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Ignitions, extinctions, and Hopf bifurcations in methane oxidation were studied as a 
function of pressure and inlet fuel composition. A continuous stirred-tank reactor was 
modeled with numerical bifurcation techniques, using the I77 reaction/31 species 
mechanism. Sensitivity and reaction pathway analyses were perjiormed at turning points 
to identify the most important reactions and reactive species. Then, simulations were 
compared with experimental data. Multiple ignitions and extinctions as well as oscilla- 
tions that are purely kinetically driuen were found. Ignition to a partially ignited state 
with considerable reactivity of methane indicates possible narrow operation windows 
with high selectivities to partial oxidation products. At 0. I atm, we found a selectivity of 
up to 80% to CO at 70% CH, conversion. The ignition to a fully ignited branch is 
associated with high selectivity to CO, and H,O. The C2 chemistry inhibits the ignition 
of methane to the partially ignited branch. The methane ignition temperature exhibits 
two branches with respect to pressure, with only the low-pressure branch being domi- 
nant. Reaction path analysis at ignition conditions shows that the preferred pathway of 
CH, oxidation is to form CO and CO, through CH,O and CH,(s) intermediates. 
However, at intermediate to high pressures, the recombination of CH, to C, H6 also 
becomes quite significant. 

introduction 
Since the introduction of fire in prehistoric times, oxida- 

tion processes have become indispensable to our lives: from 
residential heating and internal combustion engines in cars, 
to oxidation reactors that produce many chemicals essential 
to daily life. Although oxidation processes are currently ex- 
tensively implemented, these systems exhibit very complex 
nonlinear behavior that has not been well understood. Sim- 
ple one-step global reactions with fitted rate constants are 
often inadequate to fully describe the wide range of species 
concentrations and bifurcation behavior that result at differ- 
ent reactor conditions (Coffee et al., 1983; Dryer, 1991). 
However, with the recent advances in computing technology 
and experimental techniques, there has been significant 
progress in developing detailed reaction mechanisms for oxi- 
dation of various fuels, especially for simple molecules such 
as hydrogen and methane (Warnatz, 1984; Miller and Bow- 
man, 1989; Dagaut et al., 1991; Ranzi et al., 1994; Frenklach 
et al., 1995). 

Correspondence concerning this article should be addressed to D. G. Vlachos 

Methane is the primary hydrocarbon species in natural gas. 
It is cheap and burns cleanly, making it an attractive alterna- 
tive fuel for complete oxidation, and an important feedstock 
for partial oxidation to products such as synthesis gas (Hick- 
man and Schmidt, 1993), formaldehyde, and methanol. 
Methane combustion reactors exhibit ignitions, extinctions, 
and multiple steady states, so understanding these phenom- 
ena is essential in order to identify regions of instability and 
to ensure safe operation during startup and shutdown of re- 
actors. 

Over the years, these have been numerous ekperiments on 
methane oxidation, primarily in shock tubes to evaluate in- 
duction times for ignition (Seery and Bowman, 1970; Spadac- 
cini and Colkett, 1994), diffusion flames (Fotache et al., 19961, 
high-pressure partial-oxidation experiments to form methanol 
(Yarlagadda et al., 1988; Rytz and Baiker, 1991; Foulds et al., 
19931, and catalytic oxidation (Griffin and Pfefferle, 1990; 
Williams et al., 1991; Behrendt et al., 1996; Veser and 
Schmidt, 1996). A few of these experiments, however, have 
addressed stationary ignition conditions of methane (Griffin 
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and Pfefferle, 1990; Williams et al., 1991; Behrendt et al., 
1996; Fotache et al., 1996; Veser and Schmidt, 1996). On the 
other hand, theoretical studies on methane have focused on 
validating and improving proposed reaction mechanisms, pre- 
dicting induction times, flame structures, and flame speeds 
(Williams, 1985; Smooke, 1991). There have been relatively 
few computational studies to better understand the bifurca- 
tion behavior of methane (Song et al., 1991; Vlachos et al., 
1994). The work of Vlachos et al. first employed relatively 
detailed (46 reversible reactions) chemistry in stagnation flows 
to compute the bifurcation behavior of CH, (Vlachos et al., 
1994). There is obviously a need to study the interplay of 
transport with complex chemistry in flow reactors in order to 
enhance performance of partial oxidation reactors while 
avoiding explosions. 

A continuous stirred-tank reactor (CSTR) has been a pro- 
totype reactor for many years. In this reactor, the tempera- 
ture and the concentrations are spatially homogeneous. Thus, 
modeling of a CSTR provides a limiting case for ignitions 
and extinctions in the absence of spatial gradients in temper- 
ature and concentrations. Furthermore, when an isothermal 
CSTR is modeled (as happens here), one can isolate pure- 
chemistry-driven (chain-branching) instabilities (Kala- 
matianos and Vlachos, 1995). By adding the energy balance, 
the effect of thermal feedback from chemical reactions on 
bifurcation can then be analyzed. 

Kalamatianos and Vlachos have modeled and analyzed for 
the first time the stationary bifurcation behavior of hydro- 
gen/air mixtures in a CSTR (Kalamatianos and Vlachos, 
1995a, b). They found that for an isothermal CSTR, hydrogen 
exhibits a single ignition and extinction, and up to two Hopf 
bifurcations at high pressures. Our objective here is to extend 
the study of hydrogen/air oxidation to methane/air using de- 
tailed chemistry. One- and two-parameter continuation, sen- 
sitivity analysis, and reaction pathway analysis are performed 
to determine the effects of various parameters on the bifur- 
cation behavior of the reactor. 

Reactor Model and Detailed Chemistry 
We model the homogeneous reaction of CH, with air in an 

isothermal CSTR. The species mass conservation equations 
in a CSTR are (Kalamatianos and Vlachos, 1995a): 

d w .  1 1 
dt 7 P 

- (W,-FO)+-R,M, ,  i = l ,  ..., n ,  (1) - = _  

where Yi is the mass fraction of species i, Wlo is the mass 
fraction of species i at the inlet, Mi is the molecular weight 
of species i, Ri is the molar rate of production or consump- 
tion of species i ,  p is the mass density, T is the residence 
time, and n is the number of species. The rate of production 
or consumption of species i is given by 

m 

Ri= uljr j ,  (2) 
j =  1 

where m is the number of gas-phase reactions, vij is the stoi- 
chiometric coefficient of species i in the reaction j ,  and r, is 

the rate of the jth reaction. The reaction rate constant is 
computed by the modified Arrhenius expression 

k,  = A,TP~ exp ( - E,/RT), ( 3 )  

where k, is the forward reaction rate constant of reaction j ,  
A, is the preexponential, /.?, is the temperature exponent, El 
is the activation energy, T is the temperature, and R is the 
ideal-gas constant. The rate constants for reverse reactions 
are calculated from the rate constants of the forward reac- 
tions and their equilibrium constants. 

