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Abstract 

The interaction of a premixed stoichiometric methane-air flame with a counter-rotating 

vortex-pair is studied using a skeletal C1 chemical description of the reaction process. The 

focus is on the modification to flame structure and dynamics due to unsteady strain-rate and 

curvature. The detailed description of flame structure and dynamics in response to unsteady 

flow is necessary to establish relevant extinction criteria in unsteady multi-dimensional flow, 

which, based on recent experimental evidence, may be significantly different .from those 

of steady one-dimensional counterflow stagnation flames. Present results suggest that the .. 
increasing unsteady tangential strain-rate causes modification of flame structure that leads 

to reduced reaction rates of key Chain-branching reactions which are active on the products 

side of the flame. This causes a reduction in the concentrations of active radicals, such as H, 
OH, and 0, which are necessary for the breakdown of hydrocarbons on the reactants side of 

the flame. 
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Introduction 

The detailed dynamical complexity of turbulent reacting flow is far beyond present compu- 

tational modeling as well as experimental diagnostic capabilities. Therefore, it is useful to 

consider simpler flows that carry some of the generic features of turbulent flame-flow inter- 

action. Both one-dimensional (1D) and two-dimensional (2D) flames have been studied in 

the literature to assess the influence of two key features of turbulent-flow-flame coupling, 

strain-rate and curvature, on the reaction process. 

The bulk of existing data on premixed flame response to stretch is based on steady-state 

1D opposed jet flame studies[l]. Flame response has been generally correlated with the 

Lewis number (Le) of the deficient reactant. Thus, the peak reaction rate is observed to 

decrease with increasing stretch rate for Le > 1 flames, leading to extinction. Whereas, for 

Le < 1, the reaction rate increases with stretch, and extinction occurs primarily due to short 

residence time as the flame penetrates the stagnation surface. Unity Le flames are found to 

extinguish similarly, but with no change in peak reaction rate with stretch until the flame 

reaches the stagnation surface. 

Generally, opposed-jet stretched premixed flames have been studied more with regards 

to the response of integral quantities, such as overall “reaction rate”, rather than that of 

individual reaction rates, or intermediate species concentrations. Recent work[2,3] regarding 

the role of particular intermediates and reactions in the extinction process has pointed out 

the key role of H atoms and specific chain-branching reactions in maintaining the chemical 

reaction process in the flame. In particular, Kee et  aZ.[2] point out the high sensitivity of 

the maximum flame temperature near extinction to the reaction: H+O2 +=+ O+OH, a key 

chain branching reaction limited by H atom availability. 

The extension of these results to 2D unsteady vortical flame-flow interaction is not 

straightforward. The transient response of both intermediates and stable species, as well 

as temperature profiles, to strain-rate introduces significant changes to the simpler steady- 

state 1D opposed-jet picture. Curvature effects in 2D present an additional local dependence 

on flame geometry, absent in the 1D case. Previous modeling studies of flame-vortex inter- 

action used simple single-step chemistry[4,5,6]. Some recent modeling work has begun to 

address the flame response in unsteady vortical 2D flow, using both reduced and detailed 
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chemical mechanisms[7,8,9]. However, there remain many unanswered questions regarding 

the extinction process in 2D unrestrained flow. Specifically, how relevant are the extinction 

strain-rates available from 1D steady flame studies in higher'dimensional flow? What is the 

mechanism of extinction in the transiently stretched flame in 2D? 
To this end, we study the stoichiometricmethane-air flame interaction with a 2D counter- 

rotating vortex-pair, using a skeletal Cl chemical description of the reaction process at the 

flame, with a focus on the modification to flame structure and dynamics due to unsteady 

strain-rate and curvature. Results suggest that the increasing unsteady tangential strain- 

rate leads to modification of the flame structure which afFects those chain-branching reactions 

active on the products side of the flame, causing a reduction in the concentrations of active 

radicals, such as H, OH, and 0, which are necessary for the breakdown of hydrocarbons on 

the reactants side of the flame. 
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Formulation . 

