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Fast-flame limit for hydrogen/methane-air mixtures

Introduction

The risk of an industrial plant explosion during the accidental release of a gaseous fuel depends on several factors, including the availability of an ignition source and the presence of an obstacle-congested environment to promote flame acceleration. In most accident scenarios, it is difficult to predict the likelihood of ignition, and as a result, the conservative approach is to assume ignition. However, even if ignition is assumed, it does not necessarily guarantee that a dangerous overpressure will be generated. To obtain an overpressure in a vented industrial containment, such as a turbine exhaust duct, flame acceleration is required, and for fuel-air mixtures this requires obstructions in the flame path. There are many types of flame acceleration promoting obstacles that can be present in an industrial environment, including cross-flow oriented tubes, catwalks, conduit, wiring, pieces of equipment, etc. Therefore, every scenario presents a unique geometry and scale. To determine if flame acceleration could occur, large-scale experiments would have to be performed in the applicable geometry, and under prototypic thermodynamic conditions, that could include elevated pressure and temperature. This approach is rarely taken for economic and practical reasons; and in many cases, the ignition point is not known, so the results are not definitive. A more practical approach is to use laboratory-scale experiments to come up with a fundamental flame acceleration critical condition that does not depend on the channel scale or geometry.

Generally, in a geometry with lateral confinement, flame acceleration is driven by the expansion of the combustion products that induces a flow in the unburned gas ahead of the flame. Many experimental studies have been carried out in ducts with, and without obstacles, looking at flame acceleration. In smooth inner-surface tubes, the zero-velocity boundary condition produces a parabolic axial flow velocity profile across the diameter that results in stretching of the flame. The resulting increase in the flame surface area results in an increase in the volumetric burning rate that increases the flow velocity of the unburned gas ahead of the flame. This feedback loop, in conjunction with wall shear generated fine-scale turbulence, and thermal-diffusive flame surface instabilities leads to a prolonged flame acceleration [1]. As the flame accelerates to a velocity above the unburned gas speed of sound compression waves form that raise the temperature of the unburned gas ahead of the flame resulting in an increase in the laminar burning rate that further promotes flame acceleration. In unobstructed small diameter tubes, flame acceleration occurs over a broad range of fuel-oxygen equivalence ratios that lead to deflagration-to-detonation-transition (DDT) [2,3]. For fuel-air mixtures, more typical of industrial applications, only the most reactive mixtures, such as stoichiometric acetylene-air and hydrogen-air, produce flame acceleration to DDT in extremely long small-diameter tubes [4].

Shchelkin demonstrated that flame acceleration can be enhanced by roughening the tube wall by introducing a spiral wire into the tube [5]. This reduced dramatically the flame acceleration distance required for DDT. In the 1980s, experiments were carried out for a range of fuel-air mixtures in larger diameter tubes with repeated orifice plates [6]. The orifice plates, typically spaced at the tube diameter, introduce large perturbations to the unburned gas flow ahead of the flame that distort the flame, thereby increasing the flame area. The study revealed that flame acceleration could lead to two steady-state propagation regimes that were associated with significant overpressure generation at the front, i.e., fastflames and quasi-detonations. For conditions that did not produce a fast-flame (e.g. slow-flame), the tube pressure rose uniformly but very little dynamic pressure at the flame front was observed.

Based on experimental data, Dorofeev proposed that the limit between the slow-flame and the fast-flame depends on the density ratio across the flame, σ= ρu/ρb, where the critical (or minimum) density ratio is given by σ* [7]. He showed that for hydrogen and hydrocarbon fuels that σ*depends on the Zeldovich number (β), which is given by β= Ea*(Tb-Tu)/(R*Tb 2 ), where Ea is the activation energy, R is the gas constant, Tu is the initial mixture temperature and Tb the adiabatic flame temperature. Kuznetsov et al. [START_REF] Kuznetsov | Report FZKA-6328[END_REF] showed that there is no scale effect on this limit if the experiments are done in a setup where the turbulent length-scale is at least 100 times the flame thickness, which is the case in the 10 cm diameter tube used in this study.

The objective of this study is to measure the fast-flame limit in an orifice plate filled tube for H2/CH4-air mixtures. Hydrogen and methane were chosen because of the large difference in Ea, as well as the fact that they are the main constituents of coke and syngas. The proportion of hydrogen and methane, along with initial temperature, were varied to get a wide spectrum in the Zeldovich number in order to develop a correlation as suggested in [7].

