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A Numerical Investigation of Methane Air
Partially Premixed Flames at Elevated Pressures

Sibendu Som and Suresh K. Aggarwal*
Department of Mechanical and Industrial Engineering, University of Illinois
at Chicago, Chicago, IL, USA

Abstract: A numerical investigation of high pressure, counterflow methane-air
partially premixed flames (PPFs) is presented to characterize the effect of pressure
on flame structure. Four different mechanisms, namely GRI-2.11, GRI-3.0, the
San Diego, and the C, mechanisms have been examined. The mechanisms have
been validated by comparing the predicted laminar flame speeds with experi-
mental data. While there is excellent agreement between the measured and pre-
dicted laminar flame speeds based on these mechanisms, there are noticeable
discrepancies amongst the mechanisms for the prediction of high-pressure PPFs.
The GRI 3.0 mechanism is used to examine the detailed PPF structure at elevated
pressures. At low pressures, the PPF exhibits a typical double flame structure that
consists of rich premixed and nonpremixed reaction zones, and the separation dis-
tance between the reaction zones decreases with increasing pressure. However, for
pressure above 10atm, the separation distance becomes nearly independent of
pressure. In addition, a critical pressure is observed, above which the PPF struc-
ture exhibits anomalous behavior, characterized by the presence of endothermic
reactions and the production of CO in the region between the two reaction zones.
A rate of production analysis revealed that the anomalous behavior is attributable
to the following reactions: H+ H,O — OH + H,, CH,CO + M — CH,+
CO+M, and HCO+M — H+ CO + M. The critical pressure at which this
behavior is first observed increases with the increase in equivalence ratio and/or
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strain rate. Thermal radiation is found to have a negligible effect on the flame
structure for the range of conditions investigated.

Keywords: High pressure; Methane oxidation mechanisms; Partially premixed
flames

INTRODUCTION

In recent years, there has been significant interest in the study of partially
premixed flames (PPFs). Typically, PPFs are established by mixing less
than stoichiometric amount of air with a fuel stream, and supplying
additional air from another stream. For instance a PPF can be estab-
lished in a coflowing configuration, with the inner flow containing a
fuel-rich mixture and the outer flow containing air (Gore et al., 1996;
Azzoni et al., 1999; Shu et al., 1999; Bennett et al., 2000; Shu et al., 2000;
Choi et al., 2001). Similarly, one can establish a PPF in a counterflow
configuration using two opposing jets, one containing fuel-rich mixture
and other containing air (Tanoff et al., 1996; Blevins et al., 1999; Lockett
et al., 1999; Barlow et al., 2001; Xue et al., 2001; Xue and Aggarwal,
2002; Xue et al., 2002; Zhu et al., 2002). Partially premixed flames occur
in many practical systems, including gas turbine combustors, spark
ignition (Flynn et al., 1999) and diesel engines (Lee et al., 1997). Partial
premixing is an important process in lifted nonpremixed laminar and tur-
bulent flames (Rogg et al., 1986; Smooke et al., 1988). Irrespective of the
configuration or system, a PPF contains two or more reaction zones that
are synergistically coupled. For example, in a methane-air PPF contain-
ing two reaction zones, the fuel is consumed in the rich premixed zone
producing the “intermediate fuels,” such as CO and H,, which are then
transported to and consumed in the nonpremixed zone. The latter zone
in turn provides heat and radical species to the rich premixed zone. As
a result of these interactions, PPFs flames can exploit the advantages
of both nonpremixed and premixed flames with regards to safety and
flame stability, and also provide higher energy output with lower
emissions (Xue et al., 2001).

Combustion in many important applications, such as diesel engines
and gas turbine combustors, occurs at high pressures and involve PPFs.
However, most previous high-pressure studies have considered premixed
or non-premixed flames. Hassan et al., (1998) investigated the effect of
positive flame stretch on the burning velocities of methane-air spherical
laminar premixed flames for a pressure range of 0.5-4.0 atm. Gu et al.
(2000) determined the unstretched laminar burning velocity and
Markstein lengths for spherically expanding flames up to 10 atm. They
observed that as the pressure increases, the Markstein length for lean
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and stoichiometric methane/air flames changes its sign from positive to
negative. Kwon and Faeth (2001) showed that at fuel-lean conditions
increasing flame temperatures tend to reduce the flame sensitivity to
stretch, whereas increasing pressures tend to increase preferential-
diffusion instabilities.

Kwon et al. (2002) demonstrated that hydrodynamic instability is
greatly enhanced with increasing pressure; although the influence can
be moderated by the progressively important three-body termination
reactions as the pressure increases. Rozenchan et al. (2002) measured
the unstretched laminar burning velocity for methane/air-premixed
flames up to 20atm, and for methane/oxygen/helium flames up to
60 atm. Jomaas et al. (2004) determined the counterflow ignition tem-
peratures and laminar flame speeds of C,—C; hydrocarbons up to
7 atm. Thomsen et al. (1999) modeled the NO formation in premixed,
high-pressure methane flames and demonstrated that the GRI 2.11 mech-
anism is not suitable for quantitative predictions of NO concentrations.
Sohn et al. (2002) reported a numerical investigation for NO formation
for counterflow methane/diluted air flame at high pressure. Previous
investigations on high-pressure nonpremixed flames have focused on
the effect of pressure on their topology, structure (Park et al., 2001),
ignition (Papas et al., 1994), and emission characteristics (Takagi et al.,
1995).

