
N, 22.01 23.6 28.35
CO, 27.43 6.46 19.14

0 2 4 6 8 10 12 14 16 18 20 2 24 26
[added inert] %

Fig. 13. Influence of inert gas concentration on the maximum rate of heat release;
stoichiometric methane-air-inert mixtures.

W (8% CH,-air)(9 = 0.83) + He

0 (8% CH,-air)(¢ = 0.83) +N,
® (9.5% CH, -air)(¢ =1.00) + He
O 9.5% CHA -air)(¢ =1.00) + N,

6 8 10 12 14 16 18 20 22 24 26
[added inert] %

P
0 2 4

Fig. 14. Inert gas influence on the maximum rate of heat release; lean- and stoi-
chiometric methane-air-inert mixtures.

Examining several methane-air-inert systems with constant
CH4 and inert concentrations and choosing the same flame temper-
ature across the reaction zone, the mixtures containing CO, show
the lowest rate of heat release and the lowest laminar burning
velocity but the highest mass fraction of radicals. A set of repre-
sentative data given in Table 5 confirms the combined influence of
carbon dioxide on flame propagation via a lower heat release rate
and extended dissociation in the flame front, resulting in lower lam-
inar burning velocities. Comparison of data referring to other inert
additives confirms the variation of laminar burning velocities given
in Fig. 12.

The influence of additive concentration on the maximum volu-
metric rates of heat release is shown in Fig. 13 for stoichiometric
CHy-air diluted by various amounts of inert gases. Similar data
referring to lean CHy-air-inert mixtures compared with the stoi-
chiometric CHy-air-inert mixtures are plotted in Fig. 14. The plots
are quite similar to those from Fig. 5 and 6 in which the dependence
of laminar burning velocities on inert concentration is shown.

(9.5% CH,-air)(¢ = 1.00) + inerts “ BN s e

d/ mm

Fig. 15. NO mass fraction in the flame front of stoichiometric methane-air mixtures
diluted by 10% inert gas.

3.0* (9.5% CH,-air)(¢ = 1.00) + inerts I U

25k
I —o—no inert

20 —@—5%CO, B T

—+—10 % CO, ﬁ)

-[70--15 % CO, =

Xo10°

1.0
0.5

0.0

Fig. 16. NO mass fraction in the flame front of stoichiometric methane-air mixtures
diluted by various CO, amounts.

The modeling of flame propagation also yields valuable informa-
tion on pollutant formation and concentration variation depending
on the operational variables. Inert gas addition results in the
decrease of NO concentration, as shown in Figs. 15 and 16 by the
concentration profiles of NO across flames of the stoichiometric
CHg-air-inert mixtures compared with those of the non-diluted
CHg-air mixture.

Among the studied additives, CO, determines the larger vari-
ation of [NO], as observed from Fig. 15. The increase of [CO,] in
mixtures with the same initial methane concentration results in the
decrease of [NO], as shown in Fig. 16. The decrease of [NO] in the
burned gas as a result of CO, addition to CH4-air mixtures has been
assigned primarily to temperature decrease determined by dilu-
tion, and this effect explains the beneficial influence of exhaust gas
recirculation on NOx decrease in emissions of automotive engines.
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Table 6

Overall reaction orders n of methane oxidation in CH4-air flames.
[CH4] % 6.0 7.0 8.0 9.5 10.0 12.0
[6) 0.61 0.72 0.83 1.00 1.06 1.30
n 1.41 1.21 0.84 1.47 1.10 0.90

- (n/2)*nY
~
o

o
©

o
o

u

InS -1/2InT

o
~

o
[N

0.58 0.60 0.62 0.64 0.66 0.68
1000°K/T,

Fig. 17. Variation of experimental burning velocities against average flame temper-
atures for stoichiometric CHs-air-inert mixtures.

5.3. Overall kinetic parameters of methane-oxygen reaction in
laminar flames

From the baric coefficients v of the methane-air burning veloc-
ities, the overall reaction orders n can be obtained using the
relationship [49,53]:

n =2w4+1) (6)

Representative values of the overall reaction orders are given in
Table 6 and range among values reported for methane-air mixtures
at ambient initial temperature, between 0.84 and 1.5 [8,21,32].
It must be noted that our data, which were obtained from lami-
nar burning velocities determined over a restricted pressure range
within 0.5 and 2.0 bar, produced constant baric coefficients and
overall reaction orders for the mentioned pressure range. In con-
trast, other authors (Egolfopoulos [32]; Rozenchan [8]; Goswami
[29]) found that overall reaction orders depended on the pressure
range in which the data were obtained.