Due to the importance of CH,, several comprehensive 
mechanisms have been proposed (Miller and Bowman, 1989; 
Dagaut et al., 1991; Ranzi et al., 1994; Frenklach et al., 1995). 
Despite their complexity, some reaction steps are still under 
investigation. Here, the GRI-Mech 1.2 (Frenklach et al., 1995) 
is used to compute the gas-phase reaction rates. This reac- 
tion mechanism has been optimized for methane oxidation at 
lean-to-stoichiometric fuel mixtures, over a wide range of 
pressures and residence times, and represents one the most 
recent and comprehensive methane oxidation reaction mech- 
anisms. The GRI’s thermophysical data are used for equilib- 
rium constant calculations. Some comparisons with the 
Miller-Bowman mechanism (Miller and Bowman, 1989) and 
the C1 subset of the GRI-Mech 1.2 to the full GRI-Mech 1.2 
are also performed. 

At steady state, Eqs. 1 are written in vector notation as 

where A and p are two parameters of the system (called the 
primary and secondary bifurcation parameters), and u is the 
solution vector of mass fractions. The parameters that govern 
the state of the reactor include temperature, residence time, 
pressure, mixture composition, and heat effects, the latter 
depending on whether the reactor is isothermal or non- 
isothermal. The primary bifurcation parameter is chosen as 
the reactor temperature, while any parameter in Eqs. 1-3 
can be considered as a secondary bifurcation parameter. 
Equations 4 are solved numerically using an arc-length con- 
tinuation algorithm (Kalamatianos et al., 1997) and Newton’s 
method. 

After approximate ignition and extinction temperatures 
have been determined using the one-parameter continuation 
technique, a two-parameter continuation algorithm is used to 
determine the full range of bifurcation with respect to a sec- 
ondary bifurcation parameter such as pressure, residence 
time, and equivalence ratio. At a turning point, the Jacobian 
f,, of the system of Eqs. 4 is singular, and an eigenvalue of f,, 
is zero. In addition to Eqs. 4, the following equations 

f , ,V  = 0, 

VTV - 1 = 0 (5b) 

must be satisfied simultaneously, where v is the normalized 
eigenvector corresponding to the zero eigenvalue. So, for 
two-parameter continuation, the following extended system is 
solved 

F(U( p) ,  p )  = 0 (6) 
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where F =[f, fu, vTv-1lT and U ( p ) = [ u ,  A, vlT. Super- 
script T denotes transpose. Details of the numerical algo- 
rithms are given elsewhere (Kalamatianos et al., 1997). 

Effect of Reactor Temperature on Reactor Stability 
In order to examine the effects of isothermal reactor tem- 

perature on ignitions and extinctions, we carry out one- 
parameter continuation simulations with respect to reactor 
temperature. Figure la shows the mole fraction of CH, in 
the reactor as a function of reactor temperature, for 0.02 atm, 
1-ms residence time, and 9.5% inlet CH, in air. At low tem- 
peratures (below - 1,800 K), the mole fraction of CH, re- 
mains relatively unchanged with respect to temperature, and 
the system is on the extinguished branch. However, as the 
reactor temperature rises above 1,820 K, the outlet mole 
fraction of CH, decreases steadily. The branch between - 1,840 K and - 1,900 K is a partially ignited branch. At - 1,900 K, there is an ignition, characterized by a turning 
point. Further increase in temperature beyond the ignition 
point leads the system to a fully ignited branch, where most of 
the fuel is oxidized into CO, H,, H,O, and CO,. Likewise, at 
high temperatures (above the ignition temperature), the sys- 
tem is on the ignited branch. As the temperature of the reac- 
tor is decreased along the fully ignited branch, a sudden 
change in CH, composition occurs at the extinction point 
where the system jumps to the partially ignited branch. 

Although we term the turning points as ignition and extinc- 
tion (a first set of turning points), we note that for CH,, there 
is high reactivity prior to ignition and after extinction. This 
behavior is very different from the one of H,, which shows 
almost no reactivity before ignition, and exhibits a very cuspy 
ignition turning point (Kalamatianos and Vlachos, 1995a). 
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Figure 1. Mole fraction of CH, vs. temperature for reac- 
tor conditions of 10-3-s residence time, 9.5% 
inlet CH, in air, and four different pressures 
indicated. 
At low pressures, a single ignition and extinction exist (panel 
a). At a slightly higher pressure, a second pair of ignition 
and extinction emerges, indicating two ignited branches 
(panel b). At intermediate pressures, the second pair of igni- 
tion and extinction disappears, and a Hopf bifurcation point 
appears on the ignited branch (panel c). At a higher pres- 
sure, a third pair of ignition and extinction exists, and a sec- 
ond Hopf bifurcation point is found that has emerged from 
the first ignition turning point (panel d). Autocatalytic (iso- 
thermal) chemistry induces complex bifurcation behavior. 
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This high reactivity observed before ignition on the partially 
ignited branch suggests that even at low pressures such as 
0.02 atm, the ignition may be influenced by thermal feedback 
in the case of nonisothermal reactors. The role of thermal 
feedback will be addressed in detail elsewhere (Park and 
Vlachos, 1997). Also, we should stress that the pool of radi- 
cals on the fully ignited and partially ignited branches are 
quite different. As a result, selectivities before and after igni- 
tion are expected to differ considerably. 

Local stability analysis shows that the extinguished and ig- 
nited branches are stable steady states with respect to in- 
finitesimally small perturbations. Between the ignition and 
the extinction points, a region of unstable steady states exists 
(indicated by the dashed line). In this regime, hysteresis is 
observed, and the solution of the system is determined by the 
reactor history. The convention of solid lines indicating sta- 
ble branches and dashed lines indicating unstable branches is 
used throughout the rest of this article (except when clarity is 
necessary in complex figures). 

The reactor model (Eqs. 1-3) is isothermal, and no ther- 
mal feedback from reaction exothermicity is taken into ac- 
count. To the best of our knowledge, this is the first time that 
isothermal autocatalytic chemistry (chain-branching 1 for 
CHJair mixtures is unambiguously shown to induce reactor hys- 
teresis. 

Effect of Pressure on Reactor Stability 
Figure la  shows how temperature affects the CH, reactiv- 

ity in an isothermal reactor for fixed reactor pressure, resi- 
dence time, and inlet fuel composition. Next, we study the 
behavior of the system as a function of pressure. Panels b-d 
in Figure 1 show the effect of temperature on the reactor for 
various pressures. As the pressure of the system increases to 
0.025 atm (Figure lb), the first ignition and extinction are 
still present. However, at this pressure, a second pair of igni- 
tion and extinction also appears at a temperature of - 1,790 
K. This second ignition occurs at the relatively high mole 
fraction of CH, and shows little reactivity before the turning 
point. Local stability analysis shows that the intermediate 
branch between the second ignition and extinction is unsta- 
ble, whereas the intermediate branch between the second 
extinction and first ignition is stable (the partially ignit- 
ed branch). This second set of turning points disappears at 
-0.09 atm. The appearance of the second set of turning 
points better justifies our definition of a partially ignited 
branch we introduced earlier. 

Figure lc  shows the mole fraction of CH, vs. reactor tem- 
perature at a higher pressure of 0.2 atm. At this pressure, the 
first ignition and extinction still persist, whereas the second 
set of ignition and extinction has indeed disappeared. There 
is also a Hopf bifurcation point on the fully ignited branch at - 1,426 K. This point appears from the first extinction point 
at around 0.055 atm [a Tokens Bogdanov (TB) point], and 
moves away from the turning point as the pressure increases. 

