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Flame Flashback Karlovitz number for CO 2 diluted CH 4 and C 3 H 8 mixtures with air

The premixed flame flashback phenomenon in tubes has been known and studied for several decades. However, the effect of the CO 2 dilution has not been addressed, which is relevant for assessing the safety of oil-producing facilities.

For this reason, specific studies of premixed flame flashback in laminar flows are developed here. The objective of this work is to determine the influence of CO 2 dilution on flame flashback in mixtures of hydrocarbons (CH 4 or propane) with air. This is effected by determining the critical Karlovitz number, using both experimental and numerical data. The original results obtained show that CO 2 dilution increases the Karlovitz number when the percentage of dilution on fuel is larger than 25% and 50%, for methane and propane, respectively. This indicates a smaller flashback propensity.

Introduction

The flame flashback phenomenon in laminar flows has been known and studied for several decades [START_REF] Lewis | Combustion, flames and explosions of gases[END_REF]. A significant amount of results is available, which demonstrate the influences exerted by fuel, N 2 dilution and tube diameter choices [START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF], for instance. However, a recent review of the state of the art [START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF] 5 indicates that significant knowledge gaps remain, in particular with regard to the effect of fuel dilution by CO 2 . Indeed, CO 2 is used to displace oil in mature reservoirs, and is naturally found in some geological formations, which leads to fuel gas produced with dilutions that may reach 75%. Therefore, these knowledge gaps prevent the use of existing results for the prediction of flame 
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In the classic premixed flame flashback model in tubes [START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF], the flame penetration distance within the boundary layer is considered proportional to the laminar flame thickness, i.e., δ p = Kδ L , where K is the Karlovitz number. Note that for tubes with diameter smaller than 2 mm, extinction instead of flashback is expected to occur [START_REF] Lewis | Combustion, flames and explosions of gases[END_REF]. Assuming a laminar developed flow within the tube, where, T b and T u are the temperatures of the burned gases at equilibrium and of fresh mixture, respectively. The chemical kinetic mechanisms chosen were: (1) the GRI-Mech 3.0 mechanism [START_REF] Smith | [END_REF] for the methane/air/CO 2 mixtures, and (2) for propane/air/CO 2 mixtures the San Diego Mech [START_REF]Chemical-Kinetic Mechanisms for Combustion Applications, San Diego Mechanism web page[END_REF]. Thus, the propane/air/CO 2 are presented in Fig. 1. It depicts the Karlovitz number values as a function of the equivalence ratio. For undiluted methane mixtures, Fig. 1a shows the Karlovitz number is practically independent of the equivalence ratio for 0.7 ≤ φ ≤ 1.1, that is, K = 2.5 ± 0.5. However, for φ > 1.1, a strong increase in the Karlovitz number with equivalence ratio is observed. Methane mixtures exhibit a K increase as CO 2 is added beyond 30 %. For example, in the 17 mm tube, for stoichiometric methane/air mixtures, the Karlovitz number is 1.7 and for methane/air/30%CO 2 mixtures it is 2.8. For undiluted propane mixtures, as seen in Fig. 1b, the Karlovitz number decreases from ≈ 4 to ≈ 0.2 with φ, to 0.7 ≤ φ ≤ 1.5. Propane mixtures have a similar behavior with respect to CO 2 dilution. Indeed, a stoichiometric propane/air mixture characterized by a Karlovitz number of the order of 1.7, whereas a stoichiometric mixture of propane/air/75 % CO 2 is of the order of 4.6. The results also show that the critical K value is independent of the tube diameter. Note that numerical studies [START_REF] Kurdyumov | Flame flashback and propagation of premixed flames near a wall[END_REF] [7] of flame flashback showed that K decreases with the Lewis number. undiluted, green -10%, yellow -15%, red -25%, blue -30%, cyan -50% and magenta -75%.

The filled symbols represent the higher dilution percentage.

Conclusion

The critical Karlovitz number for flame flashback to occur in CH 4 and C 3 H 8 mixtures was determined as a function of the fuel, the equivalence ratio and 65 CO 2 dilution. For methane mixtures, K exhibits a small variation between 0.6 ≤ φ ≤1; however for richer mixtures an abrupt increase was observed with K = 2.35 for φ =0.8 and K = 3.90 for φ =1.25. As for the propane mixtures, the Karlovitz number presents a decreasing behavior, with K = 3.34 and K = 1.02 for φ =0.8 and 1.6, respectively. A K increase as CO 2 is added is seen for 70 dilutions beyond 30 % for methane mixtures, i.e., at stoichiometry, for undiluted mixtures, K=2, whereas for methane/air/25%CO 2 K= 2.8. The effect of CO 2 dilution is lesser for propane/air mixtures, where the Karlovitz number is 2 for undiluted fuel and for propane/air/75%CO 2 mixtures K is 3.8. Therefore, CO 2 diluted methane and propane mixtures with air are less prone to flame flashback 75 than undiluted fuels.

  10 flashback, in particular under the operating conditions of the Brazilian pre-salt offshore platform flares. For this reason, specific studies of the premixed flames flashback in laminar flows are undertaken here. Results are presented of the influence of the mixture conditions (composition and dilutions by CO 2 ) on the flame flashback limits, which are represented by the Karlovitz number.
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 2 MethodologyTo study the boundary layer flashback phenomenon in laminar flows an experimental bench was set up. Its dimensioning was performed based on data found in the literature[START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF]. This bench consists of: D = 17, 6, 5, and 4 mm inner diameter quartz tubes, which are vertically mounted; Alicat Scientific 0.5, 20 5, 50 and 500 SCCM, 5 and 20 SLPM flow controllers are used to measure the reactants flow rates prior to mixing. The set of experiments enables to determine the critical velocity gradient (G c = 8 Ū /D), whre Ū is de mean flow velocity for flashback to occur as a function of the equivalence ratio and fuel (methane or propane) dilution by CO 2 .

  30the critical condition for flashback to occur through the boundary layer can be expressed as 8 Ū /D = S L /(Kδ L ), where, S L is the laminar flame front speed at which the flat, isobaric, adiabatic flame freely propagates. To determine the S L , numerical calculations were performed using the Ansys CHEMKIN software, version 2020 R1. The computed flame thickness was determined using the max-imum derivative of the temperature [3], i.e, δ L = (T b -T u )/(max (dT /dx)),

Figure 1 :

 1 Figure 1: Karlovitz number as a function of the equivalence ratio for mixtures in tubes of D = 4 ( ), 5 ( ), 6 (•) and 17 (•) mm. The symbols colors are organized such as: black -
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Karlovitz number is determined here using both experimental and computed data as K = DS L /(8 Ū δ L ). The error associated to K and φ are ± 0.32 and ± 0.045, respectively.

Results and Discussion

The results of the Karlovitz number for mixtures of methane/air/CO 2 and This trend was also observed in the present study, but these results are not shown for the sake of brevity.