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The flashback phenomenon in tubes has been known and studied for several decades. The classical analysis of this phenomenon is based on the determination of a critical velocity gradient that delimits the boundaries of flame flashback as a function of the mixture properties. However, significant knowledge gaps remain, particularly with regard to the effect of CO 2 dilution, which is important for predicting the safety of Brazilian pre-salt facilities. Accordingly, the general objective of this work is to experimentally determine the influence of CO 2 dilution on the flame flashback of gaseous air/hydrocarbon mixtures. In particular, the critical velocity gradient was determined for CH 4 /air mixtures with CO 2 -diluted fuel (0, 10 and 30%). For comparison purposes, measurements were also performed on propane/air mixtures diluted by CO 2 or by N 2 . For both diluent species, a reduction in the maximum value of the critical velocity gradient was observed with the increase of the dilution. Such as behavior was associated to the corresponding decrease with dilution of the laminar flame speed, which was computed using two chemical kinetics models.

INTRODUCTION

This study is motivated by the need to have reliable correlations and models capable of predicting a possible flame flashback when burning the gas excess produced in the Brazilian pre-salt reservoirs. Since the composition of the combustible gases produced in those wells differs significantly from that found in other reservoirs, in particular due to the presence of CO 2 (ANP, 2020), the models that may be found in the literature for this phenomenon are outside their range of application.

In recent years, flame flashback studies have dealt mainly with the phenomena associated with combustion in gas turbines. This is due to the development of new pre-mixed combustors with low NOx emissions. In pre-mixed gas turbine combustion chambers, flame flashback may occur as a result of four mechanisms: core flow flashback, combustion instability induced flashback and boundary layer flashback [START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF].

The boundary layer flashback is considered the primary flame flashback mechanism of interest to the present study. This mechanism is relevant, in particular, in gas turbines operating under normal conditions, that is, when the pre-mixer's free flow velocity exceeds that of the turbulent flame. As a result, flame propagation cannot occur in the core region. However, the flow velocity decreases close to the wall, which may lead to flame flashback. It is believed that this mechanism is the one that determines the critical conditions leading to the flame flashback in tubes. In fact, even in physical situations where the premixed flame is stabilized in a turbulent flow, in the vicinity of the walls the boundary layer exhibits a laminar sublayer. This low-velocity region could allow the propagation, from downstream to upstream, of flames. For this reason, the boundary layer flashback is the one studied in this project.

Classically [START_REF] Lewis | Structure and stability of burner flames[END_REF], the boundary layer flashback is assumed to occur when the flow velocity is smaller than the burning velocity at some point near the tube wall. The critical velocity gradient (G c ) is an often used parameter to characterize this flashback mechanism. This model strong assumption is that there is no flame/fluid interaction and, thus, no disturbances in the flow velocity. Accordingly, Fig. 1 shows the schematic model used to describe the critical velocity gradient, where a stabilized flame front can be seen inside a tube, near the wall.

In Fig. 1, the flow velocity [which average is Ū = ∀ t /(πR 2 ), ∀ t being the mixture flow rate and R = D/2 the tube radius] is represented by a parabolic profile, which is consistent with the flashback onset within circular tubes where laminar flow occurs at the wall vicinity. Furthermore, the position in which the burning velocity (S L , the laminar flame front speed) is equal to the flow velocity is defined as the penetration distance (δ p ). In this flashback model, the laminar flame front velocity is the velocity with which the adiabatic, isobaric and flat flame propagates, freely from the burnt gases to the fresh gases, S L [START_REF] Law | Combustion physics[END_REF], that is a property of the combustible mixture. According to the theory developed by [START_REF] Mallard | Combustion of explosive gas mixtures[END_REF], this velocity depends on the mixture's thermal diffusivity and reaction rate and the temperature of the flame zone. The flashback model further assumes that the flame is abruptly extinguished at a certain distance from the wall, which is called the quenching distance (δ q ). The model, which also considers the flame front to be stabilized upstream the edge of the tube prior to flashback, represents various conditions related to flame propagation within the tube. The horizontal axis represents the distance from the tube wall and the vertical axis is that of the stream wise velocity component. In this figure, lines u 1 , u 2 and u 3 correspond to increasing flow velocities, whereas the solid line represents the local laminar flame front speed (S L ). It should be emphasized that the flame front burning velocity is zero within the quenching region. Line u 2 indicates the situation when the flame flashback is about to occur, i.e., where the flow velocity is equal to the laminar flame front velocity, at the penetration distance. If the flow velocity is reduced (line u 1 ), the flame begins to propagate into the tube. On the other hand, when the flow velocity is increased, such as in line u 3 , the flame leaves the tube and returns to the steady state downstream the tube rim. As a consequence, the critical condition for observing flashback arises when the flow velocity in the penetration distance equals the burning velocity (S L ). The critical velocity gradient is then represented as a ratio between the laminar flame velocity and the penetration distance. It is also customary to relate the critical velocity gradient with the derivative of the flow velocity profile. Therefore, the critical velocity gradient can be expressed as [START_REF] Lewis | Combustion, Flames and Explosions of Gases[END_REF][START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF]:

G c = S L δ p = 4 Ū R = 4∀ t πR 3 . (1)
Accordingly, the objectives of this work are to:

• Develop and build an apparatus for the study of flame flashback in laminar flows;

• Compare the measured critical flow conditions for flashback onset to existing natural gas/air and propane/air experimental results [START_REF] Lewis | Structure and stability of burner flames[END_REF].

• Experimentally determine, for mixtures of gaseous hydrocarbons (methane and propane) and air, the influence of CO 2 or N 2 dilution on the boundary layer flames flashback.

In what follows, the experimental apparatus used is briefly presented, including a statement of the associated uncertainties. Then are discussed the experimental results obtained for mixtures of methane, diluent (CO 2 or N 2 ) and air, and also for mixtures in which commercial propane completely replaces CH 4 . The results' analysis adopts different representations, in order to highlight the flame flashback control parameters. Initially the results are presented using the classical flashback limit representation as a function of the total flow rate of the reactant mixture and the percentage of fuel in it.

Then, the critical velocity gradient is studied as a function of the mixture stoichiometry. Finally, conclusions and prospects for future work are given.

EXPERIMENTAL METHODOLOGY

From the analysis of the expected fuel, air and diluent flow rate ranges, an experimental setup similar to those that may be found in the literature has been developed [START_REF] Kalantari | Boundary layer flashback of non-swirling premixed flames: Mechanisms, fundamental research, and recent advances[END_REF]). The experimental configuration, which is shown schematically in Fig. 2, consists of flow controllers, one for air, one for fuel and one for the diluent, and quartz tubes with different internal diameter (D = 6, 8 and17 mm) andlength L In order to carry out the experiments, first, without diluting the fuel with inert gas, the air flow is fixed so as to vary the fuel flow only. Then, the fuel flow is regulated until the flame flashback is observed. This procedure is repeated in order to map the flame flashback of rich, lean and stoichiometric mixtures. Then, to perform the dilution experiments, the fuel and diluent flow rates are held constant. In this way, the inert to fuel dilution ratio is guaranteed for each experimental point, whereas the air flow is varied in order to attain the critical conditions leading to the phenomenon of flame flashback. This experimental procedure is repeated at least once for each critical flow rate value.

The procedure used to determine the experimental uncertainty uses the method [START_REF] Abnt | Guia para a Expressão da Incerteza de Medição[END_REF], in which type A and type B uncertainties have been evaluated from calibration certificates of flow controllers and measurements made in the laboratory. Then, the uncertainties are calculated for the main parameters used in the experiment, such as: total flow rate, critical velocity gradient, equivalence ratio and the flow velocity. The calculated uncertainties of the equivalence ratio, the flow velocity and the critical velocity gradient are ±4%, ±3% and ±4%, respectively.