A Hopf bifurcation point marks the beginning of an insta- 
bility characterized by oscillations. For example, for these 
particular conditions, a decrease in temperature along the ig- 
nited branch below the Hopf point could lead to interesting 
situations. When the limit cycle surrounding the ignited 
branch is stable, we would see sustained oscillations. Extinc- 
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tion would then be oscillatory (Kalamatianos and Vlachos, 
1995a,b). On the other hand, when the limit cycle is unstable, 
the system would jump to the extinguished branch. Extinc- 
tion would then be determined from the Hopf point. Such 
behavior for H,/air mixtures has been analyzed in detail by 
Kalamatianos and Vlachos (1995a). 

Finally, Figure Id shows the behavior of the system at a 
higher pressure of 1 atm. For these conditions, several inter- 
esting features are observed. First, a new set of turning points 
(third pair) has been formed at a lower temperature than the 
first set of turning points. The third set of turning points 
emerges at - 0.5 atm and disappears at - 1.05 atm. Second, 
there are two Hopf points. The second Hopf bifurcation point 
emerges at - 0.5 atm from the first ignition turning point, 
and shifts away from the turning point with increasing pres- 
sure. The first Hopf point is still found on the fully ignited 
branch, and continues to increase in temperature with in- 
creasing pressure. This is the first time that we observe a To- 
kens Bogdanov point emerging from an ignition, that is, oscilla- 
tions preceding ignition for a realistic chemistry system. Third, 
the whole region between the two Hopf bifurcation points is 
unstable and physically, the reactor should exhibit sustained 
oscillations. 
In order to confirm the existence of oscillations within the 

unstable regime, we can integrate Eqs. 1 with respect to time. 
An example is shown in Figure 2, which plots the mole frac- 
tions of CH, and CO, as a function of normalized time for 
the same conditions as in Figure Id and a reactor tempera- 
ture of 1,458 K. As expected, for both the fuel and an oxida- 

Time/Residence Time 
Figure 2. Mole fraction of CH, and CO, vs. normalized 

time for reactor conditions of 9.5% inlet CH,, 
10-3-s residence time, 1 atm, and reactor tem- 
perature of 1,458 K, corresponding to the ig- 
nited branch in Figure Id. 
Both CH, (panel a) and C 0 2  (panel b) show relf-sustained 
relaxation-type oscillations. 
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tion product, we see sustained oscillations that are periodic, 
with a period of about 10 residence times. The minimum CH, 
mole fraction corresponds almost to the maximum COz mole 
fraction. The reactor shows relaxation-type oscillations for 
these conditions, spending more time in the unreactive state 
than in the reactive one. The amplitude of the oscillations is 
quite large, indicating that thermal effects would influence 
the oscillatory behavior. 

Oscillations in hydrocarbon oxidation at low temperatures 
( - 300-400 K) are well documented; they are known as cool 
flames (Dryer, 1991). However, the oscillations found here for 
CH, oxidation at high temperatures have not been reported be- 
fore. Furthermore, results for different reaction mechanisms 
(discussed below) all exhibit Hopf bifurcation points on the 
fully ignited branches, indicating that oscillatory behavior for 
these conditions is a relatively robust feature of the reaction 
system. However, additional modeling and experiments are 
needed to further investigate the existence and the nature of 
these oscillations. 

The panels in Figure 1 are several one-parameter bifurca- 
tion "cuts" that show the effect of pressure on bifurcation. A 
more systematic method to determine the range of multiplic- 
ity with respect to a secondary bifurcation parameter (e.g., 
pressure) is to use a two-parameter continuation algorithm, 
described by Eqs. 6 (see also Kalamatianos et al., 1997). Fig- 
ure 3 is a two-parameter continuation plot, which shows the 
effect of pressure on ignition and extinction temperatures, 
for 9.5% inlet CH, in air. The ignition and extinction curves 
determine the regime of multiplicity, and merge at a higher 
and lower pressure, forming cusp points. Beyond the cusp 
points, there is reactivity, but no hysteresis. 

The main ignition and extinction curve (first pair) span the 
entire pressure range, whereas the second and third set of 
ignitions and extinctions exist at low and high pressures, re- 

1 1 '  " " " '  ' " " "  " " ' ' ' ;  '1 

3rd Ign., Ext. 

1400 1500 1600 1700 1800 1900 2000 
Temperature ( K )  

Figure 3. Two-parameter plot of pressure vs. ignition 
and extinction temperatures for reactor condi- 
tions of 9.5% inlet CH, in air and 10-3-s resi- 
dence time. 
The squares indicate the initial pressure where a Hopf bi- 
furcation emerges from a turning point fa Tokens Bogdanov 
point). An increase in pressure results in a decrease of igni- 
tion temperature. Three ignition-extinction loops are found. 
The main ignition exhibits two branches, with the second 
one being unstable. 
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spectively. The main ignition and extinction curves are de- 
picted with a solid line at low pressures and a dashed line at 
intermediate to high pressures. Solid lines show turning points 
that connect a stable with an unstable branch (in one-param- 
eter bifurcation diagrams such as the one shown in Figure l), 
whereas dashed lines mark turning points that connect two 
unstable branches. The transition from dashed to solid lines 
occurs at the Tokens Bogdanov points where Hopf bifurca- 
tion points emerge from turning points. At pressures where 
an overlap exists between two sets of ignition and extinction 
curves (e.g., 0.05 atm or 0.8 atm), five multiple steady-state 
solutions exist. 

Figure 3 shows that the main ignition temperatures exhibit 
two distinct branches. At low to moderate pressures, the igni- 
tion temperature decreases with increasing pressure (a first 
branch). At moderate pressures, the curve turns back on it- 
self, and ignition temperatures increase with increasing pres- 
sure (a second branch). The same general trend is also seen 
for the extinction temperature. The second branch indicates 
an inhibition of ignition at moderate pressures by termina- 
tion reactions that consume the radicals necessary to cause 
ignition. This turning-back behavior of the ignition curve is 
reminiscent of the H, case (Lewis and von Elbe, 1987; Kala- 
matianos and Vlachos, 1995a), where the depletion of H rad- 
icals through the reaction with 0, 

H+O,+M-+HO,+M (R33-R37) 

causes a strong inhibition effect at intermediate to high pres- 
sures. Even though this reaction is technically a propagation 
step, it competes with the chain-branching reaction 

H +O, + M  -+ O+OH+ M (R38) 

and often inhibits H, flames because HO, is an inactive rad- 
ical (Vlachos, 1995). This inhibition for H, is created by a 
third-order pressure dependence of the termination reaction 
as compared to a second-order pressure dependence of the 
main chain-branching mechanism. However, for CH,, this in- 
hibition (the second branch) continues only up to - 2 atm, 
and is unstable due to Hopf bifurcations. This suggests that 
unlike H,, CH, does not have strong radical termination re- 
actions that become dominant at high pressures. A sensitivity 
analysis discussed below confirms these ideas. 