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

tions of zero bulk viscosity[lO], negligible body forces, and low Mach number[ll] give the 

conservative continuity and momentum equations: 

(3) 

where p is the density, v = ( u , ~ )  is the velocity vector, p is the pressure, and @,,@, are the 

viscous dissipation 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 po,  i.e. an open domain. We neglect Soret and Du- 

four effects[12] and radiant heat transfer, and assume a perfect gas mixture, with individual 

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

mass difision. WAtten in terms of temperature, the low Mach number energy equation is: 

WT + Da- 1 V-(XVT) 1 Z-VT +- 8T - = -V V T +  - 
at RePr pcp ReSc cp P c p  

(4) 

with 2 = Cgl cp,;D;~Vyi, and where cp,; is the specific heat of the i-th species at constant 

pressure, cp = Cgl yicp,; is the corresponding mixture specific heat, T is the temperature, X 
is the thermal conductivity, WT is the chemical heat release source term, WT = - &1 hiw;, 

h; = h;” + 
N 

cp,;dT, and w; is the production rate of species i. R 
The N-th species is assumed dominant such that the diffusion velocity of any other 

species i in the mixture is approximated by V; = - D ; ~ V y i / y i ,  where D;N is the binary 

mass diffusion coefficient of species i into the AT-th species at the mixture local temperature 

and stagnation pressure, and yi is the mass fraction of species i. VN is found from the 

identity yiV; = 0. Further, for computational efficiency, mixture transport properties 

(p,X) are set to those of the N-th 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 YN is found from'the identity CZ, Y; = 1. 
The perfect gas state equation is: po = pT/W, where w'= l / ~ ~ l ( ~ / W i ) ,  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[12], with Arrhenius rates & = AkTbke-Ek/m, 
I C =  1...M. 

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

projection method[6]. 
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Results 

We study the interaction of a premixed stoichiometric methane-air flame with a counter- 

rotating vortex pair in 2D, under atmospheric pressure conditions. The premixed reactants 

gas mixture composition is at ambient temperature 298K. The chemical mechanism is a 

skeletal C1 reaction set, given in Table 1. This mechanism is that used in [13], with more 

recent rate coeflicients from [14]. Flame profile data is shown in Fig. 1, in comparison 

with the GRImechl.2 c1-C~ data[14]. Generally, there is better quantitative agreement in 

the mole fractions of the major stable species, with qualitative agreement throughout. The 

burning speeds predicted by the present mechanism and GR.Imechl.2, using Chemkin[l5,16] 

in lD, axe 38.8 and 39.1 cm/sec, respectively. 

' 

The 2D flow domain is a 0.8~0.5 cm2 region, with periodic boundary conditions in the 

horizontal 2-direction, and inflow-outflow boundary conditions in the y-direction. The initial 

condition is a superposition of the velocity (up) field due to a row of vortex pairs along x ,  

and the (T,p,Y;.) fields in the y-direction from a 1D premixed flame solution based on the 

above mechanism using Chemkin. The Chemkin solution is relaxed on a 1D uniform grid 

prior to use in the 2D model. The vorticity field causes significant contortion of the flame 

proiile, as shown in Fig. 2, leading to large variations in curvature and tangential stretch 

rate along the flame. Note the baroclinic vorticity dipole generated in the neighborhood of 

each of the original vortices, in agreement with the measurements of Mueller et  aZ.[17]. The 

average flme thickness, and laminar burning (displacement) speed, defined in the appendix, 

are 6f M 0.035cm and SL = Si M 35cm/sec respectively. Then, with the convective length 

and velocity scales given by the vortex core size, 6, M 0.25cm, and the circumferential flow 

velocity Ue M 20m/sec, the flame and convective time scales are found to be t f  = 6 f / S ~  = 1 

msec, and t, = 6,/Ve = 0.13 msec respectively, and the corresponding Damkchler number 

is Da = t,/tf = 0.13. With Da < 1, the flow is faster than the flame, and .it is expected 

that significant contortion of the flame will occur, as observed here, leading to a well-stirred 

condition at later time[l8]. 

