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Abstract 

The interaction of a premixed stoichiometric methane-air flame with a two-dimensional 
counter-rotating vortex pair is studied under stoichiometric and rich conditions using a de- 
tailed ClCz chemical mechanism. The focus is on the effect of equivalence ratio on flame 
response to  unsteady strain-rate and curvature. Flame structure and transient response are 
studied, both at  curved cusps and on the vortex-pair centerline. The rich flame is found 
to exhibit faster response to flow disturbances. Results suggest this is due to  the increased 
sensitivity of the flame to H concentration at rich conditions. Significant differences are 
observed in the unsteady behaviour of some C2 species, where substantial transient accumu- 
lation is observed at  stoichiometric conditions, but not at rich conditions. Transient response 
of flame observables, such as CH, OH, and HCO, is studied arid compared to experimental 
data. 
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Introduction 

The dynamical response of flames in turbulent reacting flow involves complex interactions 

between unsteady flow structures and flame chemistry. Two essential features of such inter- 

actions are the unsteady strain-rate and curvature disturbances to the reaction zone. In this 

work, we focus on a single flow length/time scale feature in two dimensions (2D), and its 

effect on a premixed flame for a range of mixture conditions. We study the interaction of a 

premixed freely propagating methane-air flame with a 2D counter-rotating vortex pair. 

There have been both experimental [1,2,3,4,5] and numerical [6,7,8,9,10] studies of these 

flows. However, much of the existing numerical data is concerned with single-step kinetics, 

flow dynamics, and thermal effects, rather than flame chemical response. Exceptions include 

one-dimensional (1D) studies of opposed-jet flames [11,12] with sinusoidal perturbations, as 

well as 2D turbulence studies [13]. These and other relevant studies will be considered below 

in the evaluation of the present results. 

In earlier work [9,10], we studied the flame/vortex-pair interaction using C1 kinetics at 

stoichiometric conditions. As the vortex pair penetrates into the flame, the reaction zone 

is observed to shift into the products, leading to the depletion of H, 0 and OH, and the 

consequent general drop in reaction rates. On the other hand, focusing or defocusing of 

the diffusive fluxes of H and its precursors in curved flame regions were found to have a 

significant effect on local flame structure and burning rate. These results were extended to 

more detailed kinetics, using other C1 and C2 mechanisms [14], which investigated the effect 

of choice of the chemical mechanism on the transient flame response. 

The present work investigates the dependence of flame response on equivalence ratio, CP. 

Flame interaction with the vortex-pair is computed using C1-C2 kinetics for two cases: one 

stoichiometric at CP = 1.0, and the other rich at CP = 1.2. The transient response of selected 

radicals and species on key hydrocarbon reaction pathways is studied and compared to 

experimental data. We find that the rich flame has a faster chemical response to flow 

disturbances. This is in contrast to earlier 1D flame studies [ll], where slower response was 

observed in the thicker rich flame, and was attributed to diffusional transport, rather than 

chemistry. Present results suggest that the faster chemical response in the rich flame is due 

to  the increased relative influence of H on flame chemistry at rich conditions. 
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Model Formulation 

The governing equations are presented in their non-dimensional form in 2D. The assump- 

tions of zero bulk viscosity [15], negligible body forces) and low Mach number [16] give the 

conservative continuity and momentum equations: 

dP - + v - (pv) = 0 
at 

where p is the density, v = (u, v) is the velocity vector, p is the pressure, Re is the Reynolds 

number, and @x)@y are the viscous stress terms. 

We assume a detailed chemical reaction mechanism involving N species and M elemen- 

tary reactions. The energy equation is developed allowing for variable transport properties) 

and a constant stagnation pressure p, ,  i.e. an open domain. We neglect Soret and Dufour 

effects [17] and radiant heat transfer, and assume a perfect gas mixture, with individual 

species molecular weights, specific heats, and enthalpies of formation) using Fickian binary 

mass diffusion. The low-Mach-number energy equation is: 

WT + DU- 1 V * ( X V T )  1 Z - V T  +-- dT - = -v. VT + - 
at RePr pcp ReSc cp PCP 