Following the model given by Eq. ( 1), in order to compare the flashback propensity of the different studied mixtures, a numerical calculation of the laminar flame front speed, S L is made using the Ansys CHEMKIN software together with the GRI 3.0 model [START_REF] Smith | GRI-Mech 3.0[END_REF] of thermodynamics, transport and chemical reactions for methane mixtures, and the San Diego MECH model (2016-12-14) (Mechanical and Aerospace Engineering (Combustion Research) and UCSD, 2016) for propane mixtures. The choice of these mechanisms is based on the agreement with computed laminar flame speeds [START_REF] Konnov | A comprehensive review of measurements and data analysis of laminar burning velocities for various fuel+air mixtures[END_REF]). An equivalence ratio (φ) range is used that also encompasses the points used in the experimental results, i.e., from 0.55 to 1.6. Results may be compared for mixtures involving methane and propane in Tab. 1, where different flame properties are given as a function of the diluent molar and mass fractions used in the study. These properties are the computed maximum values of adiabatic flame temperature and flame speed. In this table it may be verified that, as the diluent concentration is increased, both the adiabatic flame temperature and the flame front speed decreases. This behavior is expected to directly influence the measured G c values, also given in this table, but which discussion is deferred to section 3.3 . It should be noted that, in addition to CO 2 as a diluent, N 2 is also used. This choice is motivated by the chemical nature of carbon dioxide, which, as a product of combustion, has an effect on the concentration of the burnt mixture components. This effect is well known in the case of the thermochemical balance of the combustion products of hydrocarbons and air rich mixtures, and can be explained due to the water-gas shift equation, which describes the reaction of carbon monoxide and water vapor to form carbon dioxide and hydrogen. Thus, an increase in the concentration of CO 2 displaces the balance of combustion products, resulting in a greater presence of H 2 O and CO. This is why N 2 has been chosen for comparison purposes.

RESULTS AND DISCUSSION

This section presents the experimental results obtained for mixtures of methane, diluent (CO 2 or N 2 ) and air, and also for mixtures in which commercial propane completely replaces CH 4 . The results analysis adopts different representations, in order to highlight the parameters that control the flame flashback. Initially the results are presented using the classical flashback limit representation as a function of the total flow rate of the reactant mixture and the percentage of fuel in it, for various tube diameters. Then, the critical velocity gradient is given as a function of the combustible mixture equivalence ratio. Figure 3 illustrates the flames studied in three typical situations: left A flame corresponding to a lean mixture, stabilized outside the tube, for a velocity gradient value larger than the critical one. The surface of this flame is smooth and its upper end is closed, which is characteristic of flames with a Lewis number close to one.

center A rich propane and air flame, stabilized outside the tube, for a velocity gradient value far from the critical, also. This flame is characterized, on its internal surface, by undulations that reflect the intrinsic instabilities [START_REF] Law | Combustion physics[END_REF]. Downstream of this surface, a plume is observed, in which the excess of CO and H 2 present is oxidized the ambient air O 2 .

right A flame that propagates in a rich mixture, representative of the moment when the value of the velocity gradient becomes smaller than the critical value, and the flame penetrates the quartz tube. When compared to the previous situations, it is clear that this flame is not axisymmetric, presenting at this transient moment a three-dimensional surface.

Flashback limits for different tube diameters

The first experiments have been performed for mixtures of methane/air in order to validate the obtained results by comparison with those given in the literature. Accordingly, Fig. 4a shows the measured flame flashback limits as a function of the combustible gases flow rate and fuel molar percentage, for methane/air mixtures. In this figure each symbol represents the measured flame flashback boundary. The different symbols represent the three tube diameters used, the leftmost being the one corresponding to the smallest diameter (6 mm) and the rightmost curve corresponding to the largest diameter (17 mm). Flame flashback always occurs inside each zone delimited by these symbols, therefore, it may be verified that, as the tube diameter increases, the absolute propensity zone for flame flashback to occur decreases. In the particular case of the 17 mm diameter tube, the maximum flow rate is in the order of 215 cm 3 /s for 9.3% of fuel. As this percentage increases or decreases, the total flow rate decreases. For instance, at the point where there is 11.89 % of fuel, the critical flow rate is 75.67 cm 3 /s and, at the point where 6.76% of fuel, the critical flow rate is 71.5 cm 3 /s. At the neighborhood of stoichiometry, the maximum total flow rate for which the flame flashback is observed is found to occur and, as the mixture composition moves away from the stoichiometry (9.51%, since methane 2.0 is used) these critical total flow rates decrease.