According to Eq. (6), the laminar burning velocity is directly
influenced by the overall reaction rate in the flame front, and there-
fore, the good correlation of laminar burning velocities with flame
temperatures illustrated by the data in Fig. 10 can be used to eval-
uate the overall activation energy of the combustion process. The
overall activation energy of methane-oxygen reaction in the flame
front of methane-air-inert mixtures was calculated using a modi-
fied Arrhenius type equation [54] after assuming that the flame can
be modeled using a single-step process:

lnSu—%lan—glnYzwnst.— E‘L (7)
2RT;

where Yis the mole fraction of reactive components (fuel + oxidant)

in the mixture, n is the overall reaction order and TT: is the average
temperature within the flame front defined as [54]:

Tr = To+0.74 - (T — To) (8)

Fig. 17 displays plots of the left member of Eq. (7) versus
the reciprocal average flame temperature for the stoichiometric
methane-air mixture diluted with He, Ar, N and CO,. The acti-

Table 7

Overall activation energies E, of methane oxidation in inert-diluted CH4-air flames.
[CHalo% ¢ Ea/(k]/mol)

He Ar N, CO,

7.0 0.72 49+9 79+17 64+16 54+22
8.0 0.83 99+ 20 128+8 123+11 121+14
9.5 1.00 79+15 120+22 160+ 20 190+17
10.0 1.06 146 +62 160 +24 161+£16 1744+189

vation energies obtained from the slopes of linear correlations (7)
using the overall reaction orders n from Table 6 are given in Table 7
for mixtures with variable methane concentration.

The overall activation energies of the methane-oxygen reaction
in the presence of inert components range within the typical values
characteristic for fuel-oxidant-inert mixtures: E; =134 kJ/mol for
stoichiometric ethylene-air-Ar mixtures, 159 k]/mol for ethylene-
air-CO, and 97 kJ/mol for ethylene-air-N; [55]. For stoichiometric
propene-air-inert mixtures, we found that E; = 146 kJ/mol (dilu-
tion by Ar) and E, =207 kJ/mol (dilution by CO,) [56]. Among the
examined additives for the stoichiometric methane-, ethylene- and
propene-air mixtures, the highest activation energies were calcu-
lated for CO,-diluted fuel-air mixtures.

6. Conclusions

Flame propagation during deflagration of stoichiometric
methane-air mixtures diluted with various inerts (He, Ar, N, CO,)
in a spherical vessel with central ignition was monitored using
pressure measurements. The laminar burning velocities were cal-
culated from pressure-time records in the early stage of spherical
propagation.

The experimental laminar burning velocities are examined com-
pared with the computed burning velocities that were obtained
from a numerical modeling of 1D laminar flames using the GRI
version 3.0 mechanism. For all data, the diluent influence on
burning velocities is discussed. The burning velocities obtained
from detailed modeling of combustion using the program COSI-
LAB display underestimated values compared with both the current
measured velocities and other literature data. The fair agreement
between the experimental burning velocities and reference val-
ues from the literature confirms the possibility of using the actual
simple method for extracting the laminar burning velocities from
experimental measurements of transient pressure in the early stage
of explosion propagation.

A strong influence of the inert additives on the laminar burn-
ing velocity, maximum flame temperature, and concentration of
active radical species in the flame front was observed. Dilution
with increasing amounts of additives determines the decrease of
laminar burning velocity and maximum flame temperature for all
investigated compositions of the methane-air mixtures. Among
the studied additives, CO, is the most efficient, followed by N,
Ar and He. The results are attributed to the higher heat capacity
and heat dissipation rate of carbon dioxide compared with nitro-
gen, argon and helium. The dilution effect is also observed in the
overall activation energy of the stoichiometric CH4-air mixture,
i.e., 190 kJ/mol (CH4-air-CO3 ), 160 k]/mol (CH4-air-N5 ), 120 k]/mol
(CHg4-air-Ar) and 79kJ/mol (CHg4-air-He), relevant values of the
inert effect of carbon dioxide on flame propagation in methane-air
mixtures.
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