(4) 

where T is the temperature) X is the thermal conductivity, WT = - Czl  hiwi is the chemical 

heat release source term, hi is enthalpy, wi is the production rate of species i, cp is the 

mixture specific heat at constant pressure, Pr, Sc, and Da are the Prandtl, Schmidt) and 

Damkohler numbers respectively, and Z = E:, c,,iDir~VyZ. The N-th species, here N2, is 

assumed dominant such that the diffusion velocity of any other species i in the mixture is 

approximated by Vi = -DijvVY,/Y,, where D ~ N  is the binary mass diffusion coefficient of 

species i into the N-th species, and Y ,  is the mass fraction of species i. V N  is found from 

the identity Cz l  Y,Vi = 0. For computational efficiency, mixture transport properties ( p J )  

are set to those of the dominant species at the local temperature. 

The i-th species conservation equation, for i = 1,. . . , N - 1, is written as 
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and the mass fraction Yjv is found from the identity Cz l  yZ = 1. 

The perfect gas state equation is: p ,  = p T / w ,  where T/v = 1/ &(yZ/Wi), is the local 

effective molar mass of the mixture. The production rate for each species is given by the 

sum of contributions of elementary reactions [17], with Arrhenius rates r k  = AkTbke 1 

IC = 1 . . . Ad, including forward and backward rates, and third-body efficiencies [lS]. 

-Ek/RT 
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Numerical Scheme 

The above equations are solved using a second-order predictor-corrector finite difference pro- 

jection scheme. The projection method was first introduced by Chorin [19], and is discussed 

more recently by Kim & Moin [20]. McMurtry e t  al. [21] presented a formulation for reacting 

flow, using the continuity equation to update the density field. The present method follows 

more closely that of [7,22], in using the energy equation. 

The non-stiff version of this scheme is presented in detail in [9], and has been used to  

study premixed methane-air flames under stoichiometric conditions [9,10]. The present work 

uses a stiff scheme which employs an additive (non-split) semi-implicit formulation of the 

scalar conservation equations in the corrector step. The formulation and convergence of 

the stiff scheme are discussed in [23]. In the following, the general outline is presented for 

completeness. 

An open 2D rectangular domain is considered, and is overlaid by a uniform mesh. Ve- 

locity components are evaluated at cell edges, while other fields are evaluated at cell centers. 

Spatial derivatives are discretized using second-order central differences, and a second-order 

Adams-Bashforth (AB2) scheme is used for explicit time integration. Stiff integration of 
chemical source terms is done using DVODE [24], an ODE integration package. The numer- 

ical solution for each time step, from t ,  to t,+l, involves the following steps [23]: 

1. Predictor 

0 Evaluate predicted ijn+l, and V+l, using AB2 integration of the scalar conservation 

equations. 

0 Evaluate predicted l f infl from the state equation. 

0 Evaluate predicted ?+' using a variable-density projection scheme[lO]. 

2. Corrector 

0 Evaluate scalar time gradients, the right-hand-sides of the scalar conservation equa- 

tions, from the predicted fields at t,+l. 

0 Evaluate corrected pn+l, and Xn+l using the stiff ODE integrator DVODE, operating 

on a semi-implicit discretization of scalar conservation equations. This uses a second 

order quasi Crank-Nicolson differencing [25] of the convection and diffusion terms 

based on their values at  t, and their predicted values at t,+l, added to  an implicit 
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formulation for the chemical source terms. Thus, for the scalar vector 4 = {p ,  pY,} ,  

the following ODE system is integrated in each computational cell from t ,  to t,+l, 

where C, D, R, are the convection, diffusion, and reaction right-hand-side terms of 

the scalar conservation equations. Note that, except for R(4) every term on the 

right-hand-side of (6) is a known constant for the purpose of ODE integration. 