Our literature review of previous investigations on high-pressure
flames is summarized in Table 1. As indicated in this table, most previous
studies have considered premixed flames, while some have considered
non-premixed flames. However, high-pressure PPFs have not been
investigated, except for one recent study dealing with H,-air PPF at high
pressure (Briones et al., 2004). Consequently, there are important gaps in
our basic understanding of this important class of flames.

OBJECTIVES

The major objective of the present study is to investigate the structure of
methane-air PPFs at high pressure. A PPF containing two reaction zones
in a counteflow configuration is considered so that the effect of pressure
on the flame topology, detailed chemical structure, and interactions
between the reaction zones can be examined in a comprehensive manner.
Another objective is to evaluate the existing detailed methane-air chem-
istry models using high pressures PPFs. Methane-air chemistry has been
extensively investigated in recent years, and several detailed reaction
mechanisms have been developed. These include GRI-3.0 mechanism
(Smith et al., 1999), which is the updated version of GRI-2.11 mechanism
(Bowman et al., 1995), the San Diego mechanism (2003), the Konnov
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mechanism (Konnov, 2000), the Leeds mechanism (2001) and the C,
mechanism (Peters et al., 1993).

In previous studies, various mechanisms have been evaluated using a
variety of systems, such as flow reactor, shock tube, stirred reactor, freely
propagating flames, and nonpremixed flames. However, the PPFs have
generally not been employed. Since a PPF possesses the characteristics
of both premixed and nonpremixed flames, and its structure depends
strongly on the transport of radical and intermediate species between
the various reaction zones (Azzoni et al., 1999), it is ideally suited for
validating a given reaction mechanism, as well as for identifying the
dominant reaction pathways in the mechanism. Moreover, since the
flame structure and interactions between the reaction zones can be modi-
fied by changing the equivalence ratio, flow velocity, and pressure, a reac-
tion mechanism can be validated for a wide range of conditions,
including limiting conditions, using high-pressure PPFs.

In the present study, we have examined the GRI 2.11, GRI 3.0, San
Diego and C, mechanisms for predicting the structure of methane-air
PPFs at elevated pressures. Since there have not been any experimental
studies concerning high-pressure methane-air PPFs, these mechanisms
are first examined for predicting the laminar flame speeds for
methane-air mixtures at different pressures. The GRI-2.11 mechanism
(Bowman et al., 1995) involves 277 elementary reactions and 49 species,
while the GRI-3.0 mechanism (Smith et al., 1999), involves 325 elemen-
tary reactions and 53 species. Rozenchan et al. (2002) have observed
good agreement with the measured laminar burning velocities of
methane air mixtures at elevated pressures using the GRI 3.0 mech-
anism. The GRI 3.0 mechanism without the NO, chemistry has 216
elementary reactions with 37 species. The San Diego mechanism (2003)
contains 173 reactions and 39 species, while the C, mechanism (Peter
et al., 1993) contains 81 elementary reactions and 24 species. The San
Diego mechanism has previously been validated by Li et al. (1999) for
counterflow methane-air PPFs at atmospheric pressure. The C, mech-
anism has been validated for both counterflow (Xue et al., 2002) and
coflow (Shu et al., 1998; Azzoni et al., 1999) methane-air PPFs at atmos-
pheric pressure.

The paper is organized as follow. First the numerical model is
described. The four mechanisms are then validated using measurements
for freely propagating laminar premixed flames at different pressures.
This is followed by the comparison of these mechanisms in predicting
the structures of PPFs at different pressures. The GRI 3.0 mechanism
is then used to characterize the effect of pressure on the detailed
structure of methane-air PPFs. The effect of pressure on the dominant
reaction pathways is also characterized. Finally the conclusions are
presented.



Downloaded By: [Aggarwal, Suresh K.] At: 23:23 19 May 2007

1090 S. Som and S. K. Aggarwal

NUMERICAL MODEL

The counterflow flame configuration employed in the present investi-
gation is shown schematically in Figure 1. It consists of two opposing jets
issuing from two coaxial nozzles that are placed one above the other.
A rich methane-air mixture flows from the lower nozzle and air from
the upper nozzle. The separation distance between the nozzles is
1.27cm. PPFs are established at different pressures by independently
varying the fuel stream equivalence ratio (¢) and the global strain rate.
The global strain rate (Vagelopoulos et al., 1994) is expressed as
as = (2[vo|/L)- {1+ |vrl\/P7/|vol\/P,} Where, L denotes the separation
distance between the two jets, v, the oxidizer jet inlet velocity, v, the fuel
jet inlet velocity, and p, and p, are the mixture densities in the fuel and
oxidizer streams, respectively. The inlet velocities of the fuel and oxidizer
streams are obtained by matching the momenta of the two streams for
given ¢ and a,. The effect of radiation is included by using an optically
thin radiation model. The Soret and Dufour effects are neglected.
Simulations of methane-air PPFs at a given ¢, a; and pressure (p) are
performed using the OPPDIF (Lutz et al., 1996) code in the CHEMKIN
package (Kee et al., 1996). The temperatures of the fuel and oxidizer
nozzles are set at 300 K. The grid independence of the results was
achieved by controlling the values of the GRAD and CURYV parameters,
using adaptive re-gridding in order to resolve the structures of both the

Non-premixed

reaction zone

Premixed reaction
zone
Jet containing fuel

and air mixture !