By defining the flame location for diagnostic purposes, as indicated in the appendix, 

we determine the.flame normal, and evaluate the strain-rate and curvature along the flame 

length. Figure 3 shows the variation of tangential strain-rate rt and curvature IC. for the 
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flame in Fig. 2, plotted versus flame length, with an origin at the flame intersection with 

the domain boundary, and extending to the vertical centerline. The curvature plot identifies 

clearly the location of curved flame cusp in Fig. '2, with large positive curvature. At the 

same location, there is considerable variation in rt from large positive stretch values on both 

sides of the cusp, to a large negative compressive strain-rate in the cusp region. The rest of 

the flame shows relatively minor rates of change of strain-rate, with a gradual decay to a low 

value with distance away from the centerline, to the left of the cusp, and with a broad peak 

value at the centerline. Tangential strain-rate at the centerline is 14 x 103s-l. The normal 

strain-rate varies along the flame in an inverse fashion, with a lage positive normal stretch 

at the cusp, and a broad compressive peak at the centerline. The total flame stretch[l9] 

K = rt + S ~ I C  is largely dominated by the strain-rate, and hence varies along the flame as rt. 

The above contortion and large stretch rates affect the flame significantly leading to local 

variation in the reaction rates. This is illustrated in Figs. 4 and 5, where the heat source term 

WT, and the production rate of H, WH, are shown plotted for the flame in Fig. 2. The WH 

contours reveal the bi-layer structure of the flame. Net consumption of H occurs in the fuel 

consumption layer on the reactants side of the flame, where H is required by reactions (e.g. 

11,14,16) that involve the breakdown of C& through various intermediate hydrocarbons 

towards CO. The net production of H occqs in the oxidation layer on the products side of 

the flame, 'and involves reactions such as 3,9, and 2. This bi-layer picture pertains to the net 
production and consumption rates of H. Notably, Rxns. 13 and 17 involving the breakdown 

of CH3 and HCO are H producers, while Rxn. 1 is a dominant H consumer, and a key chain 

branching step on the products side of the flame[2]. 

The variation of WH in the curved cusp region is an interesting example of diffusional 

focusing and de-focusing effects related to flame curvature[l]. The production of H (Rxns. 
13,3,17,9,2) involves precursors that are supplied by diffusion from the fuel-consumption 

layer. These precursors are focused into the oxidation layer due to the flame curvature, 

leading to enhanced fluxes and faster reaction rates. On the other hand, the consumption 

of H in the fuel consumption layer requires its diffusion from the oxidation layer, as well as 

thermal diffusion from the products, both of which are de-focused due to flame curvature. 

Thus, the H consumption rate is low in this region. This is reflected also in the consumption 

rate of CH4, in the various elementary reaction rates, and in the overall burning process at 
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the flame, leading to a low WT in this region, as can be seen in Fig. 4. 

Both WT and WH exhibit gradual decay as the centerline is approached, due to the 

increasing tangential strain-rate, as can be seen in Figs. 4 and 5. Results indicate a general 

slow-down in the reaction process at the centerline, with notable minima of wo, WOE, wco, 
W H ~  , and w c a ,  and of rates of Rxns 1,2. 

The above large values of strain-rate are expected to extinguish this flame based on 1D 

steady-state data[l,2] for stoichiometric methane-air (I& = 1650s-l). While extinction 

may occur at later time, it is not observed in the time span of the present results because of 

the transient nature of the flow. Notably, recent experimental data[l7] on flame interaction 

with a vortex ring suggests that a transient 2D propane flame seems to survive strain-rates 

that are multiples of its steady-state 1D extinction strain-rate. 

Analysis of normal slices of the flame zone at the centerline reveals the influence of 

unsteady strain-rate on the flame structure. This data demonstrates that one result of large 

unsteady positive tangential strain-rate is to steepen the profiles of T, Yo2, and YcH,. While 

these effects may be absent in 1D steady-state strained flames[l], their significance here is 

related to the transience of the strain-rate field. To consider this matter further, let a, = 6?* 
be a “strain-difisivity” that describes the convective strain effect on the flame structure. 

Given a value of rt M 14 x 103s-l in the flame, the corresponding difisivity is found to 

be a, = 17cm2/s;’whereas the thermal diffusivity is a(T)  M 3.5cm2/s. It follows that the 

temperature profile in the flame is far from a %teady-state”, it is being modified by the flow 

faster than it can relax by diffusion, with a,/a M 4.9. Moreover, species concentration fields 

diffuse with varying mass difisivities, DQ). In particular, the Lewis numbers (Lei = a /Di )  
corresponding to the various species span a wide range from LeH M 0.16 to LecOz M 1.2, 

resulting in Q,/DH M 0.78, and ac/Dco2 M 5.9. Given such difisional disparities, it 
is expected that, as different components of the reaction zone respond to unsteady flow 

disturbances with different time scales, the flame structure is modified accordingly. 