0 Evaluate corrected Tn+' from the state equation. 

0 Evaluate corrected vn+l using a variable-density projection scheme[lO]. 
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Results 

We first examine the effect of equivalence ratio, a) on a steady 1D premixed freely propagat- 

ing methane-air flame. We use a 20% N2-diluted methane-air mixture at room temperature 

and atmospheric pressure, in an open domain. Chemkin [18,26] is used to compute the 1D 
flame solution, with the GRImechl.2 [27] ClC2 chemical mechanism. The change in equiva- 

lence ratio from stoichiometric (a = 1.0) to rich (a = 1.2) leads to a drop in peak flame heat 

release rate WT by roughly 40% (AZUT/WT = -41%). The corresponding relative changes 

in peak mole fractions of a number of selected species are listed in Table I. Note the large 

drops in 0-bearing radicals (0, OH) due to the dearth of 0 2  in the rich flame, while a small 

increase in H and a large increase in H2 are evident. A significant increase is also observed 

in CH3, along with larger increases in C2 species concentrations. Remarkably, a four-fold 

increase is observed in C2H2. It is reasonable to attribute this large increase in C2 species 

to both increased production because of increased CH3) and decreased consumption because 

of reduced 0 and 0 2  concentrations. Moreover, note the relative drop of 43% in HCO mole 

fraction, not far from the 41% drop in heat release. As noted in [lo], HCO mole fraction 

is found to correlate well with changes in heat release rate. On the other hand, note the 

increase in CH mole fraction) as would be expected from the increased equivalence ratio. 

This indicates that peak CH mole fraction may not be a good measure of heat release rate, 

even in this steady 1D flame. 

Consider next the interaction of the above premixed methane-air flame with a counter- 

rotating vortex pair. An open rectangular domain is considered) with dimensions 0 . 4 ~  1.6 cm, 

and is overlaid by a 256x1024 uniform mesh. We apply symmetry boundary conditions in 

the horizontal z-direction, and outflow boundary conditions in the y-direction. The evolution 

of the flow over a 1 ms time span is illustrated in Figures 1 and 2 for the stoichiometric and 

rich flames respectively. The vertical right edge of the domain is the centerline of the vortex 

pair under consideration) which is one member of an infinite periodic row of vortex pairs 

along the horizontal z-direction. The initial condition is a superposition of the velocity (u,v) 

field induced by the periodic row of vortex pairs, and the temperature, density and mass 

fraction (T,p,Y,) distributions corresponding to a horizontal premixed flame, with the initial 

structure in the y-direction from the above 1D flame solution. 
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The flame propagates downward by burning into the reactants, as shown in Figs. 1 and 

2. The vorticity field causes significant contortion of the flame as the vortex pair propagates 

upwards into it. A baroclinic vorticity dipole is generated in the neighborhood of the original 

vortex, in agreement with the numerical results of [6,7,9] and the measurements of Mueller e t  

al. [5 ] .  This vortical fluid is entrained into the vortex pair in a continuing process that leads 

to the generation of multiple folds of counter-rotating vorticity inside the original vortex. 

The flow dynamics reflect the relative disparity between flame and vortex-pair time scales, 

the ratio of which yields a Damkohler number Da = 0.04 << 1. 

The heat release rate decays significantly along the flame length due to the strain-rate 

and curvature disturbances. Strongest decay is observed on the centerline and around the 

vortex pair, consistent with the higher strain-rate in these regions. The rich flame exhibits 

more significant decay of heat release than the stoichiometric flame, both on centerline and 

along the whole flame length. This increased susceptibility to the flow is consistent with the 

lower burning rate in the rich flame. It is also evident that the flame contortion in the wake 

of vortex-pair is more severe in the rich case. This may be attributed to: (1) lower heat 

release and expansion rates in the rich flame and the consequent reduction in attenuation 

of vortex structures; and (2) the higher burning speed of the stoichiometric flame, which 

allows it to burn faster through negatively curved regions (concave towards the reactants) to 

achieve a less contorted shape. On the other hand, both flames exhibit qualitatively similar 

behaviour in the curved regions, with a minimum burning rate at the positively curved cusp 

and a maximum at the negatively curved cusp. These variations are evident in the heat 

release rate data in Figs. 1 and 2. Consistent with our earlier observation in [9], we find a 

maximum/minimum in H production/consumption rate, on the products/reactants side of 

the flame at the positive cusp. Conversely, a maximum in H consumption rate is observed on 

the reactants side of the flame at the negatively-curved cusp. This, along with the associated 

local increase in burning rate, evidently leads to a peak in  H production on the products side 

of the flame at the negative cusp. Thus both production and consumption of H peak at the 

negatively curved flame location, consistent with [13]. This holds both for the stoichiometric 

and rich flames, although the effect is more accentuated in the rich case because of the 

increased curvature and enhanced flame susceptibility to flow disturbances. 