Figure 1. A schematic of the counterflow flame configuration used in the present
study.



Downloaded By: [Aggarwal, Suresh K.] At: 23:23 19 May 2007

Methane Air Partially Premixed Flames 1091

premixed and nonpremixed reaction zones. This required the number of
grid points to be 250 for the base case at 1 atm. At high pressures the
thickness of both the rich premixed and nonpremixed zones decreases,
and thus the number of grid points required to obtain a grid independent
solution also increases. A satisfactory resolution at the highest pressure
investigated required 550 grid points.

RESULTS AND DISCUSSION
Validation

Since measurements of high-pressure methane-air PPFs are yet to be
reported, it is difficult to select a reliable mechanism for the present inves-
tigation. However, laminar burning velocity data for premixed methane-
air mixtures at pressures up to 20 atm has been reported by Rozenchan
et al. (2002). These data are used to validate the four reaction mechan-
isms mentioned earlier. In Figure 2a we plot the measured and predicted
laminar burning velocities as function of pressure. The mixture tempera-
ture and equivalence ratio are 300 K and 1.0, respectively. The numerical
results obtained using these four mechanisms show excellent agreement
with measurements. For pressure up to 10atm, the unstretched laminar
flame speed (SY) decreases rapidly with increasing pressure, and there-
after exhibits a weak dependence on p. SY as a function of p can be
expressed as SU = p("/2)~1 (Egolfopoulos et al., 1990), where (n) is the
overall reaction order and computed from:

n:2+2(81n7(53)>

dIn(p)
40 2r
r (a) 3 (b)

35
Q 175 ] Rozenchan et al. (2002)
E aof 5 GRI 3.0 Mechanism
£ b
S o5k (¢}
K] F | | Rozenchan et al. (2002) c
g F GRI 3.0 Mechanism k]
o 20k —————— GRI 2.11 Mechanism K
£ I — — —— San Diego Mechanism ]
§ [ C, Mechanism &«
a 151 E
o I
H F ]
< r 2
E 1oF ° r
S F I
S 075F

5 N

L. P PRI IS RS R | RS NSRS NSNS RS |
0 10 20 30 40 50 0'50 10 20 30 40
Pressure (atm) Pressure (atm)

Figure 2. Variation of measured and predicted laminar burning velocity (a) and
overall reaction order (b) with pressure for various mechanisms for a methane air
premixed mixture at ¢ = 1.0.
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Figure 2b presents n as a function of pressure. Since the values of
n predicted by the four mechanisms were essentially the same for pressure
range of 1-40 atm, results are only shown for GRI 3.0 mechanism. For
these results, n < 2, and consequently, the unstretched laminar burning
velocity decreases with pressure (cf. Figure 2a). At higher pressures,
however, the laminar burning velocity becomes nearly independent of
pressure, and n asymptotically approaches a value of 2, as indicated in
Figure 2b. These results agree well with the measurements reported by
Rozenchan et al. (2002). An important observation from Figures 2a
and 2b is that all four mechanisms are able to reproduce the measured
laminar burning velocities as a function of pressure. Since, the C, mech-
anism is computationally more efficient, it may be used to predict the
laminar burning velocities at high pressure.

Effect of Radiation on the Structure of PPF

Barlow et al. (2001) observed that radiation plays an important role on
NO formation at low strain rates. Pogliani et al. (2001) reported a
numerical investigation of atmospheric methane-air nonpremixed flames
to examine the effects of radiation and dilution on flame extinction. The
extinction characteristics of weakly strained flames were found to be sig-
nificantly influenced by radiation. However, the effect of radiation was
found to be negligible at high strain rates due to small residence time.
In the present study, an optically thin radiation model is employed to
characterize the effect of thermal radiation on the PPF structure at differ-
ent pressures. Figure 3 presents temperature profiles for methane-air
PPFs computed with and without radiation at different pressures. The
GRI-3.0 mechanism is used for these simulations. Results indicate that
the effect of radiation on the computed flame structure is negligible.

Effect of Pressure on PPF Structure: Comparison
of Reaction Mechanisms

The grid independence was achieved by controlling the values of the
GRAD and CURYV parameters and using adaptive re-gridding in order
to resolve the structures of both the premixed and nonpremixed reaction
zones. The grid independence was ensured by increasing the number of
grid points to 1.5 times the original value, and comparing predictions
for the two grids. The results presented in this paper employed 250 grid
points at 1 atm, and 550 grid points at 20 atm.