The change in flame structure and the resulting drop in reaction rate due to unsteady 

strain-rate is illustrated in Fig. 6 using the mole fraction profiles of 02 and H, the temper- 

ature, and the rate of progress of Rxn. 1. The profiles are selected at two time instants in 

a period of increasing tangential strain-rate at the centerline. The steepening of the 02 and 

T profiles with time is evident, along with the drop in the rate of Rxn. 1, q d  the mole 
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fraction profile of B. There is no observable steepening of the H profile, because of the high 

difisivity of H, as indicated above. In particular, note the drop in 0 2  mole fraction, due 

to profile steepening, in the zone where Rxn. 1 is significant. This, along with the drop in 

H, leads to a slower rate for this reaction, despite the increased temperature in this region, 

again due to steepening. This reaction is an important chain-branching step in the flame 

chemistry[2], and its drop is representative of the general slow-down in flame burning rate. 

Other significant reactions in this region of the flame, such as Rxns. 2-4 and 9, exhibit 

similar slow-down, leading to a drop in the net rates of production/consumption of H, 0, 
H2, OH, and CO. The drop in H mole fraction is also symptomatic of that observed with 

other radicals, such as 0 and OH, as-well as H2. The lower availability of these species leads 

to slower rates of hydrocarbon breakdown on the reactants side of the flame. Thus rates 

of Rxns. 11-17 are observed to drop, along with the net rate of consumption of CH4 and 

0 2 ,  and the rates of production of C02 and H2O. This overall slowdown leads to a similar 

drop in WT and the net burning rate. Thus, the flame is driven towards extinction by the 

modification of flame structure due to the unsteady nature of the strain-rate field, and the 

effect this has on the active radical concentrations crucial to the hydrocarbon breakdown 

process. 

’ 
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Conclusion 

We have studied the detailed unsteady interaction of a flame with a 2D vortex-pair, with 

regard to the effects of curvature and unsteady strain-rate on flame structure and dynamics. 

We observe significant flame contortion, consistent with the low DamkZjhler number of the 

flow. 

We find that the fluxes of intermediate species between the oxidation and fuel consump- 

tion layers are dected significantly by flame curvature. Zones of high and low H production 

and consumption rates are observed at high curvature, consistent with focusing and defo- 

cusing arguments related to flame topology, with a net stabilizing result of low burning rate 

at the curved cusp, convex towards the reactants. While the fluxes of reactants and temper- 

ature are also dected by curvature, it is expected that H, which is the fastest diffuser, is a 

key species in the slow-down of the burning rate in this zone of transient curvature. 

High and increasing tangential strain-rate is observed at the flame location along the 

vortex-pair centerline. Overall slow-down of the reaction process is observed in this zone as 

the vortex-pair approaches the flame. The transientnature of the flow leads to temporarily 

high strain-rates at the flame, in excess of the 1D steady extinction strain-rate. 

Analysis of the time-development of the profiles of temperature, mole &actions, and 

reaction rates along the centerline suggest that the unsteady tangential strain-rate leads 

to steeper profiles of slow-diffusing species and temperature, with less steepening of fast- 

diffusing species. This modification of flame structure was found to lead to changes in 

various reaction rates. In particular, the chain-branching reaction H+O2 O+OH was 
observed to proceed at a slower rate due to these stretch-induced changes in flame structure. 

Other significant reactions in the oxidation layer were similarly dected, leading to lower 

production rates of active radicals such as H, 0 and OH, a lower consumption rate of CH4, 
and a reduction in the local heat production rate. Larger fractional change was generally 

observed in the radical chain-branching and recombination reactions on the products side 

of the flame, versus the hydrocarbon breakdown reactions on the reactants side. While a 

sensitivity analysis was not presented, these results are consistent with the high sensitivity 

of the flame to the above chain-branching reaction near extinction, as reported in [2]. 

