Chaimae Bariki 
  
Fabien Halter 
email: fabien.halter@cnrs-orleans.fr
  
Fabien Thiesset 
  
Christian Chauveau 
  
Iskender Gökalp 
  
Ketana Teav 
  
Sina Kheirkhah 
  
Adam M Steinberg 
  
Structural response of different Lewis number premixed flames interacting with a toroidal vortex

Keywords: Flame-vortex interaction, Laminar premixed flames, Curvature/stretch effects, Flame front thinning/thickening, Chemiluminescence

   

Structural response of different Lewis number premixed flames interacting with a toroidal vortex

Indeed, the literature demonstrates that flame/vortex interactions (FVI) have significantly helped in better understanding the effect of vortex strength on flame stretch and quenching [1,2]. Such studies have led to the development of the so-called efficiency functions [3][4][5][6],

which remain widely employed in Large Eddy Simulations (LES) of turbulent premixed combustion. Time transient effects [7][8][9] have also been evidenced using FVIs. More recently, Thiesset et al. [10] provided the first experimental confirmation of the asymptotic theory of Refs. [11,12], revealing that flame speeds are unequally altered by flame curvature and hydrodynamic straining. Hence, two Markstein numbers should be used, one characterizing the dependence of flame speed to strain, the other to curvature. This demonstrates the utility of simultaneously observing strain and curvature in the same system; such results could not be obtained in, e.g, spherically expanding flames or steady stagnation point flames.

However, one aspect of FVI that has received less attention is the effect of vortex-induced strain and curvature on the flame structure and thermo-chemistry. The is the molecular diffusivity of the limiting reactant), in a curved and strained flame.

52

Previous fundamental studies on differential diffusion 53 effects have focused on e.g. the tip of a Bunsen flame 54 [13][14][15][16]. This zone provides a convenient configura-55 tion to examine distortions between the temperature and 56 species path-lines. Law et al. [13] and Mizomoto et al.

57 [14] performed experiments using different fuels (e.g. Assuming isobaric flow of an ideal gas, LRS signal can be inverted to temperature via

T = T re f I re f -I BG I f lame -I BG (∂σ/∂Ω) mix (∂σ/∂Ω) mix,re f (1) 
where I f lame and I re f represent the Rayleigh scattered light from the flame and a calibration image of fresh gases at a known temperature, respectively. I BG is the background intensity, which consists of the dark field of the camera and the laboratory background noise. The differential Rayleigh scattering cross-section (∂σ/∂Ω) of the local gas is the mole-fraction weighted sum of the differential cross-sections of the individual species. Individual molecular cross-sections were calculated as

σ i = 4π 2 λ 4 n -1 N 0 2 3 3 -4ρ p 1 + ρ p ( 2 
)
where λ is the laser wavelength, n is the index of refrac- Note that Phase 2 and the early portion of the interaction correspond to times of high strain rate. However, the preheat and reaction zone thicknesses are only minimally altered during this time. Hence, the flame thickness is much more sensitive to curvature than strain.

Moreover, for both the preheat and reaction zones, structural changes are noticeable only when the radius of curvature is smaller than twice the laminar flame thickness.

Previous conclusions pertain to the thermal structure of the flame. We now turn our attention to some indicators of the kinetic activity of the reaction zone by 

  flame evolves in a non-uniform flow field, e.g. a turbulent flame, its geometry (flame surface area, curvature), kinematics (flame displacement and consumption speed), structure (thermal, preheat, and reaction zone thicknesses) and thermo-chemistry (species and temperature transport/production) can be altered. These flame features are coupled in a way that remains only partially understood, and hence a closed set of equations that accurately describe premixed flame behavior remains a research objective. Notwithstanding the complex nature of the fully turbulent problem, simplified -though insightful -configurations can yield insight regarding the elementary, leading order mechanisms at play in real turbulent premixed flames. From this perspective, the configuration of a single vortex interacting with an initially flat premixed flame is well-suited. In our opinion, this flow situation is equally relevant for fundamental purposes as steady laminar stretched flames or turbulent flames embedded in homogeneous isotropic turbulence.

  present study aims to fill this gap by experimentally determining the thermal structure and some indicators of diffusion and chemistry during FVI. The general goal is to use FVI to emphasize the effect of differential diffusion, i.e. the imbalance between thermal and molecular diffusivities as defined by the Lewis number (Le = α/D d , where α is the thermal diffusivity and D d

  58 methane, propane, and hydrogen) to demonstrate that 59 negatively curved (concave towards the reactants) non-60 unity Lewis number flames exhibit changes not only in 61 the internal flame structure, but also the flame burning 62 rate. This result was later supported by DNS studies of 63 Haworth and Poinsot [17] and Rutland and Trouvé [18], 64 which considered a freely propagating premixed flame 65 in homogeneous isotropic turbulence using single-step 66 Arrhenius kinetics chemistry. They showed that nega-67 tively curved flame elements tend to have lower local 68 flame speeds for Le < 1, whereas the correlation is op-69 posite for Le > 1. Fewer studies have directly examined 70 the internal flame structure of such flames. In DNS of 71 equidiffusive flames (i.e. Le = 1), Poinsot et al. [15] 72 found that the preheat zone thickness increases in re-73 gions of negative curvature, while the reaction zone re-74 mains unaffected. However, there remains a knowledge 75 gap regarding the internal flame structure for Le 1. 76 The present study focuses on understanding the flame 77 thermal structure and chemistry by carrying out simul-78 taneous laser Rayleigh scattering thermometry, OH* 79 chemiluminescence, and CH* chemiluminescence mea-80 surements in a FVI configuration. The impact of differ-81 ential diffusion is assessed by comparing a stoichiomet-82 ric methane flame (Le ≈ 1) and a slightly lean propane 83 flame (Le > 1), while keeping the vortex characteris-84 tics relative to the flame constant.
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 1241 Figure 1: Optical configuration. CL: cylindrical lens, DM x : dichroic mirror, SL x : spherical lens, F x : bandpass filter. The LRS and CH* CL systems operated at a 10 Hz

179 2 . 2 .