Experimental

The experiments were carried out in a 6.1 m long, 10 cm inner-diameter heated stainless steel tube shown in Fig. 1. The tube is covered in custom ceramic bead thermal blankets providing a temperature uniformity of 25 o C on the inner surface. The pipe-sections and flanges are controlled separately. The tube is filled with 7.6 cm diameter orifice plates spaced at one-tube diameter. A capacitive discharge circuit delivering 500 mJ of energy across two electrodes was used to ignite the flame at the closed end of the tube. The test mixture is produced in a heated mixing chamber by first evacuating the chamber and then adding the gas components based on the method of partial pressures. The mixing chamber is equipped with a stirrer that is operated for 20 minutes to ensure mixture homogeneity. The 1.27 cm diameter tube between the mixing chamber and the test vessel is also heated to ensure that the mixture enters the tube at an elevated temperature. Six ionization probes (IP) are positioned along the tube, as per Fig. 1, to measure the flame time-of-arrival. The flame velocity is deduced based on the time-of-arrival between adjacent ionization probes. A PCB piezoelectric pressure transducer was used to measure the peak dynamic pressure. An amplified photodiode (PD) is located near the end of the tube to detect the light emitted from the flame.

Experiments were carried out at an initial pressure of 101 kPa and at three initial temperatures (298K, 423K and 573K) with the following fuels: 100%H2, 40%H2/60%CH4, 60%H2/40%CH4, 100%CH4. The limit was obtained by varying the equivalence ratio, (which has a very small effect on the Zeldovich number) with the temperature and fuel composition held constant. The laminar flame speed was measured in a 56 L spherical bomb that has been previously described [START_REF] Goulier | [END_REF].

The 48 cm inner-diameter (56-litre) heated spherical stainless steel vessel is equipped with 4 quartz windows (100 mm optical diameter, 50 mm thickness). Thermal insulation applied on the outside of the bomb ensures a homogeneous temperature throughout the entire apparatus, to within ±1 K. The maximum test temperature was 473K. Two tungsten electrodes, located along the diameter of the sphere, was used to ignite the mixture. The gases were introduced directly in the spherical bomb using the partial pressure method. The pressures were measured using capacitive manometers (MKS Baratron, Type 631) to an accuracy of 0.5%. Experiments were carried out at an initial pressure of 101 kPa. Schlieren photography was used to visualize the spherical flame. A Phantom v1610 was used to capture the flame propagation at a rate of 19004 or 25000 frames per second, depending on the flame propagation speed range.

Results

First, the critical equivalence ratio (EQR), corresponding to the fast-flame limit, is reported from the flame acceleration experiments. The corresponding critical expansion ratio σ* is obtained using an equilibrium code. Then, this measured σ* is compared with the predicted critical expansion ratio using eqn. (1) where the Zeldovich number is obtained using the Ea obtained from a kinetics mechanism validated using the measured laminar burning velocity data over the initial temperature range of 298K -473K initial temperature (but not for 573K). Based on these results, the fast-flame limit lies between 0.65 and 0.68. In general, higher EQRs resulted in more rapid flame acceleration producing fast-flames propagating in the velocity range of 600 m/s. Once the flame becomes a fast-flame the velocity oscillates about a mean value of around 600 m/s, and therefore the average velocity measured in the second-half can be smaller than that in the first-half, e.g., the test done at EQR=0.73 show this. Typical pressure traces obtained for tests producing a fast-flame and slow-flame are provided in Fig. 5a and 5b, respectively. One of the main differences in the pressure traces is the magnitude of the peak pressure. This can be attributed to the rate of combustion, as well as the energy release which is governed by the initial density of the mixture (double for the 298K compared to the 573K case). The fast-flame pressure trace is characterized by a rapid initial rise associated with a lead shock wave, whereas for the slow flame the pressure rises steadily to a peak value typical of uniform pressurization of a closed volume.

If this was an open-ended tube, the same pressure trace would be obtained for the fast-flame, whereas the peak pressure for the slow-flame would be significantly lower than that recorded. Note, the oscillations observed in both traces, especially the fast-flame is produced by reflected shocks generated by the lead shock wave and the repeated obstacles. The large electrical noise in the slow flame pressure signal is due to the vertical-scale being very small because of the very low peak pressure recorded. A summary of the fast-flame EQR limits for all four fuels, at the three different initial temperatures, are provided in Table 1. The fundamental driving force for flame acceleration is the product of the expansion ratio and the laminar burning velocity, both of which are affected by the initial temperature. As expected, the critical EQRs for hydrogen were significantly smaller than methane, presumably due to the significantly higher burning velocity of hydrogen. For the binary fuels, the critical EQR lies between the pure fuel values, proportionally to the amount of each constituent fuel. For the fuels containing methane, the critical EQR decreases, or remains the same, for increasing initial temperature. For hydrogen, there is a nonlinear effect of temperature on the critical EQR. 