While the burning rate at the centerline is observed to decrease in time, the time span of 
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the present results was not sufficient to observe extinction. This is a matter for future work. 

Moreover, the quantification of the extinction strain-rate requires a study of the role of the 

chemical mechanism model[3]. The study of this flow using more realistic C I - C ~  chemistry 

is presently underway. 

I 

12 



Nomenclature 

Ak 
bk 

cp 
cp,; 
D a  
DiN 

Ek 
K 

x k  

M 
N 
Pr 

P 

Po 

'R 
Re 

pre-exponential factor in Arrhenius expression for XI, 
exponent in Arrhenius expression for & 
mixture specific heat at constant pressure 

specific heat at constant pressure, for species i 

Damkiihler number 

binary mass diffusion coefficient of species i into species N 
activation energy in Arrhenius expression' for 

total flame tangential stretch rate 

elementary reaction rate 

number of reactions 

number of species 

Prandtl number 

dynamic pressure 

stagnation pressure 

universal gas constant 

Reynolds number 

reaction k 
Schmidt number 

flame displacement speed 

flame displacement speed referred to the unburnt gas density. 

laminar flame speed 

temperature 

time 

flame time scale 

flow time scale 

typical circumferential flow velocity 

diffusion velocity of species i into the mixture 

velocity vector, v = (u, v )  

local effective molar mass of the mixture 

13 



Wi 
wi 

WT 

Y; 

molar mass of species i 

chemical production rate for species i 

chemical heat source term in energy equation 

mass fraction of species i 

Greek Symbols: 

thermal difisivity of gas mixture 

flame thickness 

vortex-pair length scale 

viscous dissipation terms in Navier-Stokes equations 

flame curvature 

mixture thermal conductivity 

tangent ial strain-rat e 

dynamic viscosity 

density 
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Appendix 

For present purp se the flame location is identified by a specified constant level surface 

of the CH4 mass fraction. This is set at Y C ~  = 0.1YCH4,maz. The flame normal, n, and 

tangential, t, unit vectors axe determined relative to the local gradient direction of the Y c ~  
surface. Thus, n = VYCH~/IVYCH~I points towards the reactants, and t n = 0. The 

tangential strain-rate is evaluated .from the strain-rate tensor 4121: it = bet, and the 

normal strain-rate is nag-n. The curvature[l9] is defmed positive when the flame is convex 

to the reactants, in 2D: IC = 1/R = V - n, where R is the radius of curvature. 

The flame “displacement” speed[20] is the speed at which the flame ‘surface” moves 

relative to the local flow velocity. Thus, with the flame at a constant YCH, = Yf, the 

displacement speed, is deiined by: 

The displacement speed referred to the reactants density is Sa” = pfSa/pu, where 

P i  = PIY,q=q . The flame ‘thickness” is determined from the peak temperature gradient 

in the flame, and the burnt and unburnt gas temperutures, by 6f  = (Tb - Tu)/ldT/dnlma2. 
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Figure Captions 

Figure 1. Comparison between present scheme and the GRImech-vl.2, for a 1D sto- 

ichiometric methane-air flame at atmospheric pressure. 

Figure 2. The flow field, after flame contortion by the vortex pair, shown using vor- 

ticity and temperature contours. Solid/dashed vorticity contours denote 

positive/negative vorticity. Positive vorticity is counter-clockwise. The 

vortex-pair is in the reactants. 

Figure 3. Tangential strain-rate and curvature plotted versus a flame length coordi- 

nate for the flame in Fig. 2, along half the flame length, from the flame 

intersection with the edge of the domain to the centerline. 

Figure 4. Contours of the heat source term, WT, illustrating the local reduction in 

burning rate both at the cusp and at the centerline. 

Figure 5. Contours of the production rate of H, q, showing the&riation in pro- 

duction and consumption rates along the. flame. 