Consider next the flame response on the vortex-pair centerline. The process by which 
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flame burning rate decays at this location is associated, both for the stoichiometric and 

rich case, with a shift of the reaction zone into the products as observed in [9], resulting in 

increased CO2 concentration and temperature (and reduced 0 2  concentraion) in the reaction 

zone, as the burning and heat release rates plummet. This shift into the hot products leads 

to a drop in H production rates, as well as lower 0 and OH production (through chain- 

branching reactions), resulting in an overall drop in burning rate. 

The evolution of peak heat release rate on the centerline is illustrated in Figure 3, where 

faster decay rate is observed for the rich flame. Given that the flame topology and strain- 

rate at this location are similar in the two cases, the observed trend suggests that the rich 

flame has a faster response time. In contrast, previous sinusoidally-perturbed 1D opposed- 

jet premixed flame data [ll] suggests faster response time from the stoichiometric flame. 

This observation was attributed to the enhanced burning rate at = 1.0 and the resulting 

thinner flame profiles, and smaller diffusive transport times. The present flow involves non- 

linear transient flame response to a large-amplitude strain-rate (z 5000 s-') imposed in the 

reaction zone at t = 0. Thus, the results pertain more to the chemical time response of 

the flame, rather than diffusional transport time in the preheat zone. This, and the fact 

that the present flame is not constrained between opposed jets, and that different chemical 

mechanisms were used, makes direct comparison to  the 1D results difficult. On the other 

hand, the observed faster response of the rich flame suggests an important role for chemistry, 

rather than diffusion, in the present flame time response. 

To investigate the transient roles played by individual reactions and species, a fractional 

influence analysis [9] is used, incorporating sensitivity data, at time 0.5 ms. The fractional 

influence due to each species/temperature on a given reaction is defined as the change in re- 

action rate resulting from the change in the particular species concentration or temperature. 

The total change in the rate of progress Rk of the k-th reaction (Rn.(k)) between two time 

instances is given by : ARk = Cj(aR,/a<j)A<j where = {cl,---,cjv,T}, and c j  is the 

concentration of species j. The corresponding total change in production rate of species i 

is given by : Awi = vikARk = Cj A<j(& z & ? a k / a < j ) ,  where Vik is the stoichiometric 

coefficient of species i in reaction k .  

Consider then the transient response of OH, 0, and H, in the stoichiometric and rich 

flames, shown in Figure 4. Clearly, OH and 0 mole fractions decay faster in the rich case, 
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while the decay rate of H is roughly unchanged. To explain this faster response of OH and 0, 
we use fractional influence analysis to examine the contributions of relevant species to Awi. 

The results indicate that the fractional influence of H on changes in OH-production rate is 

more dominant at = 1.2, relative to the influences of OH and 0. At CP = 1.0 peak OH mole 

fraction decays relatively slowly compared with that of H, as seen in Fig. 4, because of the 

dominance of its own influence on AWOH, and the significance of others such as 0, H2, and 

T, relative to H. On the other hand, OH decays faster in the rich case, at a rate comparable 

to the fast H decay rate, because of the increased fractional influence of H on AWOH, relative 

to that of OH itself, 0 and others. This increased role of H is consistent with the above 

discussed change in the steady state 1D flame structure in going from stoichiometric to rich 

conditions. Given the scarcity of OH and 0 in the rich flame, it would be expected that 

this flame has increased reliance on H to move carbon down the reaction pathways, many of 

which can proceed with either OH or H. These observations are also true in the case of 0, 
which exhibits faster response at rich conditions. Moreover, this increased role of H is also 

observed for hydrocarbon species such as CH3, C ~ H C - C ~ H ~ ,  CH, and HCO. This increased 

influence of H on changes in production rates of hydrocarbons in the rich flame, as well as 

the faster response of OH and 0, leads to a faster response in the overall burning and heat 

release rates. 