Figure 4a also validates the experimental methodology used by comparison with the data found in the literature [START_REF] Lewis | Structure and stability of burner flames[END_REF], which are shown as the solid lines in Fig. 4a. The main difference between these results and the small displacement on the vertical axis is due to the composition of the gases used. Indeed, while in the literature natural gas of unknown composition is used (stoichiometry presumably ≈ 9%). This slight difference could explain the observed displacement of the vertical axis.

Carbon dioxide dilution influence

Figures 4b and4c show, in a representation identical to Fig. 4a, the flame flashback limits for mixtures considering CO 2 and N 2 dilution, which are given in Tab. 1. These figures exhibit, respectively, the results obtained for methane/air and propane/air mixtures for a single tube diameter, 17 mm. From these results, it may be observed that as the percentage of diluent in the fuel increases, the region bounded by the symbols is reduced, thus leading to a reduced flashback propensity.

Similarly to what has been observed when analyzing the results given in Fig. 4a, the maximum flow rate leading to flashback occurs in the stoichiometric region and as the mixture composition increases or decreases from it the total flow rate for which the flame flashback is observed decreases. As dilution is increased, the critical flow rate for the same percentage of fuel decreases. More specifically, concerning the methane/air/diluent results, the undiluted mixture, close to stoichiometry (9.3% fuel), has a critical flow rate of 215 cm 3 /s, whereas a mixture with 10% dilution by CO 2 and 9.43% of fuel is characterized by a critical flashback flow rate of 176.86 cm 3 /s. For the propane/air/diluent mixtures, at the stoichiometry region, the critical flow rate is of the order of 350 cm 3 /s without dilution and of the order of 250 cm 3 /s with 25% CO 2 dilution.

The comparative analysis of the effect of CO 2 and N 2 dilution is deferred to the following section.

Critical velocity gradient: CO 2 and N 2 dilution influence

Another way to represent the flame flashback is through the critical velocity gradient [Eq. ( 1)]. Figure 5 shows the critical velocity gradient for methane/air mixtures, as a function of the equivalence ratio, for different tube diameter values. This figure is an adaptation of the literature, with the experimental data obtained in the present work (colored) superimposed on the literature data (black) [START_REF] Lewis | Structure and stability of burner flames[END_REF]. Figure 5 shows that expressing the flame flashback limits in the characteristic form of the critical velocity gradient has the effect of collapsing the data for different tube diameters in a single "curve". A notable difference between the experimental data and literature results is a slight displacement of the vertical axis, which could be attributed to the composition of the fuel. In the literature, natural gas of unknown composition and stoichiometry of 9% was used, whereas in the present work, methane 2.0, with stoichiometry of 9.51%, is the fuel. In Fig. 5, the region enclosed by the symbols is the region within which the flashback occurs. The maximum value of the critical velocity gradient (≈ 445 s -1 ) occurs in the stoichiometry region due to the higher flame speeds and, as the equivalence ratio is either decreased or increased, the critical velocity gradient decreases.

In order to evidence the fuel dilution influence, Fig. 5 also shows the critical velocity gradient for methane/air/diluent mixtures, whereas in Fig. 6 the results corresponding to propane/air mixtures are depicted. It is observed that as the dilution concentration increases the region bounded by the symbols -the flashback zone -is reduced, thus, reducing critical velocity gradient that leads to flame flashback for both fuels. It is also possible to observe that the maximum values of the critical velocity gradient for diluted mixtures also lie at the stoichiometry region. Fuel lean or fuel rich diluted mixtures also exhibit a reduced value of the critical velocity gradient As the critical velocity gradient is directly related to the flame propagating speed [Eq. ( 1)], the influence of the fuel dilution on S L,max and on G c,max is shown in Table 1. Indeed, for methane/air/diluent mixtures, the maximum value of the critical velocity gradient goes from 462 s -1 (no dilution) to 246 s -1 (30% CO 2 dilution) and 334 s -1 (30% N 2 dilution). For propane/air/diluent mixtures, a similar behavior is shown: 675 s -1 with no dilution then a reduction is observed as dilution is increased (575 s -1 for 25% of CO 2 and 473 s -1 for 55% of N 2 ). Thus, the dependence of the critical velocity gradient on the laminar flame front speed shown in Eq. ( 1) and in Table 1, explains the reduction of the measured G c,max values, since the values of S L,max are reduced as the diluent concentration is increased.