Figure 6. Profiles of 02 and H mole fractions, Temperature, and rate of progress of 

reaction 1, scaled by factors of 4, 100, 0.0005, and 70 respectively. Two 

profiles are plotted for each quantity, with arrows indicating the direction 

of increasing time and tangential strain rate. The profiles are from nor- 

mal slices along the vertical centerline, which are superposed to match a 

reference level of YcH~. 
Table 1. (71 skeletal methane-air chemical mechanism. A units are in mole-cm-sec- 

K, E units are cal/mole. 
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Reactions A b 

H+O2 '. O+OH 8.30e+13 0.0 
0+H2 * H+OH 5.00e+04 2.7 
OH+Ha * H+H2O. 2.16e+08 1.5 
20H w O+H2O 3.57e+04 2.4 
H+O2+M * H02+M 2.80e+18 -0.9 

H+HO2 w 20H 1.34e+14 0.0 
H+HO2 * O2+H2 2.80e+13 0.0 
OH+HO2 * 02+H20 2.90e+13 0.0 
OH+CO - H+C02 4.76e+07 1.2 
H+CH3(+M) * CH4(+M) 1.27e+16 -0.6 

( 0 2  :0.O,H~0:0.O,CO:0.75,CO~:l.5,N~:O.O) 

Low pressure limit: 0.24770e+34 -0.47600e+010.24400e+04 
TROE centering: 0.78300e+00 0.74000e+02 0.29410e+04 0.69640e+04 

H+CH4 * CH3+Hs 6.60e+08 1.6 
OH+CH4 * C&+H20 1.00e+08 1.6 
OfCH3 '. H+CHaO 8.43e+13 0.0 
H+CH20 HCO+Ha 2.30e+10 1.1 
OH+CH20 e HCO+H20 3.43e+09 1.2 
H+HCO e H2+CO 7.34e+13 0.0 
HCO+M * H+CO+M 1.87e+17 -1.0 
CH3+02 * OSCH30 2.68e+13 0.0 
H+CH30 Ha+CH20 2.00e+13 0.0 
H+CH20(+M) * C&O(+M) 5.40e+ll 0.5 

Low pressure limit: 0.22000e+31-0.48000e+010.55600e+04 
TROE centering: 0.75800e+00 0.94000eS02 0.15550e+04 0.42000e+04 

2H02 - Oa+H202 1.30e+ll 0.0 
2H02 Oa+H202 4.20e+14 0.0 
20H(+M) e HaO2(+M) 7.40e+13 -0.4 

Low pressure limit: 0.23000e+19 -0.90000e+00 -0.17000e+04 
TROE centering: 0.73460e+00 0.94000e+02 0.17560e+04 0.51820e+04 

OHfH202 * HO2+H2O 1.75e+12 .O.O 
OH+H202 * H02+H2O 5.80e+14 0.0 
H+OH+M H2O+M 2.20e+22 -2.0 

2H+M '. H2+M 1.00e+18 -1.0 
(H2:0.73,H20:3.65,CH4:2.0) 

(H~:O.O,H~0:O.O,CH~:2.O,CO~:O.O) 

E 

1441 3.0 
6290.0 
3430.0 

-2110.0 
0.0 

635.0 
1068.0 

70.0 
383.0 

-500.0 

10840.0 
3120.0 

0.0 
3275.0 
-447.0 

0.0 
17000.0 
28800.0 

0.0 
2600.0 

-1630.0 
12000.0 

0.0 

320.0 
9560.0 

0.0 

0.0 

Table 1. Cl skeletal methane-air chemical mechanism. A units are in mole-cm-sec-K, E units are 
cal/mole. 
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Figure 1. Comparison between present scheme and the GFUmech-vl.2, for a 1D sto- 
ichiometric methane-air flame at atmospheric pressure. 
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Figure 2. The flow field, after flame contortion by the vortex pair, shown using vor- 
ticity and temperature contours. Solid/dashed vorticity contours denote 
positive/negative vorticity. Positive vorticity is counter-clockwise. The 
vortex-pair is in the reactants. 
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Figure 3. Tangential strain-rate and curvature plotted versus a flame length coordi- 
nate for the flame in Fig. 2, along half the flame length, from the flame 
intersection with the edge of the domain to the centerline. 
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Figure 4. Contours of the heat source term, W T ,  illustrating the local reduction in 
burning rate both at the cusp and at the centerline. 
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Figure 5. Contours of the production rate of H, WH, showing the variation in produc- 
tion and consumption rates along the flame. 
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