Although we consider the first ignition as the main igni- 
tion, we see from Figure 1 that the first ignition occurs at 
higher temperatures than the second or the third ignition. At 
conditions of multiple ignitions, the second or third ignition 
leads the system from an extinguished branch to a partially 
ignited branch, and the main ignition leads the system from a 
partially ignited branch to the fully ignited branch. Figure 4 
shows the mole fraction of various species along the three 
ignition curves of Figure 3. Panel a shows that at the second 
or third ignition, the reactivity of CH, is relatively low, while 
at the first ignition, the reactivity of CH, is quite high, espe- 
cially at high pressures. We have suggested earlier that the 
selectivities before and after ignition may differ considerably 
because the concentrations of active oxidizers OH and 0 are 
usually low before ignition. Panel b indicates that before the 
ignition to the partially ignited branch (low pressures), CH,O 
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Figure 4. Various species mole fractions at ignition 

Pressure (atm) 

conditions corresponding to Figure 3. 
At second and third ignition conditions, there is only slight 
reactivity of CH,. However, at main ignition conditions, sig- 
nificant reactivity of CH, occurs, especially at high pres- 
sures. The selectivities to partial oxidation products are 
higher on the extinguished and partially ignited branches. 
For clarity, the convention of solid and dashed lines is not 
followed here. 

and CO are preferred over CO, by more than two orders of 
magnitude. On the partially ignited branch, CH,O oxidizes 
to CO due to higher concentrations of OH. As a result, CO 
is still preferred over CO,, but the selectivity to C H 2 0  is 
reduced. At pressures above - 0.4 atm where high reactivity 
of CH, occurs, CO, becomes the most favorable carbon- 
containing product. Panel c shows the concentrations of hy- 
drogen-containing products, namely H 2 0  and H,. Similar to 
carbon-containing species, we see that the concentrations of 
H 2 0  and H, are higher at main ignition conditions, than 
prior to it. For these conditions, formation of H,O is always 
preferred over H, for all pressures. These results indicate 
that the temperature range between the onset of the partially ig- 
nited branch and the main ignition determines a possible fauor- 
able window of operation for partial oxidation products with 
moderate reactivity of CH,. 

Effect of Inlet Fuel Concentration on Reactor Sta- 
bility 

Figure 5 shows the ignition and extinction temperatures as 
a function of the inlet mole fraction of CH, for two different 
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Figure 5. Two-parameter plot of ignition and extinction 
temperatures vs. inlet mole fraction of CH, for 
reactor conditions of 10-3-s residence time 
and two different pressures of 0.1 atm and 1 
atm. 
Up to two ignition-extinction loops have been found. At low 
pressures, a minimum in ignition temperatures with compo- 
sition occurs. At 1 atm, Hopf bifurcations appear at lower 
compositions as a pair before the turning points, causing the 
whole first ignition and extinction curves to be unstable at 
higher compositions. 

pressures indicated. In general, all ignition and extinction 
temperatures are higher for lower pressures, in agreement 
with Figure 3. Two sets of ignitions and extinctions exist for 
both pressures, with the first set of turning points at fuel-rich 
conditions. Both the first ignition and extinction curves ex- 
hibit a shallow minimum at intermediate inlet fuel composi- 
tions, and the range of multiplicity increases as the pressure 
decreases. At low pressures, Hopf bifurcations occur both on 
the first ignition and extinction from Tokens Bogdanov points. 
As the pressure increases, these Hopf bifurcations shift to 
lower inlet CH, mole fractions. At 1.0 atm, the Hopf bifurca- 
tions have shifted to fuel lean conditions, and they emerge as 
a pair (a different bifurcation scenario). As the inlet mole 
fraction of CH, increases, these two Hopf bifurcations en- 
velop the whole first ignition and extinction curves, causing 
them to be unstable. 

Compared to the first ignition and extinction, the second 
ignition and extinction curves are qualitatively more affected 
by pressure. For example, at low pressures, both the second 
ignition and extinction curves show a minimum at very fuel- 
lean conditions. However, at a higher pressure of 1.0 atm, 
the second ignition and extinction temperatures decrease 
monotonically with decreasing inlet mole fraction of CH,. 
Although pressure seems to have a strong effect on the quali- 
tative behavior of the second ignition and extinction curves, it 
only weakly influences its range of multiplicity. 

Figures 3 and 5 indicate that the multiple ignition/extinc- 
tion loops are disconnected, at least for these conditions. We 
should note that additional isolated branches of turning points 
may exist. Besides the automatic two-parameter continuation 
simulations, we have also carried out many one-parameter 
cuts to examine for other possible multiplicities. We believe 
that the results shown in Figures 3 and 5 are probably com- 
plete ignition/extinction bifurcation diagrams. 

After having presented the main features of bifurcation be- 
havior, we first present below comparison with experiments. 
Then, chemistry interactions are analyzed for the bifurcation 
behavior presented earlier. In the analysis below, we focus 
primarily on the main ignition curves (first ignition). 

Comparison with Experiments 
Similar to Figure 3, the effect of pressure on the ignition 

limit of methane has also been studied in old batch experi- 
ments: a low-pressure study (Vanpke and Fally, 1952) and a 
high-pressure study (Townend and Chamberlain, 1936). AI- 
though these were batch experiments, their results show that 
for mixtures near the stoichiometric point of methane in air 
or in oxygen, increasing the pressure decreases monotonically 
the ignition or explosion temperature, which agrees qualita- 
tively with our simulation results. Townend and Chamberlain’s 
data also show that for batch reactors, ignition can occur at 
high pressures of above 7 atm. We believe that this extended 
ignition range, as compared to our results, is due to the ther- 
mal feedback in the batch reactor via the high reactivity of 
CH, prior to ignition (Park and Vlachos, 1997). 

More recently, Law and coworkers have studied experi- 
mentally ignition of methane diffusion flames (Fotache et al., 
1996). Again, this is quite a different reactor from a CSTR, 
where flow, multicomponent diffusion, and thermal feedback 
are all quite important. However, despite these differences, 
their results show that for a variety of CH, compositions and 
different strain rates, ignition temperatures decrease mono- 
tonically with increasing pressure. Ignition also occurs for 
their whole experimental pressure range of N 0.3 atm to - 10 
atm. Recently, we have also obtained similar numerical re- 
sults in premixed CH,/O, flames near surfaces (Ziauddin et 
al., 1997). The experimental results agree qualitatively with 
our simulations here, and we believe that the differences be- 
tween the experiments and our CSTR simulations (extended 
ignition range and turning-back behavior at intermediate 
pressures) are due to thermal effects (Park and Vlachos, 
1997). Comparison of our CSTR simulations with experi- 
ments and simulations in very different reactor configura- 
tions indicates that the CH, chemistry is primarily responsible 
for the shape of the pressure- temperature ignition curve. 

Very few experiments have been carried out to character- 
ize ignition of CH, in a CSTR. Recently, Dagaut and 
coworkers have studied CSTR CH, oxidation at various resi- 
dence times, pressures, and inlet CH, compositions (Dagaut 
et al., 1991; Tan et al., 1994). They measured the composition 
of various species as a function of reactor temperature using 
gas chromatography. In Figure 6, one set of their experimen- 
tal results (1 atm, 0.1-s residence time, and 0.3% CH,/6% 
0, in N2) (Dagaut et al., 1991) is compared to our simula- 
tions. This particular set of data has been chosen because of 
the abrupt decrease in the CH, mole fraction as the temper- 
ature increases, indicating possible hysteresis that was not 
pursued further experimentally. 