The response of particular hydrocarbon species can vary widely for the two flames. As 

shown in Figure 5 ,  CH3 mole fraction exhibits a transient rise before proceeding to decay, for 

= 1.0, whereas its response in the rich flame shows monotonic decay. CH and HCO mole 

fractions exhibit monotonic decay in both cases, with faster decay rate for the rich flame. 

Recent Planar Laser Induced Fluorescence (PLIF) experimental evidence from a V-flame 

interaction with a vortex-pair at similar N2-diluted stoichiometric mixture conditions [4,10] 

suggests that peak CH decays significantly faster than HCO on the vortex-pair centerline. 

The present results in Fig. 5 clearly exhibit the opposite trend. Moreover, the same ex- 

periment indicates that at Q, = 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 Fig. 4. Further, Ngyuen and Paul [4] 

find that, while the transient burst in OH observed at rich conditions is on the same time 

scale as CH, the OH decay rate at stoichiometric conditions (or subsequent to this burst at 
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rich conditions) occurs at a much longer time scale. On the other hand, Figs. 4 and 5 show 

that CH and OH have similar response times. 

Fractional influence analysis can identify reactions whose rate constants may have a 

significant role in these discrepancies. Results indicate that, for both @ = 1.0 and 1.2, 

the largest three ARk contributors to AWCH are (in order of decreasing peak IARkI): 

Rn.(-126): H + CH2 e CH + Hz, Rn.(127): CH + H2O u H + CH20, and Rn.(125): 

CH + 0 2  u 0 + HCO. The labels indicate reaction numbers in GRImechl.2 [27], and 

a negative reaction number indicates that the reaction is written inverted from its origi- 

nal listing in the mechanism. Similarly, for OH, the top three A%& reactions at @ = 1.0 

are: Rn.(38): H + 0 2  u 0 + OH, Rn.(98): OH + CH4 u CH3 + H20, and Rn.(84): 

OH + H2 a H + H20, with hs . (84 )  and (98) switching ranks at Qi = 1.2, consistent with 

the above enhanced role of H in the rich flame. As for HCO, the top three Rns. at Qi = 1.0 are: 

Rn.(166): H + CO + H20 e HCO + HzO, Rn.(lOl): OH + CH20 u HCO + H20, 

and Rn.(58): HfCH20  e HCO+H2. At @ = 1.2, Rn.(lOl) has a relatively minor 

role, with Rn.(58) in rank 2, and Rn.(167): HCO + M u H + CO + M in rank 3, again 

consistent with enhanced influence of H. 

The evolution of peak mole fractions of selected C2 species are shown in Figure 6. Note 

the large change in the dynamic response of C2H2 for the two cases. For Qi = 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. C2H3 decays in time for both stoichiometric and rich cases, with a 

faster decay rate in the rich case. C2Hs mole fraction decays monotonically for both cases, 

again with faster rate of decay in the rich flame. 

This significant transient rise in C2H2 mole fraction in the stoichiometric case, and its 

absence from the rich case, is of interest, given the relevance of C2H2 to soot production. 

We find that the causes for both observations relate to the differences in the rates of de- 

cay of C2H3 and H concentrations. The largest ARk contributor to W C ~ H ,  is Rn.(-71): 

C2H3(+M) u H+C2H2(+M). At @ = 1.0, the rate of decay of peak C2H3 is actually 

slower than the rate of decay of H. Thus, even though the forward rate of Rn.(-71) is falling, 

its reverse rate is falling faster, resulting in a net speedup in the foward direction, towards 

increased ~ u c ~ H ~ .  The opposite happens at rich conditions, resulting in a net drop in WC~H., . 
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Conclusions 

We studied the effect of equivalence ratio on the transient response of a 2D premixed 

methane-air flame under large flow perturbations. Generally, the rich flame is found to 

be more susceptible to flow disturbances. Results indicate significant qualitative and quan- 

titative changes in detailed flame response depending on equivalence ratio. 

