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pairs along the z-direction. The initial condition is a superposition of the velocity (u,w) field due to the 
z-row of vortex pairs, and the (T,p,Y,) fields in the y-direction from a 1D premixed flame solution based on 
the GRImechl.2 mechanism using Chemkin [11,12]. The Chemkin solution is relaxed on a 1D uniform grid 
prior to use in the 2D model. The vorticity field corresponding to each initial vortex is a 2nd-order Gaussian. 
The flame propagates towards the vortex pair, by burning into the reactants. Simultaneously, the vortex- 
pair propagates towards the flame, causing significant contortion of the flame contour. The resulting large 
transient tangential strain-rate at the flame segment on the vortex-pair centerline leads to initial steepening 
of some flame species and temperature fields, along with a gradual general reduction of reaction rates at 
this location. As we shall observe below however, the quantitative, as well as qualitative, transient flame 
response depends strongly on the equivalence ratio of the reactants mixture. 

Results 

Recall that two equivalence ratio cases are investigated here, case 1 at @ = 1.0-the stoichiometric case, 
and case 2 at @ = 1.2-the rich case. The two cases are otherwise similar except that the case 1 reactants 
mixture uses a specification for Air that does not include Argon, whereas case 2 includes Argon. This minor 
deviation has no significant effect on the transient flame dynamics in this flow. 

The overall flame dynamics are generally the same in both cases, involving flame contortion by the 
vortex pair leading to significant curvature and tangential strain-rate at the flame, along with the generation 
of a baroclinic vorticity dipole in the vicinity of each vortex. Moreover, both cases exhibit the shift of the 
reaction zone into the products observed with C1 kinetics [l], and the associated overall drop in reaction 
rates as the flame tends towards extinction. 

The detailed flame response however indicates significant quantitative and qualitative differences be- 
tween the two cases. These are highlighted in Figure l, where time traces of peak mole fractions of flame 
species, and of the heat release rate WT, on the vortex-pair centerline are shown. The data indicates that the 
OH and 0 mole fractions decay significantly faster in the rich case. On the other hand, the decay rate of H 
is only slightly faster. The response of hydrocarbon radicals varies widely, although the general observation 
is of faster decay rate at rich conditions. In particular, CH3 mole fraction exhibits a minor transient rise 
before proceeding to decay after 0.6 ms, for case 1, whereas its response in the rich flame shows monotonic 
decay. CH and HCO mole fractions exhibit monotonic decay in both cases, again with faster decay rate for 
the rich flame. It is also noteworthy that while the decay rate of HCO is faster than that of CH for case 1, 
they are more comparable for case 2. 

The mole fraction peak variations of C2 molecules are also shown in Figure 1. Note the large change 
in the dynamic response of C2H2 for the two cases. For @ = 1.0, C2H2 mole fraction rises by a factor of 
2.5 after 1 ms, whereas a gradual decay from the initial value is observed for % = 1.2. The response of 
C2H4 for @ = 1.0 shows minor variation in time, whereas a more significant monotonic drop is observed for 
@ = 1.2. C2Hs mole fraction decays monotonically for both cases, again with faster rate of decay in the 
rich flame. The rates of decay of the various C2 species are of course related. Consider for example the 
stoichiometric case. The relative abundance of OH (Fig. 1) supports production of CH3, whose resulting 
availability ensures production of of C2HG at the top of the C2 chain. The further progression down to C2H2 
is ensured by the availability of OH for the even-H species, and by relative instability of the odd-H species. 
The dearth of H does slow the progression down the chain, but evidently not with much significance, given 
the relative abundance of OH. Moreover, the dearth of 0 (Fig. 1) leads to reduced removal of C2H4 and 
C2H2, resulting in the transient accumulation of both, particularly in the significant increase in C2H2. 

The heat release rate peak value is observed to decay faster in the rich flame as well, as shown in Fig. 
1, confirming the trends observed with the species mole fractions. 

These results indicate clearly that this premixed methane-air flame, using the GRImechl.2 mechanism, 
responds faster to flow disturbances at rich versus stoichiometric conditions. In contrast, previous one- 
dimensional (1D) sinusoidally-perturbed opposed-jet premixed flame data [13] suggests faster response time 
from the stoichiometric flame. This observation in the 1D results was attributed to enhanced burning rate 
at + = 1.0 and the resulting thinner flame profiles, since the linear response of the flame was found to 
correspond analogously to  Stokes second problem such that the flame thickness affects the transport time 
for imposed perturbations in the free stream. The present flow involves a large non-linear perturbation to 
the flame structure, where the flame is not constrained between opposed jets. Therefore, direct comparison 



to the 1D results is difficult. On the other hand, the fact that the thicker rich flame (the rich flame is 
also thicker in the present results, based on the thermal flame thickness) responds faster than the thinner 
stoichiometric one, suggests an important role for flame chemistry, rather than diffusion, in determining the 
non-linear large-perturbation response of the flame. 
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Figure 1. Comparison between the transient response of the flame on the centerline for stoichiometric 
(a = 1.0) and rich (a = 1.2) conditions. All quantities are normalized with respect to  their value at t = 0. 

Consider next the response of CH and HCO as shown in Fig. 1. Recent Planar Laser Induced Fluo- 
rescence (PLIF) experimental evidence from a V-flame interaction with a vortex-pair at similar Nz-diluted 
stoichiometric mixture conditions [14,15] suggests that peak CH decays significantly faster than HCO on the 
vortex-pair centerline. The present results clearly exhibit the opposite trend. There are several modeling 
factors that can cause this disagreement, such as the choice of reaction set, the values of rate constants, and 
transport properties. More work is required to address this issue. 

Moreover, the same experiment indicates that at @ = 1.2, peak OH exhibits a large rise by nearly a 
factor of 3, simultaneous with the drop in CH, before proceeding to decay. This OH "burst" has not been 
observed in the present results, as can be seen in Figure 1. Again, more work is required here to identify the 
source of this burst and the reasons for its absence from the model. 

3 



? 

* 
Conclusions 

We presented results illustrating the effect of equivalence ratio on the transient response of an unconstrained 
2D premixed flame under large flow perturbations. Results indicate significant qualitative and quantitative 
changes in flame response depending on whether the flame is stoichiometric or rich. Particular C2 species 
exhibit significant transient accumulation at stoichiometric conditions, supported by the relative abundance 
of OH. This accumulation is not observed in the rich flame, where significant decay in OH is evident. 

Generally, we observe a faster response time in the rich flame, with faster decay of radical species mole 
fractions and overall heat release rate. Comparison to existing 1D flame data suggests a chemical rather 
than diffusional cause for this behaviour. Moreover, results in the rich case suggest that a plateau is reached 
after 0.6 ms (Fig. l ) ,  whereas the slower responding stoichiometric flame requires longer than the present 
1.0 ms of flow time to reach this new state. The implication is that this flame may not fully extinguish in 
either case, but rather survive in a low-reaction-rate state, at least until the high flow strain-rate relaxes. 

Discrepancies between some of the present observations and experimental data were observed. These 
necessitate further study to provide guidance as to the required modifications to the model to provide a 
more accurate dynamical flame response. These may include changes to reaction rate constants, changes in 
the existing set of species and reactions, improvements in transport property models, or all of the above 
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