CLOSING REMARKS

Flame flashback experiments were carried out on the 6, 8 and 17 mm diameter tubes (17 mm including dilution). In particular, a critical velocity gradient was determined for CH 4 /air and propane/air mixtures with CO 2 -diluted fuel (0, 10 and 30%). For comparison purposes, measurements were also performed on CH 4 /diluted by N 2 mixtures. For both diluent chemical compounds (CO 2 and N 2 ), a reduction in the maximum value of the critical velocity gradient with increasing dilution was found. The equivalence ratio range that delimits the flashback limits was also found to be reduced by increasing the dilution of fuel by CO 2 or N 2 . The observed critical velocity gradient behavior was associated to the corresponding reduction in the laminar flame front speed with dilution by a chemically inert species.

Figure 1 :

 1 Figure 1: Boundary layer flashback schemes, leading to the critical velocity gradient concept.

  = 1000 mm, upstream of which the gases are pre-mixed. Combustion takes place at the open end of the tube and the flow rates are changed until combustion moves upstream, into the tube, which characterizes the boundary layer flashback. To this end, a flow controller is used for each gas used in the mixture. The specified flow controllers (Alicat, models MC-500SCCM, MC-5SLPM and MC-20SLPM) cover the maximum (10 SLPM) and minimum (0.1 SCCM) flow rate ranges required to perform an accurate flashback characterization. The corresponding uncertainties are 0.2% of full scale for each flow controller.

Figure 2 :

 2 Figure 2: Experimental setup schematic model.

Figure 3 :

 3 Figure 3: Flames of propane / air mixtures obtained experimentally in a 17 mm diameter tube. Leftmost: lean mixture, flame stabilized outside the tube, Center: rich mixture, flame stabilized outside the tube, Rightmost: rich mixture, flame at the flashback critical velocity gradient.

  (a) Methane/air mixtures in 6, 8 and 17 mm diameter tubes. Experimental points are represented by the symbols and literature results (Lewis and von Elbe, 1949) represented by the solid lines. (b) Methane/air/diluent mixtures in a 17 mm diameter tube, indicated are the fuel diluent percentages. (c) Propane/air/diluent mixtures in a 17 mm diameter tube, indicated are the fuel diluent percentages.

Figure 4 :

 4 Figure 4: Flame flashback limits as a function of the total flow rate and fuel percentage.

Figure 5 :

 5 Figure 5: Critical velocity gradient as a function of the equivalence ratio for methane/air/diluent mixtures, indicated are the fuel diluent percentages. Comparison with literature results (Lewis and von Elbe, 1949), no dilution, 6, 8 and 17 mm diameter tubes. Diluted: 17 mm diameter tube only.

Figure 6 :

 6 Figure 6: Comparison between the measured critical velocity gradient and literature results (Lewis and von Elbe, 1949) for propane/air/diluent mixtures in the 17 mm diameter tube, indicated are the fuel diluent percentages.

Table 1 :

 1 Comparison between dilutions influence on maximum flame speed for mixtures of methane/ air/ diluent and propane/air/diluent.

	Fuel	Diluent % molar % mass S L,max (cm/s) T max (K) G c,max (1/s)
		-	-	-	38.4	2,236	462
	CH 4	CO 2	15 30	25 55	35.4 28.2	2,214 2,136	372 246
		N 2	15 30	17 43	37.2 33.9	2,215 2,178	396 334
		-	-	-	41.8	2,283	675
	C 3 H 8	CO 2	15 25	15 25	39.9 38.4	2,265 2,252	655 575
		N 2	25 55	17 43	40.4 36.8	2,265 2,227	627 473
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