In order to compare the four reaction mechanisms, we computed
the methane-air PPF for the base case, i.e., a, = 100s' and ¢ =14, at
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Figure 3. Temperature profiles for methane air PPFs established at ¢ = 1.4,
a, = 100s™, and different pressures, and computed with and without the radi-
ation model.

different pressures. Figure 4 presents temperature profiles computed
using the four mechanisms at different pressures. At p = 1 atm, the tem-
perature profiles exhibit a qualitatively similar flame structure for all four
mechanisms, except that the C, mechanism predicts a narrower flame
compared to the other three mechanisms. The flame structure is charac-
terized by the presence of two reaction zones, namely a rich premixed
zone on the fuel side and a nonpremixed zone on the air side. As
expected, the thickness of both reaction zones decreases with increasing
p (Halter et al., 2004). In addition, as p increases, the separation distance
between the two reaction zones decreases, which can be attributed to
the effect of p on laminar flame speed. The flame speed associated with
the rich premixed zone decreases with increasing p, and, consequently,
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Figure 4. Temperature profiles at different pressures for methane-air PPFs
established at ¢ = 1.4, a, = 100s™ and computed using GRI 3.0 mechanism
(a), GRI 2.11 mechanism (b), San Diego mechanism (c) and C, mechanism (d).

this zone moves downstream to a location where the axial flow velocity
matches the stretched laminar flame speed. However, as discussed later,
this trend continues only for pressures upto 10 atm.

Another important observation from Figure 4 is that the temperature
profiles for C, mechanism exhibit significant differences with those for
the other three mechanisms, and these differences become more pro-
nounced at higher pressures. For example, even at 1 atm, the temperature
profile for C, mechanism indicates a relatively narrower PPF compared
to those for other mechanisms. In addition, the C, mechanism yields a
nearly merged flame structure at 5atm whereas the other mechanisms
predict flames with two distinct reaction zones even at higher pressures.

The effect of pressure on the stretched flame speed and the location
of the rich premixed zone is shown more clearly in Figure 5, which pre-
sents the axial velocity profiles computed using the GRI-3.0 mechanism
at different pressures. It is seen that the stretched laminar flame speed,
which is defined by the minimum value of the flow velocity upstream
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Figure 5. Axial velocity profiles for methane-air PPFs discussed in the context of
Figure 4.

of the rich premixed zone, decreases rapidly (from 22 cm/s to 10 cm/s) as
pressure is increased from 1 to 10atm, and thereafter becomes nearly
independent of pressure. The stretched and unstretched laminar burning
velocities are related as (Markstein, 1964): S, = Sg — LK, where S,
denotes the stretched laminar burning velocity, L the Markstein length,
and K the flame stretch. In the limit of small stretch (Leis et al., 1969),
this equation is simplified to S, = SY(1 — Ma.,Ka,), where Ka,, denoted
the Karlovitz number representing the flame stretch and Ma,, the
Markstein number representing the sensitivity of laminar flame speed
to stretch. Thus, as the unstretched flame speed decreases with pressure,
the stretched flame speed would also decrease causing the premixed reac-
tion zone to move away from the fuel nozzle so as to balance the local
flow velocity. As indicated in Figure 5, the stretched laminar flame speed
decreases rapidly as p is increased from 1 to 10atm, but then becomes
nearly independent of pressure, which is consistent with the variation
of unstretched flame speed with p shown in Figure 2a. As a consequence,
the separation distance between the two reaction zones decreases rapidly
as p increases from 1 to 10 atm, but then becomes nearly independent of
pressure for p>10atm.

Figure 6 presents the heat release rate profiles predicted by the four
mechanisms at different pressures. The two peaks in the heat release rate
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Figure 6. Heat release rate profiles for methane-air PPFs established at ¢ = 1.4,
a; = 100s™, and computed using GRI 3.0, GRI 2.11, San Diego and C, mechan-
isms at I atm (a), 5atm (b), 15atm (c) and 20 atm.

profile locate the premixed and nonpremixed reaction zones. The values
of these peaks increase as p is increased. This is expected since the thick-
ness of both the reaction zones decreases, and the fuel and oxidizer flow
rates increase as p is increased. A more important observation from
Figure 6 pertains to the marked differences in the heat release rate pro-
files predicted by the GRI 3.0, GRI 2.11 and San Diego mechanisms,
although the corresponding temperature profiles appear to be similar.
The differences in the heat release rates are more significant in the rich
premixed zone compared to those in the nonpremixed zone, underlining
differences in the chemistry models for rich methane-air mixtures. The
San Diego mechanism predicts consistently higher heat release rate com-
pared to the other mechanisms. In addition at lower pressures (p = 1 and
Satm), the heat release rate profiles predicted by the GRI 2.11 and GRI
3.0 mechanisms are similar, while at higher pressures (p =15 and
20 atm), those predicted by the GRI 3.0 and San Diego mechanisms
become similar. These differences clearly highlight the need for further
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work on developing high-pressure methane-air chemistry models and
validating these models using PPFs.