 22 Selected experimental conditions 180 Stoichiometric (φ = 1) methane/air and lean (φ = 181 0.9) propane/air mixtures were selected to study the 182 flame response to curvature and thermo-diffusive ef-183 fects. The vortex parameters, i.e. the rotational veloc-184 ity U θ = 0.9 m/s, convection velocity U c = 0.35 m/s, 185 and core-to-core distance R v = 4 mm, were determined 186 just before the vortex starts interacting with the flame 187
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 33123 Figure2: Time sequence of temperature field for propane flame at φ = 0.9. ∆ is the width domain. The centerline at 6.7 ms is where the axial profiles will be extracted.
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 2274 Figure 4: Normalized |∇c| profiles versus progress variable c at the flame centerline for different phases during FVI for P09 case (filled symbols) and M10 case (open symbols).
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 56367 Figure 5: (a) Preheat zone thickness vs normalized curvature along the flame contour for four different phases (each phase is represented by a specific symbol). (b) Normalized reaction zone thickness evaluated at the flame tip during the whole FVI. Curvature is normalized with the laminar flame thermal thickness. Red (filled) and black (open) colors (symbols) represent C 3 H 8 /air and CH 4 /air mixtures. The arrow indicates the direction of increasing time.

4. Concluding remarks 440

 440 The influence of stretch and curvature on the struc-441 ture of different Lewis number flames have been ex-442 plored in the particular configuration of a flame/vortex 443 interaction. The imbalance between thermal and reac-444 tant diffusion is evaluated by comparing a stoichiomet-445 ric methane flame to a lean propane flame. Analysis of 446 the thermal structure and the kinetic activity is under-447 taken on the basis of Rayleigh scattering together with 448 CH* and OH* chemiluminescence measurements, re-449 spectively. 450 In the present case, the vortex intensity and size rel-451 ative to the flame properties lies within the wrinkled 452 flame regime of Refs. [1, 2]. Therefore, one should have 453 expected only marginal structural variations of the flame 454 zone. Moreover, it is often postulated that even though 455 the preheat zone might be strongly influenced by hydro-456 dynamic straining and curvature, the reaction zone is 457 much more robust and experiences only marginal thick-458 ness variations. Our study demonstrates that these two 459 statements are violated even at moderate vortex intensity and large vortex size. Indeed, a significant thinning 461 (thickening) is observed during the first (second) period

Table 1 :

 1 Experimental conditions and key parameters: adiabatic flame temperature (T p ), vortex core-to-core distance (R v ), thermal flame thickness (δ 0 L ), vortex rotational velocity (U θ ), laminar flame speed (S 0 L ), and effective Lewis number Le e f f .

		Case Fuel	φ	T p	R v /δ 0 L	U θ /S 0 L	Le e f f
		M10 CH 4 1.0 2200	9.6	2.5	1.05
		P09 C 3 H 8 0.9 2157 11.3	2.45	1.5
		using previous measurements [6, 10]. Flame character-
	189	istics are calculated for a 1D stagnation laminar flame
		configuration, performed using the PREMIX module in

190 CHEMKIN-II. The GRI-Mech 3.0 [21] chemical mech-191 anism was used for the methane flame and ARAMCO-192 Mech 2.0 [22] for the propane flames. The flame ther-193 mal thickness is defined as δ 0 L = |∇c| -1 max , where the 194 progress variable c = (T -T r )/(T p -T r ), T r is the reac-195 tant temperature, and T p is the adiabatic flame temper-196 ature. T p was found to be nearly the same for the two 197 selected cases meaning that differential thermal expan-198 sion is negligible. 199 The effective Lewis numbers (Le e f f ) are evaluated 200 using the methodology of Bechtold et al. [11]. Stoi-201 chiometric methane/air mixture is thermo-diffusionally 202 neutral (i.e. Le e f f ≈ 1), whilst the lean propane flame 203 is thermo-diffusionally stable (Le e f f ≈ 1.5). Note that 204 these cases have nearly identical U θ /S L , meaning that 205 differential flow effects are eliminated and the Lewis 206 number effect can be isolated.

Table 1 outlines the key 207 parameters of the two selected conditions. 208 2.3. Temperature inversion methodology 209 Instantaneous LRS images were first binned into 4×4 210 windows in order to increase the signal-to-noise ratio, 211 and then filtered using a 8 × 8 Wiener filter. The size of 212 the filter was chosen in a way that it does not modify the 213 flame front structure. 214
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of the interaction where the strain rate (curvature) con-463 tribution to stretch dominates. This reinforces the need 464 for distinguishing strain and curvature effects as in Refs.

465 [10][11][12] for the flame speeds. More importantly, by dif-