The bottom x-axis is the experimental reactor tempera- 
ture, whereas the top x-axis is our simulated reactor temper- 
ature. Curves denote modeling and symbols denote experi- 
mental data for the various stable species. Figure 6 shows 
that our simulation predicts an ignition at around 1,025 K, 
whereas Dagaut’s data show high reactivity at around 1,120K. 
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Figure 6. Comparison of our simulation to experimental 
data of Dagaut and coworkers (Dagaut et al., 
1991). 
Conditions are 1 atm, 0.1-s residence time, and 0.3% 
CHd6% O2 in N,. Symbols indicate experimental data and 
lines indicate simulation. The top x-axis shows the simula- 
tion temperature and the bottom x-axis shows the experi- 
mental temperature. Although simulations underpredict re- 
activity by - 90 K, the mole-fraction profiles of various 
species vs. temperature are in good agreement. For clarity, 
the convention of solid and dashed lines is not followed here. 

This difference of -90 K between simulations and Da- 
gaut's experiments shown in Figure 6 represents about 10% 
relative error. Other comparisons at different reactor condi- 
tions (fuel lean and high pressures) show that the GRI-Mech 
1.2 consistently underpredicts reactivity by 90 K to 150 K. 
This disagreement might be partly due to limitations of the 
GRI-Mech 1.2, which has been tested at temperatures greater 
than - 1,000 K, and partly to experimental difficulties, such 
as measurement of species concentrations and keeping the 
reactor well mixed and isothermal. However, despite this 
difference in temperature, the simulations predict species 
concentrations reasonably well, such as the maximum in CO 
concentration, the gradual increase in CO, concentration, as 
well as the concentrations of the C2 species. Upon ignition, 
both the simulation and experiments show good selectivities 
to C2 hydrocarbons and CO, which oxidizes further to CO, 
as the reactor temperature increases. 

Comparison of Different Reaction Mechanisms 
Over the years, many reaction mechanisms for homoge- 

neous gas-phase methane combustion have been proposed, 
based on experiments and computational chemistry studies. 
We have chosen the 151 reaction/33 species Miller-Bowman 
mechanism (Miller and Bowman, 1989) to compare with the 
GRI-Mech 1.2 (Frenklach et al., 1995). Furthermore, to illus- 
trate the importance of the C2 chemistry, a comparison be- 
tween the full GRI chemistry and just the C1 chemistry of 
the GRI-Mech 1.2 mechanism was also considered. 

Figure 7 shows a one-parameter plot using the three reac- 
tion sets, for conditions of 9.5% inlet CH,, 1-ms residence 
time, and 0.3 atm. Compared to the GRI-Mech 1.2, the Miller- 
Bowman mechanism overpredicts ignition temperature by 
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Figure 7. Mole fraction of CH, vs. reactor temperature 

for three reaction sets: the GRI-Mech 1.2, the 
C1 subset of the GRI-Mech 1.2, and the 
Miller-Bowman mechanism. 
Conditions are 0.3 atm, lO-'-s residence time, and 9.5% 
CH, in air. All three mechanisms exhibit a Hopf bifurcation 
point on the fully ignited branch, indicating that oscillations 
are a relatively robust feature of the methane oxidation 
chemistry. The C 2  chemistry retards reactivity on the par- 
tially ignited branch. 

- 110 K (less than 10%). The shape of the unstable S-curve 
is also quite different. The Miller-Bowman mechanism pre- 
dicts little reactivity before ignition, and the difference 
between ignition and extinction temperatures (hysteresis re- 
gion) is large for these reactor conditions. In contrast, the full 
GRI-Mech 1.2 shows significant reactivity of CH, before ig- 
nition, and the difference between ignition and extinction 
temperatures (hysteresis region) is small. 

The C1 chemistry also shows differences when compared 
to the full GRI-Mech 1.2. It predicts two pairs of ignitions 
and extinctions, a cuspy ignition with little reactivity, fol- 
lowed by a large stable region of reactivity (a partially ignited 
branch) and another ignition. The actual difference between 
the main ignition temperatures is only about 20 K, and the 
shape of the C1 chemistry S-curve is reminiscent of the 
GRI-Mech 1.2 mechanism at low pressures (see Figure lb). 
Figure 7 indicates that the C2 chemistry may strongly retard 
ignition to the partially ignited branch. However, the unsta- 
ble branch near the main extinction and the extinction of the 
fully ignited branch are only weakly affected by the C2 chem- 
istry. Also, for all three reaction sets, Hopf bifurcation is pre- 
dicted on the ignited branch, causing the extinction point on 
the ignited branch to be unstable. Again, although experi- 
ments are necessary to prove the existence of high-tempera- 
ture oscillations, the prediction of Hopf bifurption points by 
all three reaction sets indicate that oscillatory behavior is 
possibly real. 

The main ignition and extinction curves for all three reac- 
tion sets are plotted as a function of pressure in Figure 8. 
The two-parameter bifurcation diagram shows that the 
Miller-Bowman mechanism predicts a much wider range of 
multiplicity compared to the GRI-Mech 1.2. In particular, 
multiplicity extends up to high pressures of -40 atm. We 
believe that the GRI-Mech 1.2 should give a better represen- 
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Two-parameter plot of pressure vs. main igni- 
tion and extinction temperatures for the three 
reaction sets: the GRI-Mech 1.2, the C1 sub- 
set, and the Miller-Bowman (MB) mechanism. 
Conditions are residence time and 9.5% CH4 in air. 
The regime of multiplicity in terms of temperature and pres- 
sure is wider for the Miller-Bowman mechanism. The ex- 
tinction temperature of the GRI-Mech 1.2 is slightly af- 
fected by the C2 chemistry. The insert shows the second and 
third ignition and extinction curves for the full GRI mecha- 
nism and the C1 subset. The C2 chemistry inhibits ignition 
at low reactivity. 

tation of real systems. However, experiments are needed to 
clarify this issue. 

Comparing the main ignition of the C1 chemistry to the 
full GRI mechanism, the C1 mechanism shows fairly good 
agreement with the GRI-Mech 1.2 at high pressures, but 
shows some deviations at intermediate and low pressures. 
Figure 8 indicates that the C2 chemistry slightly inhibits or 
slightly promotes the main ignition, depending on the pres- 
sure regime. Overall, however, the C2 chemistry does not 
much influence the main ignition (transition to a fully ignited 
branch) at high pressures. Extinction curves show very good 
agreement for almost the entire region of multiplicity, indi- 
cating that for any pressure, the first extinction pathways are 
only slightly influenced by the C2 chemistry. 