PPF Structure at Elevated Pressures

Previous numerical and experimental investigations of PPFs at one
atmosphere have shown that in the region between the two reaction
zones, the temperature increases monotonically from the rich premixed
to the nonpremixed reaction zone. However, our results indicate that
the temperature variation in this region is monotonic at low pressure,
but becomes non-monotonic at high pressure. This is shown more clearly
in Figure 7, which presents a zoomed view of the region between the two
reaction zones at various pressures. As expected, the thickness of the rich
premixed zone decreases and its peak temperature increases with increas-
ing pressure. This is consistent with the results for the corresponding
premixed flame, shown in terms of the variation of the maximum

Premixed Flame, ®=1.35

2020 -

? -
o 21 P
g_ 2016 |- /, " ~
'qé ol ¥ //7\\\'
H AR
2200| 3 2w M\
2010 10 15 \ .
Pressure, atm
g =
o |
5 2100}
S
Q
n_ |
S | i
- | \|!
2000 |- _ W
| \|!
i \|!
| \\!
v " ‘|!
1900 | J“.‘l .

Distance from fuel nozzle (cm)

Figure 7. Zoomed view of the region between the two reaction zones for
methane-air PPFs discussed in the context of Fig. 4. The maximum temperature
for the corresponding premixed methane-air flames at ¢ = 1.35 as a function of
pressure is shown in the inset.
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temperature with pressure in the inset of Figure 7. A more important
observation from Figure 7 is that the temperature profiles between
the two reaction zones exhibit a monotonic variation at low pressure
(p<10atm), but a non-monotonic variation at high pressure
(p > 10atm). A detailed analysis indicated that this anomalous behavior
occurs at p> 11 atm, and involves the presence of endothermic reactions
that become important above this pressure.

In order to gain further insight into this anomalous behavior, we
present in Figures 8 and 9 the mole fraction profiles of several species
for PPFs discussed in the context of Fig. 4 and 7. For all the cases
depicted in Figure 8, methane is almost completely consumed in the rich
premixed zone, in accordance with previously published results for PPFs
at one atmosphere (Blevins et al., 1999; Xue et al., 2002). These profiles
also indicate that as the pressure increases, the rich premixed zone moves
downstream and its thickness decreases. A similar behavior is exhibited
by O, profiles in both the rich premixed and nonpremixed zones. About
80% of oxygen is consumed by the reaction (R38), H+ O, — OH + O in
the rich premixed zone, while 100% of oxygen is consumed by this reac-
tion in the nonpremixed zone. This is in accordance with the results
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Figure 8. Mole fraction profiles of CHy (a), O, (b), CO, (c) and H,O (d) at dif-
ferent pressures for flames discussed in the context of Figure 4.
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Figure 9. Mole fraction profiles of H (a), H, (b), CO (c) and OH (d) at different
pressures for flames discussed in the context of Figures 4 and 6.

reported by Gardiner (1984). The H,O profiles exhibit two distinct peaks,
corresponding to the two reaction zones. The H,O mole fraction
increases with increasing pressure, which is mainly due to reaction R84:
OH + H, — H + H,0, whose rate increases with pressure. However, in
the region between the two reaction zones, as the pressure is increased,
the direction of this reaction is reversed due to the low concentration
of OH radical in this region. Consequently, the H,O mole fraction
decreases in this region, and the effect becomes more pronounced at
higher pressures, as indicated in Figure 8c.

The CO, profiles are qualitatively similar to the temperature profiles
in that they exhibit two peaks corresponding to the two reaction zones,
and that there is consumption of CO, in the region between the two reac-
tion zones. Reactions involving CO and CO, are key reactions in hydro-
carbon combustion, since CO appears as the intermediate product of
hydrocarbon oxidation and is subsequently converted to CO,. There
are two reactions that cause CO oxidation, namely CO+ O+ M —
CO; + M and CO + OH — CO; + H. The first reaction is not important
as long as even small quantities of hydrogen-containing radicals are avail-
able. In hydrocarbon flames, typically 99.9% of CO oxidation occurs due
to the second reaction (Gardiner, 1984). The local CO, peak in the rich
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premixed zone decreases slightly with increasing pressure while it
increases with pressure in the nonpremixed zone. This is due to the
decrease in OH concentration in the premixed reaction zone at high
pressure. There is also a decrease in CO, mole fraction between the
two reactions zones, which provides another evidence of endothermicity
in this region. This also implies an increase in CO mole fraction in this
region, as discussed later.

Figure 9 presents mole fraction profiles of H, OH, H,, and CO at dif-
ferent pressures. Both H and OH profiles exhibit two peaks correspond-
ing to the two reaction zones. In addition, the peak mole fractions of both
radicals are higher in the nonpremixed zone compared to those in the rich
premixed zone. This is due to the domination of H,/O, chemistry in the
former zone. As the pressure is increased, the mole fractions of these rad-
ical species decrease, which is in accordance with previously published
results (Sohn et al., 2000). In addition, the H radical profiles indicate that
as the pressure is increased, the nonpremixed zone first moves toward the
rich premixed zone, and then moves away from it. The H, mole fraction
profiles indicate that H; is produced in the rich premixed zone, and then
transported to and consumed in the nonpremixed zone. As the pressure
increases, the peak H, mole fraction first decreases and then increases.
At low pressures, the dominant H, production reaction is H + CHy —
CHj; + H, (R53), while the dominant consumption reactions are
O+H; - H+OH (R3) and OH+H,; — H+ H,O (R84). As the
pressure increases, the rates of reactions R3 and R84 increase at a faster
rate than that of R53, and, consequently, the H, peak initially decreases
with pressure. However, at high pressures, other H abstraction
reactions, namely H + CH,O — HCO + H, (R58), H+ C,Hs —
C,H; + H, (R75) and H + C;Hg — C,Hs + H; (R78) become impor-
tant, and the H, peak then increases with pressure.