We observe a faster response time in the rich flame, with faster decay of species mole 

fractions and overall heat release rate. Comparison to existing 1D flame data suggests a 

chemical rather than diffusional cause for this behaviour. Results suggest that the faster 

chemical response of the rich flame is due to the increased relative influence of H under rich 

conditions, and therefore the dominance of the faster H time scale. 

Evolution of flame radicals and burning rate reaches a plateau earlier in the stoichiometric 

case. Both cases seem to reach a non-zero burning rate plateau, suggesting that this flame 

may not fully extinguish in either case without a radiation heat loss term in the model. 

Some C2 species were observed to exhibit significant transient accumulation at stoichio- 

metric, but not at rich, conditions. A large transient increase in C2H2 concentration was 

observed, driven by subtle differences in the decay rate of concentrations of C2H3 and H. 

Discrepancies between computed relative response times of CH, OH, and HCO, and 

experimental data were observed. Additional work is necessary to suggest required mod- 

ifications to the model to provide a more accurate dynamical flame response. These may 

include improvements in reaction rate constants, the set of species and reactions, transport or 

thermodynamic property models, or all of the above Generally, these observations highlight 

the need for characterization of the time response of chemical mechanisms. 
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Table Captions 

Table I. Relative changes in peak mole fractions of relevant species corresponding 

to the change in equivalence ratio from 1.0 to 1.2, for a one-dimensional 

premixed 20% diluted methane-air flame. 
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Figure Captions 

Figure 1. Evolution of the heat release rate (color) and vorticity fields (contours) for 

the stoichiometric flame, for a time span of 1 ms. Frames are at 0.2, 0.6, 

and 1 .O ms. Solid/dashed contours denote positive/negative vorticity. 

Figure 2. Evolution of the heat release rate (color) and vorticity fields (contours) for 

the rich flame with = 1.2, for a time span of 1 ms. Frames are at 0.2, 

0.6, and 1.0 ms. Solid/dashed contours denote positive/negative vorticity. 

Figure 3. Decay of the peak heat release rate on the vortex-pair centerline for the 

stoichiometric and rich cases. 

Figure 4. Decay of peak mole fractions on the vortex-pair centerline for the stoichio- 

metric and rich cases. 

Figure 5. Evolution of peak mole fractions on the vortex-pair centerline for the sto- 

ichiometric and rich cases. 

Figure 6. Evolution of peak mole fractions on the vortex-pair centerline for the sto- 

ichiometric and rich cases. 
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Species CH4 0 2  H 0 OH 
(AXlX) % +17.7 -1.80 +9.5 -82.0 -58.0 

COZ H20 
-24.5 +0.80 

Species CH3 C2H6 CZH5 C2H4 C2H3 
(AX/X) % +26.6 +27.6 -5.1 +lo1 +93. 

Table I. Relative changes in peak mole fractions of relevant species corresponding to 

the change in equivalence ratio from 1.0 to 1.2, for a one-dimensional premixed 

20% diluted methane-air flame. 

CPH2 C2H 
+444 +278 

19 

Species CH2O HCO co HZ CH2 
(AX/X) % -2.9 -42.6 +42.7 +125 +17.6 

CH C 
+35.1 +347 



Figure 1. Evolution of the heat release rate (color) and vorticity fields (contours) for the stoichiometric 
flame, for a time span of 1 ms. Frames are at 0.2, 0.6, and 1.0 ms. Solid/dashed contours 
denote positive/negative vorticity. 
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Figure 2. Evolution of the heat release rate (color) and vorticity fields (contours) for the rich flame with 
@ = 1.2, for a time span of 1 ms. Frames are at 0.2, 0.6, and 1.0 ms. Solid/dashed contours 
denote positive/negative vorticity. 
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Figure 3. Decay of the peak heat release rate on the vortex-pair centerline for the stoichiometric and rich 
cases. 
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Figure 5. Evolution of peak mole fractions on the vortex-pair centerline for the stoichiometric and rich 
cases. 
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Figure 6.  Evolution of peak mole fractions on the  vortes-pair centerline for the stoichiometric and rich 
cases. 
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