All three reaction sets exhibit Hopf bifurcations on the ex- 
tinction curve, starting from low (Miller-Bowman mecha- 
nism) and intermediate pressures (GRI mechanism), and 
continuing to high pressures. Only the C1 and GRI-Mech 1.2 
mechanisms show Hopf bifurcations on the ignition curves, 
starting at moderately high pressures and continuing to high 
pressures. The C1 chemistry exhibits multiple ignitions and 
extinctions, whereas the Miller-Bowman mechanism shows 
only a single set of turning points for the reactor conditions 
considered. The insert in Figure 8 shows the multiple igni- 
tions and extinctions (excluding the main pair) of the full 
GRI-Mech 1.2 and the C1 subset. Although the C2 chemistry 
does not have a significant influence on the main ignition and 
extinction, we see that it has a strong influence on the other 
pairs of ignition and extinction. Instead of two sets of ignition 
and extinction as shown for the GRI-Mech 1.2 chemistry, the 
C1 chemistry exhibits just one pair of secondary ignition and 
extinction curves that span a wide range of pressures. Also, 
at higher pressures ( - 1 atm), the second ignition tempera- 

2090 August 1997 

ture of the C1 chemistry is much lower than the third ignition 
temperature of the full GRI-Mech 1.2. This behavior indi- 
cates that the C2 chemistry has a strong inhibiting effect on 
ignition at low reactivities. This result is in agreement with Fig- 
ure 7, which shows that the C1 chemistry induces a second 
ignition at low reactivities, whereas the full GRI chemistry 
exhibits only the main ignition. 

It is generally believed that the difference of the C1 from 
the full GRI mechanism is most pronounced at fuel-rich con- 
ditions, because of the high concentration of fuel that can 
produce CH radicals leading to various C2 hydrocarbons. 
Figure 9 shows a two-parameter continuation diagram of ig- 
nition and extinction temperatures vs. the inlet mole fraction 
of CH, for the C l  and the full GRI-Mech 1.2. The insert in 
Figure 9 is a clearer close-up of just the first ignition and 
extinction curves. The insert shows that the first ignition and 
extinction temperatures are only weakly affected by the inlet 
fuel composition (largest difference of - 25 K). However, for 
the C1 chemistry, the range of multiplicity is extended to fuel 
richer conditions. On the other hand, the second ignition and 
extinction curves are strongly inhibited by the C2 chemistry, 
by up to - 200 K. The differences in qualitative behavior of 
the curves, as well as the differences in ignition and extinc- 
tion temperatures are quite large. Again, the results here are 
consistent with both Figures 7 and 8, where we see that the 
C2 chemistry inhibits ignition at low reactivities. In contrast 
to the general belief, Figure 9 also indicates that the C2 
chemistiy affects considerably the ignition (transition) onto the 
partially ignited branch, even atfuel lean conditions, due to CH, 
recombination leading to C2H, and C,H, (see reaction path 
analysis below). 

Sensitivity Analysis at Ignition 
The behavior of complex systems can often be better un- 

derstood by examining the response of the system after per- 
turbing one or more of its parameters. For a CSTR, such 
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temperature diagram shown in Figure 3. The normalized sen- 
sitivity coefficient (NSC) is defined as 

d In qg 
NSC = - x 100% 

d In p 
(7) 

Figure 10. 

parameters 

Sensitivity analysis of the GRI-Mech 1.2 
(along the main ignition curve) at three dif- 
ferent pressures indicated (cutoff threshold 
for NSC is - 2%). 
All reactions proceed in the direction as written. Reaction 
with * denotes a negative rate (reverse reaction). The 
chain-branching reaction H +  O 2  + M - OH + 0 + M is the 
primary promoting reaction. No strong inhibiting reactions 
cxist for CH, oxidation, leading to an overall monotonic 
dccrcasc in ignition temperature with increasing pressure 
(for most pressures shown in Figure 3). 

may be the reaction preexponentials, activation 
energies, inlet species concentrations, and mixing parame- 
ters. Here, we carried out sensitivity analysis (SA) along the 
main ignition curve, with respect to the reaction preexponen- 
tials, through a two-parameter continuation algorithm we in- 
troduced in detail elsewhere (Kalamatianos et al., 1997). 

Figures 10 and 11 show the results for the GRI-Mech 1.2 
and the C1 subset at three different pressures along the main 
ignition branches of the two-parameter pressure vs. ignition 

Figure 11. Sensitivity analysis of the C1 subset chem- 
istry (along the main ignition curve) at three 
different pressures indicated (cutoff thresh- 
old for NSC is - 2%). 
Most important reactions of the full mechanism are a sub- 
set of the important C1 chemistry, with all reactions show- 
ing the same trend in inhibiting or promoting. 
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where p denotes the sensitivity analysis parameter. Accord- 
ing to Eq. 7, a negative NSC means that the particular reac- 
tion promotes ignition. Likewise, a positive NSC denotes 
inhibition of ignition. Sensitivity analysis was carried out for 
all reactions, but only the reactions that had a significant in- 
fluence on ignition temperatures are plotted in Figures 10 
and 11. 

For the GRI-Mech 1.2 (Figure lo), there are about ten 
reactions that strongly influence ignition. At low pressures, 
reactions seem to influence more strongly the ignition tem- 
perature. For all pressures, the most important reaction in 
promoting ignition is R38, the attack of molecular oxygen by 
radical H to form the radicals OH and 0. This is a chain- 
branching reaction and is the only reaction that also strongly 
promotes the ignition temperature of H, flames for most 
conditions. Note that because CH, ignition temperatures are 
higher than those of H,, the termination reaction R33-R37 
is not as important as for H,. Calculations show that the ra- 
tio of the rate of chain branching (R38) to the rate of termi- 
nation (R33-R37) is always greater than 10 even for the low- 
est ignition temperatures that we have found for our condi- 
tions. The primary inhibition at low pressures is caused by 
R53, the reaction of H with CH, to form relatively unreac- 
tive H, and CH, 

H+CH, -+ H, +CH,. (R53) 

The decomposition of HCO through third-body collisions to 
CO and H (R166, R167) is a propagation reaction that forms 
the very reactive H radicals and promotes ignition. The com- 
peting reactions R160 and R168 deplete HCO (which could 
have been converted to H) to form stable molecules or rela- 
tively inert radicals. As a result, R160 and R168 inhibit igni- 
tion. The reaction of 0 with CH, to form OH and CH, (R11) 
is a chain-branching reaction forming OH, a primary species 
in the decomposition of CH,. Thus, reaction R11 promotes 
ignition, especially at low pressures. R119, which also forms 
the active OH radical from relatively inert radicals, also pro- 
motes ignition. 

The reaction of 0 with CH, to form H and CH,O (R10) 
inhibits ignition at low pressures, because it reduces the num- 
ber of radicals. The only important reaction that involves a 
C2 species is R159, the recombination of two CH, radicals to 
form H and C,H,, which is significant only at low pressures. 
The SA suggests that the C2 chemistry route is not very im- 
portant in influencing ignition temperatures to the fully ig- 
nited branch (the main ignition) at these conditions. This is 
in agreement with the results shown in Figures 7-9. The CH, 
formed is primarily consumed to CH,O and CH,(s). The path 
to CH,O happens via 0, a net termination reaction (R10). 
The consumption reactions of CH,, R119, and R159, are rel- 
atively minor consumption paths as compared to the major 
path of R10. 
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At low pressures, when the C1 subset is used, ignition is 
sensitive to more reactions compared to the GRI-Mech 1.2. 
However, the set of important reactions contains all of the 
important reactions of GRI-Mech 1.2 (except R159). All of 
these reactions still show the same trends, that is, reactions 
that inhibit ignition for the GRI-Mech 1.2 also inhibit igni- 
tion for the C1 subset, and so forth. In particular, at low 
pressures, R155, the oxidation of CH, by 0, to form 0 and 
CH,O strongly promotes ignition, and R145, the oxidation of 
CH,(s) by 0, to form H,O and CO strongly inhibits ignition. 
However, at higher pressures, the reaction sets that influence 
ignition are almost identical for the C1 chemistry and GRI- 
Mech 1.2, indicating that we expect some deviations in igni- 
tion temperature at low pressures, but good agreement at 
higher pressures. This conclusion is consistent with the 
two-parameter pressure vs. ignition temperature diagram of 
Figure 8. 