The CO profiles exhibit a typical PPF structure at low pressures, i.e.,
CO is produced in the rich premixed zone, and then transported to and
consumed in the nonpremixed zone. However, at high pressures
(p > 10atm), the CO profiles exhibit an anomalous behavior, character-
ized by the production of CO, in the region between the two reaction
zones. As a consequence, the CO profiles have two peaks at high pres-
sures, with the first peak occurring in the rich premixed zone and the
second peak between the two reaction zones. Since, for p > 10 atm, the
temperature profiles also indicate an anomalous behavior, characterized
by a decrease in temperature, in the same region (cf. Figure 7), the impli-
cation is that the anomalous behavior is associated with some endo-
thermic reactions that become important at high pressures, and
produce CO in this region. This is clearly illustrated in Figure 10, which
presents the temperature and CO mole fraction profiles for PPFs estab-
lished at 15 and 20atm. These profiles indicate a direct correlation
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Figure 10. Zoomed view of the flame structure between the reaction zones,
shown in terms of the temperature and CO mole fraction profiles, for PPFs
discussed in the context of Figure 4.

between the decrease in temperature and the increase in CO mole fraction
in the endothermic region downstream of the rich premixed zone. More-
over, as the pressure is increased, both the extent of endothermic region
and the degree of endothermicity increase.

A rate of production analysis (ROPA) (Turanyi, 2003) was performed
to identify reactions responsible for this anomalous behavior. The analysis
yielded the following two reactions responsible for the observed end-
othermicity; R84: OH + H; < H + H,0, and R140: CH,CO(+M) <
CH; + CO(+M). Figure 11 presents heat release rate profiles associated
with these two reactions as well as the net heat release rate profile for PPFs
established at 5 and 20atm. At p = 5atm, the net heat release rate profile
exhibits two peaks corresponding to the two reaction zones. The heat
release rate profiles for reactions R84 and R140 also exhibit two peaks
in the two reaction zones, except that R84 reaction is exothermic while
R140 is endothermic. These profiles also indicate that in the region
between the two reaction zones, the heat release rates are nearly zero,
implying insignificant chemical activity in this region; a zoomed view of
this region is presented in Figure 1lc. However, at p = 20 atm, the heat
release rates have non-negligible negative values in the region downstream
of the premixed zone, indicating endothermicity in this region; a zoomed
view of this region is shown in Figure 11d. This endothermicity is consist-
ent with the decrease in temperature and increase in CO mole fraction
discussed in the context of Figure 10.
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Figure 11. Profiles of net heat release rate and heat release rates by reactions
R84 and R140 at Satm (a) and 20 atm (b) for flames discussed in the context
of Figure 4. Zoomed views of the region between the two reaction zones at
Satm and 20 atm are shown in Figures 11(c) and 11(d), respectively.

It is also important to note that for reaction R140, the forward reac-
tion dominates and is endothermic at all pressures. However, for reaction
R84, the forward reaction is exothermic and dominates at low pressures
(p = 5atm), while at high pressures (p > 10 atm), the endothermic back-
ward reaction dominates between the reaction zones. Another evidence
for the reversal of this reaction at high pressures is provided by the fact
that at high pressures (p > 10atm), the mole fraction of H, increases (cf.
Figure 9), while that of H,O decreases in region between the reaction
zones (cf. Figure 8). Thus, the observed endothermicity at high pressures
is caused by reactions R84 and R140, and the magnitude of endothermi-
city increases with increasing pressure. Moreover, since reaction R140
produces CO, it also contributes to the observed increase in CO mole
fraction downstream of the rich premixed zone.

ROPA (Turanyi, 2003) was also used to identify reactions respon-
sible for the observed increase in CO concentration between the two
reaction zones. It yielded the following dominant reactions associated
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with the production and consumption of CO:

OH + CO < H + CO, (R99)
CH,CO + M < CH, + CO + M (R140)
HCO + H,0 « H + CO + H,0 (R166)
HCO+M & H+CO+M (R167)
HCO + 0, < HO, + CO (R168)
HCCO + 0, < OH + 2CO (R176)

Figure 12 presents the reaction rate profiles of these reactions and the net
CO production/consumption for PPFs established at 5 and 20 atm. For
both p = 5 and 20 atm, CO is mainly produced in the rich premixed zone
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Figure 12. Net CO production/consumption rate and CO production/
consumption rates by reactions R99, R140, R166, R167, R168 and R176 at
Satm (a) and 20atm (b) for flames discussed in the context of Figures 4 and
11. Zoomed views of the region between the two reaction zones at 5atm and
20 atm are shown in Figures 12(c) and 12(d), respectively.
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and consumed in the nonpremixed zone. The dominant CO production
reactions are R166, R167, R168, and R176, while the dominant CO con-
sumption reaction is R99. The reaction rate profiles also indicate that at
low pressures (p = Satm) there is consumption of CO in the region
downstream of the rich premixed zone. This is mainly due to reaction
R99, which is exothermic and consumes CO in this region. At high
pressures (p = 20atm), however, the reaction rate profiles indicate a
CO production region between the two reaction zones, which is shown
more clearly in Figure 12d. As indicated in Figure 12d, the dominant
CO production reactions in this region are R140, R166, and R167. As
noted earlier, reaction R140 is also associated with the observed
endothermicity in this region. Moreover reaction R99, which consumes
CO, becomes less significant in this region at high pressures (p = 20 atm)
due to the reduced OH concentration. This further contributes to the
observed endothermic behavior and increase in CO concentration in this
region at high pressures.

To summarize, our simulations of high-pressure methane-air PPFs
indicate that as the pressure is increased above a critical value of
11atm, the flame structure changes significantly. At low pressures
(p < 11 atm), the region between the two reaction zones is characterized
by transport processes with negligible chemical activity. However, at high
pressures (p > 11 atm), this region is characterized by significant chemi-
cal activity that involves endothermicity and production of CO. The
endothermicity reduces temperature in this region, and is mainly due to
reactions R140 and R84, with R84 occurring in the reverse direction,
while the production of CO in this region is caused by reactions R140,
R166, and R167. As the pressure is increased further, both the endother-
micity and production of CO become more significant and occur over a
larger region. This may be an important result since it implies that inter-
actions between the two reaction zones change markedly as the pressure
is increased above a critical value. It has also implications regarding the
effect of pressure on flame stability and emission characteristics of PPFs.

Pathway Analysis

The ROPA algorithm (Turanyi, 2003) was employed to characterize the
effect of pressure on the dominant reaction pathways for methane-air
PPFs. The flames were simulated using the GRI-3.0 mechanism for the
base case for p =1 and 20atm. There are two well-known pathways
for methane oxidation, namely the C; and C, paths (Dupont et al.,
1998; Li et al., 1999) In general, methane reacts with H, OH and O pro-
ducing the methyl radical (CH;), which then follows two major paths,
namely C; path and C, paths, leading to the formation of CO. CO
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Figure 13. Reaction pathways for methane-air PPFs established at ¢ = 1.4,
a;=100s" and p = latm (a) and 20atm (b) computed using GRI 3.0 mech-
anism. The effect of pressure on the dominant pathways is highlighted by dotted
boxes in Figure 13b.

formed is subsequently oxidized to CO, mainly through its reaction with
OH radical. The dominant pathways for PPFs established at 1 and
20 atm are shown in Figure 13. The numbers in the parenthesis represent
the percentage conversion of a reactant to product by a specific species.

In the C; path, the conversion of CHj3 to CO involves two major
routes. The first one involves the conversion of CH; to CH,O that forms
CHO, which is then converted to CO. CHj also reacts with HO, to form
CH;0, which then forms CH,O. The second route involves the conversion
of CHj3 to CH, and CH»(S), both of which produce CO directly as well as
through CH, as indicated in Figure 13. In the C, path, two CHj; radicals
combine to produce C,Hg, which forms C,Hs, which then leads to the for-
mation of C,H, through C,H4 and C,H;. C,H; is then oxidized to produce
(1) CH, that forms CH and then CO, and (2) HCCO that forms CO. The
CH radicals also react with N5 to form HCN, which leads to the formation
of prompt NO (not shown). The results for p = 1 atm shown in Figure 13a
are generally in good agreement with those reported by Li et al. (1999),
except that the conversion of CH, to CH is overpredicted in the present
study, which is based on the GRI 3.0 mechanism. This is in accord with
the investigations of Naha et al. (2004) and Ravikrishna et al. (2000),
who observed that GRI 3.0 overpredicts CH and thereby prompt NO
compared to that predicted by GRI 2.11.
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The comparison of the dominant reaction pathways at 1atm and
20 atm leads to the following observations:

1. As p increases, the C; path becomes relatively more important than
the C, path. For example, at 1 atm 68% of CHj; is consumed by C;
path and 32% by C, path, whereas at 20 atm, 72% of CHj is con-
sumed by C; path and 28% by C, path. This is mainly due to reaction
(R119) CH; + HO; — CH30 + OH, which becomes important at
high pressures, and is indicated by a dotted box in Figure 13b. The
increase in HO, concentration at high pressure is a well-known
feature of H,—O, chemistry (Briones et al., 2004).

2. At 1 atm, within the C; path, 31% of CHj is consumed by the CH,O
route, and 36% by the CH, route. At 20 atm, however, the CH,O
route becomes much more significant, consuming 70% of CH3, while
the CH, route becomes irrelevant. This is again due to reaction (R119)
HO, + CH3; — OH + CH30, and is consistent with the results
reported by Rozenchan et al. (2002).