In contrast to both the C1 and the full GRI-Mech 1.2 
mechanism, ignition in the Miller-Bowman mechanism is in- 
fluenced only by a small number of reactions (sensitivity anal- 
ysis not shown). R133, the attack of 0, by H to form 0 and 
OH (R38 in GRI-Mech 1.2), is again important in promoting 
ignition, but is not the only dominant one. The thermal de- 
composition of C,H, through third-body collisions to form H 
and C,H, (R75), and the oxidation of CH, with 0, to form 
CH,O and 0 (R9) also considerably promote ignition. Only 
two reactions inhibit ignition: the reaction of CH, and H to 
form CH, and H, (R4) is again one of the dominant inhibit- 
ing reactions, as well as the net termination reaction of CH, 
with 0 to form CH,O and H (R10). Similar to the GRI-Mech 
1.2 and its C1 subset, all these reactions in the Miller-Bow- 
man mechanism have a stronger influence at lower pressures. 

In H,/air mixtures, the termination reaction H + 0, + M 
+ HO, + M (R33-R37) has a third-order dependence on 
pressure that leads to strong inhibition of ignition at high 
pressures (Kalamatianos and Vlachos, 1995a; Vlachos, 1995). 
Consequently, a second branch forms over a wide pressure 
range where the ignition temperature increases as the pres- 
sure increases. In comparison to hydrogen, CH,/air mixtures 
do not have termination reactions that are strongly influ- 
enced by pressure. According to the SA results in Figure 10, 
only R168 becomes more important at higher pressures, but 
is still only second-order pressure dependent. This termina- 
tion reaction inhibits ignition just enough to cause a slight 
turning back of the ignition at higher pressures, but this phe- 
nomenon is very minor in comparison to hydrogen. To vali- 
date this hypothesis, we have omitted reaction R168 from the 
full mechanism and repeated the simulation shown in Figure 
3. As expected, results show that the ignition temperature 
decreases monotonically with increasing pressure, with no 
turning-back behavior at higher pressures. 

Reaction Pathway Analysis at Ignition 
Sensitivity analysis has identified the reactions that affect 

ignition temperatures. However, to delineate further the bi- 
furcation behavior, it is important to understand the primary 
reaction pathways through which important species are con- 
sumed and produced. We have already identified that radi- 
cals such as CH,, HCO, H, OH, and 0 strongly influence 
ignition. Reaction pathway analysis (RPA) can give insight 
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Figure 12. Reaction pathway diagram for two different 
pressures of 0.03 atm and 1 atm along the 
main ignition curve for the GRI-Mech 1.2. 
Solid lines indicate dominant paths at all pressures, short 
dashes the dominant path at high pressure, and long dashes 
the dominant path at  low pressures. The thickness of the 
lines indicates the importance of the consumption path of 
the species from where the arrow originates. Species over 
the lines denote reactants and bold type denotes species in 
the major pathways of destruction. 

into how these radicals interact with other species, and what 
primary mechanisms create or destroy such radicals. RPA can 
be performed at any reactor conditions. Here, RPA was per- 
formed at different pressures along the main ignition curve 
of the GRI-Mech 1.2. In particular, by taking the solution 
vector of mass fraction (from a two-parameter continuation 
simulation) at a particular point such as an ignition, we can 
compute the relative contributions of all reactions to the for- 
mation and consumption of any species (Kalamatianos et al., 
1997). The results for two different pressures are summarized 
in a reaction path diagram in Figure 12. 

The results show that at low pressures (e.g., 0.03 atrn), CH, 
reacts mainly with radical H and OH to form CH,. About 
10% of the CH, is consumed to form C,H,, which follows 
the C2 chemistry path as depicted in Figure 12. The majority 
of CH, reacts with 0 to form CH,O, and with OH to form 
CH@. CHzO reacts with H and OH to form HCO, whereas 
CH ,(s) reforms to CH, through third-body collisions, which 
then oxidizes into HCO. HCO reacts with oxygen and ther- 
mally decomposes by third-body collisions to form CO, which 
can further oxidize to CO,. So at low pressures, CH,O, CH,, 
and HCO are important intermediates of methane oxidation, 
and the C2 chemistry path is not very important for the tran- 
sition to the fully ignited branch. 

At high pressures, we see the same general trends with one 
main difference: at high pressures the route to C2 Chemistry 
is primarily through the recombination of two CH, radicals 
to form C,H,, and about 25% of the total CH, consumption 
is through this pathway. So although the C1 pathway is still 
dominant at high pressures (e.g., 1 atrn), the formation of 
C2H, becomes significant as well. RPA analysis at interme- 
diate pressures of around 0.4 atm indicates that the pathway 
to C,H, from CH, becomes quite important, accounting for 
more than a third of the consumption of CH,. 
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Interplay of Instabilities and Selectivities 
In addition to predicting the range of multiplicity for dif- 

ferent bifurcation parameters, we have also examined the ef- 
fect of reactor conditions on selectivity. Partial oxidation 
products of methane, such as carbon monoxide, hydrogen, 
and methanol, are important reactants for the chemical in- 
dustry, and identifying potential operating windows for their 
formation is an important task. 

Figures 1 and 4 show that under certain conditions, there 
is significant reactivity of CH, before ignition to the fully ig- 
nited branch. Since the concentrations of oxidative radicals 
before ignition are low, one can expect that partial oxidation 
products could be preferred as also shown in Figure 4. The 
RPA at ignition shown in Figure 12 indicates that the pre- 
ferred route of CH, oxidation is through CH, to form CO 
via the C H 2 0  and the CH2(s) pathways, implying that CH,O 
and CO should be the major products in CH, oxidation for 
the conditions considered. Also, C2 hydrocarbons (e.g., 
C2H6) form at different conditions. 

Figures 13 and 14 show the selectivity of various species 
and the conversion of CH, as a function of reactor tempera- 
ture for two different reactor conditions. For carbon-contain- 
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Figure 13. Selectivity of various major species as a 

function of reactor temperature for 15% inlet 
CH, in air, 10 atm, and 10-3-s residence time. 
The CH, line indicates conversion of CH,. High selectivi- 
ties to CH,O and C,H, are found before the onset of 
reactivity. Good selectivity to CO is found near the adia- 
batic temperature. For clarity, the convention of solid and 
dashed lines is not followed here. 
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Figure 14. Selectivity of various species as a function 
of reactor temperature for 9.5% inlet CH, in 
air, 0.1 atm, and 10-3-s residence time. 
The unstable region indicates the temperature range en- 
veloped by an ignition and extinction. Best selectivities to 
CO and H, are observed on the unstable branch. Quench- 
ing is necessary to obtain high selectivities to these prod- 
ucts. For clarity, the convention of solid and dashed lines 
is not followed here. 

ing species, selectivity is defined as the percentage of product 
that is formed from the total mass of carbon reacted from 
CH,. For H, and H,O, the same convention is used, using 
the total mass of hydrogen reacted from CH,. Likewise, con- 
version of CH, is defined as the total mass of CH, reacted 
relative to the inlet. 