3. At 20 atm new reaction pathways leading to the formation of CH,CO
from C,H, become important, as indicated by a dotted box in
Figure 13b. As discussed earlier, the conversion of CH,CO to CO
through reaction R140 is an important contributor to the observed
endothermicity and production of CO in the region between the reac-
tion zones.

4. The amount of CH, converted to CH is reduced from 56% to 5% as the
pressure is increased from 1 to 20 atm. This would significantly reduce
the amount of prompt NO produced at high pressures. Since the
maximum flame temperature does not vary appreciably with pressure,
the amount of thermal NO is not expected to change significantly.
Hence, the total NO is expected to decrease at elevated pressures.

Effects of Equivalence Ratio and Strain Rate on High-Pressure PPFs

Simulations were performed to characterize the effect of ¢ and ag on the
PPF structure at high pressure. Figure 14 presents temperature profiles
for PPFs established at ¢ = 1.7, a, = 100s ', and different pressures.
These profiles are qualitative similar to those for the base case (¢ = 1.4
and a, = 100s™"), except that the separation distance between the
reaction zones is reduced at higher ¢, since the rich premixed zone moves
closer to the nonpremixed zone. This is due to the fact that the flame
speed associated with the rich premixed decreases as ¢ is increased.
A more important observation from Figure 14 is that similar to the base
case, the temperature profiles for ¢) = 1.7 indicate a region of endother-
micity between the reaction zones. However, the critical pressure for
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Figure 14. Temperature profiles for methane-air PPFs established at ¢ = 1.7

and a; = 1005~ for different pressures.

endothermicity to appear increases from 1latm to 18atm, as ¢ is

increased from 1.4 to 1.7.

Figure 15 presents temperature profiles for PPFs established at ¢ = 1.4,
as=150s"', and different pressures. These profiles are qualitatively
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similar to those for ¢ = 1.4 and a; = 100s™', except that the separation
distance between the reaction zones is reduced for the higher strain rate
case. Since the fuel stream velocity increases as the strain rate is
increased, the premixed reaction zone is located further downstream
in order to achieve a balance between flame speed and local flow velo-
city. The temperature profiles again indicate a region of endothermicity
between the reaction zones at high pressures. However, the critical
pressure for endothermicity to appear increases from 1latm to
18 atm, as a; is increased from 100 to 150s™'. To summarize, the effect
of increasing ¢ and/or a; is to reduce the separation distance between
the reaction zones, and increase the critical pressure for endothermicity
to appear.

CONCLUSIONS

We have presented a numerical investigation of counterflow methane-air
partially premixed flames (PPFs) at high pressure. Four different
mechanisms, namely the GRI-2.11, the GRI-3.0, the San Diego, and
the C, mechanisms have been examined, and the effect of pressure on
the PPF structure has been characterized. Important observations are
as follows:

1. For the pressure range investigated (p = 1 to 20 atm), there is excellent
agreement between the measured and predicted flame speeds using the
four mechanisms. However, there are noticeable differences in the
PPF structures computed using these mechanisms at high pressures.
These differences are clearly highlighted by the comparison of heat
release rate profiles. Thus, a PPF represents a very effective crucible
for evaluating various reaction mechanisms at high pressure.

2. The GRI-3.0 mechanism has been used to characterize the effect of
pressure on the PPF structure. At low pressures, the PPF exhibits a
typical double flame structure that consists of rich premixed and non-
premixed reaction zones. As the pressure is increased, the separation
distance between the reaction zones initially decreases (for p < 10 atm)
and then becomes nearly constant at higher pressures. This is mainly
due to the effect of pressure on the flame speed associated with the
rich premixed zone.

3. At low pressures, the region between the reaction zones is character-
ized by transport processes with negligible chemical activity.
However, as the pressure exceeds a certain critical value, this region
is characterized by significant chemical activity that involves
endothermicity and production of CO. The endothermicity reduces
temperature in this region, and is caused by reactions R140:
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CH,CO (+M) < CH; + CO (+M) and R84 (occurring in the reverse
direction): OH + H; < H + H,0. The production of CO is caused by
reactions R140, R166: HCO + H,O < H + CO + H,O, and R167:
HCO+M < H+ CO+ M. The critical pressure at which the
endothermicity and production of CO are first observed increases as
¢ and/or ag are increased. Moreover, as the pressure is increased
above the critical value, both the endothermicity and production of
CO become more significant and occur over a larger region. This is
an important result and highlights the need for experimental investi-
gations of methane-air PPFs, and the validation/development of
high-pressure methane-air chemistry models using such flames. It also
has implications regarding the effect of pressure on the stability and
emission characteristics of PPFs, which are strongly influenced by
interactions between the two reaction zones.

4. The effect of pressure on the dominant reaction pathways has been
characterized. Results indicate that at high pressure, C; path becomes
more important compared to C, path, and within the C; path, the
consumption of CH; via CH3;0 route becomes much more significant
than that via CH, route. In addition, new reaction pathways leading
to the formation of CH,CO from C,H, become important at high
pressure. These effects can be attributed to the fact that and species
HO, and CH,OH become important at high pressure.

5. Thermal radiation is found to have a negligible effect on the computed
flame structure for the range of conditions investigated.
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