The conversion of CH, and selectivity of various species 
shown in Figure 13 is for a reactor operating at 10 atm, 10-3-s 
residence time, and 15% methane in air. Below - 1,200 K, 
the conversion of CH, is low, and the dominant carbon prod- 
ucts are CH,O and C,H,. This is consistent with our RPA, 
since CH,O is a preferred intermediate species in CH, 
oxidation, and at high pressures, the recombination of CH, 
radicals to C2H6 is the preferred path toward the C2 chem- 
istry. Above 1,300 K, significant conversion of CH, is seen, 
and the selectivity to CO increases rapidly to a maximum of - 60% at - 1,600 K. Since H, oxidizes faster than CO, the 
selectivity to H 2 0  is higher ( - 75%) at this temperature. In- 
creasing the reactor temperature above - 1,600 K increases 
CH, conversion, but the selectivities of CO, CO,, H,, and 
H,O remain relatively constant. The adiabatic operation 
temperature of - 1,716 K is also shown in Figure 13. For 
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these conditions, the best selectivities to CO and H, (without 
reactor heating) occur around or slightly below the adiabatic 
temperature. 

When the reactor conditions are changed to a low pressure 
(0.1 atm) and to the stoichiometric mixture for complete oxi- 
dation (9S% CH, in air) as shown in Figure 14, the system 
behaves quite differently. The temperature necessary for CH, 
reactivity is now quite high, above - 1,500 K. Below this tem- 
perature, CH,O is the primary carbon species, while the se- 
lectivity to C,H, is lower. Again, this is consistent with the 
RPA in Figure 12. There is an unstable region between the 
ignition and extinction points of - 1,580 K and - 1,490 K, 
respectively. The interesting feature within this unstable re- 
gion is that there is a maximum selectivity to CO and H, of - 80% and 20%, respectively, with conversion of CH, greater 
than - 70%. We have observed such behavior of high selec- 
tivities within the multiplicity regime for many conditions. 
This behavior indicates that the study of ignition and extinction 
may be important not only for safety concerns but also for selec- 
tivity aspects in chemical synthesis. At the adiabatic operating 
temperature of - 1,720 K, formation of CO, and H,O is 
favored over CO and H,. This result indicates that at low 
pressures, reactor quenching is necessary to get good selectiv- 
ities to CO and H,. 

The results in Figures 13 and 14 show two sets of quite 
different reactor conditions, where high selectivity to CO at 
high CH, conversion can be achieved. Although we did not 
search for optimal reactor conditions with best selectivities 
and conversion, other simulations were performed (not 
shown) to determine trends regarding selectivity. For exam- 
ple, for stoichiometric mixtures, increasing pressure increases 
selectivities to H,O, CO,, CH,O, and C2 species, while de- 
creasing selectivities to CO and H,. The inlet composition of 
CH, has a large influence on selectivities. At 9.5% CH, in 
air, high selectivities to CO and H, are seen only at low pres- 
sures (not technologically interesting) on an unstable branch, 
such as the one shown in Figure 14. At fuel-rich mixtures, 
high selectivities to CO and H, are seen over a wide range of 
pressure, but reactor heating is often needed because mix- 
tures may be outside the flammability regime. Selectivities to 
H, and C2H, are the most sensitive to inlet CH, concentra- 
tion, increasing with increasing CH, concentration. At condi- 
tions where the system can operate adiabatically, the best 
selectivities to CO and H, are seen below the adiabatic 
operation temperature, indicating that for gas-phase partial 
oxidation of CH,, reactor quenching improves selectivities. 

Conclusions 
Using the GRI-Mech 1.2, the bifurcation behavior of ho- 

mogeneous combustion of CH, in air has been simulated for 
the first time in a CSTR. Comparison with experiments shows 
that the GRI-Mech 1.2 gives qualitative agreement with data 
in other reactors, and semiquantitative agreement with data 
in a CSTR. Results show multiple ignitions, extinctions, and 
oscillations for various pressures and inlet CH, compositions, 
and up to five multiple steady states. Up to two Hopf bifurca- 
tions have been found. A Hopf bifurcation that emerges from 
an ignition point has been observed for the first time for real- 
istic chemistry systems, implying oscillations prior to ignition. 
These instabilities stem purely from isothermal chemistry, 
which involves autocatalytic chain-branching steps. 
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Comparison with the Miller-Bowman mechanism shows 
that the GRI-Mech 1.2 predicts a smaller range of bifurca- 
tion with respect to pressure, and predicts lower ignition and 
higher extinction temperatures. Analysis of the C1 subset of 
the full mechanism shows that the C2 chemistry is not very 
important for the main ignition (transition to the fully ignited 
branch) and extinction for the conditions studied. However, 
the C2 chemistry inhibits considerably the transition to a par- 
tially ignited state, both as a function of pressure and inlet 
fuel composition. Sensitivity analysis at ignition shows that 
the primary promoting reaction for ignition is the radical 
chain-branching reaction, R38, which forms 0 and OH radi- 
cals. Inhibition occurs primarily through the depletion of H 
and 0 radicals by reactions R53 and R10 and loss of HCO to 
inert species (reactions R168 and R160). However, unlike hy- 
drogen/air mixtures, there is no inhibition reaction that is 
strongly influenced by pressure. Only R168 becomes slightly 
dominant at higher pressures, producing a turning-back ef- 
fect of the pressure-ignition curve diagram. Reaction path- 
way analysis shows that the primary route of CH, oxidation 
is the decomposition to CH, followed by the CH,(s) and 
CH,O pathways to CO. At intermediate to high pressures, 
recombination of CH, to C,H, becomes a significant path- 
way to the C2 chemistry. 

High selectivity to CH,O and C2H, is found at low CH, 
conversions and high pressures. On the other hand, high con- 
version of CH, to CO and H, occurs at low pressures (not 
technologically interesting) or fuel-rich mixtures. When mul- 
tiple ignitions exist, the ignition to a partial ignited branch 
often indicates the onset of conditions where best selectivi- 
ties to partial oxidation products can be achieved. In particu- 
lar, the temperature window for chemical synthesis is near or 
between the second or third ignition (transition to partially 
ignited state) and the first ignition (transition to the fully ig- 
nited state), but is relatively narrow. High selectivities to CO 
and H, may occur within unstable branches between ignition 
and extinction, and upon ignition, reactor quenching may be 
essential to obtain good selectivity. This result also indicates 
that the study of the bifurcation behavior of such systems is 
necessary not only for safety aspects, but also to better un- 
derstand the mechanisms that control formation of partial 
oxidation products. 
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