Correlation of the fast-flame limit data

The fast-flame limit correlation requires the expansion ratio and the activation energy for the critical mixtures listed in Table 1. The expansion ratio was calculated using an equilibrium code. The activation energy was obtained from the laminar burning velocity (SL°) sensitivity to a small change in the adiabatic flame temperature (Tb). Specifically, the activation energy (normalized by the perfect gas constant) was obtained from the slope of the curve of 2*ln(SL°) versus 1/Tb. The laminar burning velocity was calculated from the flame code COSILAB [11]. The GRI mechanism [12] was used for all the fuel mixtures, and cross referenced with the Mevel et al. mechanism [13], which has been validated for hydrogen fuel.

The applicability of the two mechanisms for such weak mixtures was not known. So spherical bomb tests, as described in the experimental section, were carried out to measure the laminar burning velocity to compare with numerical predictions using the two mechanisms. Note, the laminar burning velocity at 573K could not be obtained due to equipment limitations, instead values at the maximum test temperature of 473 are reported.

The flame morphology (smooth and spherical, wrinkled, smooth but with buoyancy effect) depends strongly on the composition and on the initial temperature. For the methane mixtures, the flames were spherical and smooth, and therefore it was straightforward to obtain a value for SL°. For hydrogen, all the flames were wrinkled, and SL° was determined from the portion of the flame where, either the cells did not have time to fully develop, or developed only in a very limited fashion. For the hydrogen/methane mixtures, the flames were marginally (60H2/40CH4 at 473 K), or substantially (both binary mixtures at 298K and 423 K) affected. Figure 6 shows a series of flame images corresponding to each critical condition. Depending on the morphology of the flame surface (smooth or wrinkled), two different in-house programs were used to obtain the temporal evolution of the flame radius from the schlieren images; from which the unstretched laminar flame speed of the unburned gases was derived. As described in [START_REF] Goulier | [END_REF]10], the nonlinear relationship between the flame speed and the stretch rate was used to derive the laminar burning velocity for each condition. Examples of the measured burning speed versus the stretch rate are provided in Fig. 7. 13

The experimentally measured and simulated laminar burning velocities are summarized in Table 2. The agreement between the experimental measurement and that obtained using the GRI mechanism is very good for pure methane, but not so good for the other fuel mixtures. The discrepancy between the GRI and Mével mechanism for the pure hydrogen is only about 20%, giving some degree of confidence in the GRI mechanism even for the pure hydrogen fuel mixtures. For each of the critical mixtures (see Table 1), the adiabatic flame temperature (Tb), the activation energy obtained using the GRI and Mevel mechanisms, and the expansion ratio are all provided in Table 3. The measured critical expansion ratio from Table 3 is plotted as a function of the Zeldovich number in Fig. 8.

The data points clearly show the separation between the slow and fast-flame propagation zones. All the data from the methane containing fuel mixtures correlate very well, whereas, the hydrogen data shows some anomalies, especially the 573K data point that doesn't follow the general trend. As proposed in the Dorofeev analysis [7], the following fast-flame limit correlation is obtained based on the data from the present data:

σ * =-0.00285β 2 + 0.3823β + -2.2078 (1) 
This correlation, plotted in Fig. 8, predicts fairly well the limit between the slow and fast-flames observed in this study. All the data points lie at, or slightly below, the correlation curve, except for one of the hydrogen-air mixtures that lies above the curve. 

Conclusions

Experiments were carried out to measure the fast-flame limits in a cylindrical tube equipped with orifice plates and to determine the fundamental combustion properties using spherical expanding flames coupled with detailed kinetic simulations. The tests were done over a broad range of Zeldovich numbers, obtained by varying the fuel composition of hydrogen/methane with air and the initial temperature. The data was well correlated when the flame expansion ratio was plotted versus the Zeldovich number, for each of the critical mixtures. A new correlation, based on the analysis of Dorofeev, was derived that predicts the measured fast-flame limit over this broad range of conditions (well within the +/-8% uncertainty quoted in [7]) except for the one data point obtained for pure hydrogen at 573K. 
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 1 Equivalence ratios corresponding to the measured fast-flame limits

		Initial temperature (K)
	Fuel	298	423	573
	CH4	0.675	0.63	0.55
	0.6CH4 + 0.4H2	0.60	0.525	0.525
	0.4CH4 + 0.6H2	0.525	0.45	0.45
	H2	0.30	0.25	0.35

Table 2 .

 2 Experimental and Simulated laminar flame speeds for the targeted mixtures.

	fuel	Ti (K)	EQR	SL°-Exp (cm/s)	SL°-GRI (cm/s)	SL°-Mével (cm/s)
	CH4	298	0.675	13.59	16.9	
	CH4	423	0.63	23.33	28.9	
	CH4	473	0.55	18.64	25.22	
	0.6CH4+0.4H2	298	0.525	7.79	11.27	
	0.6CH4+0.4H2	423	0.525	18.71	25.48	
	0.6CH4+0.4H2	473	0.525	52.69	34.02	
	0.4CH4+0.6H2	298	0.60	8.75	15.3	
	0.4CH4+0.6H2	423	0.45	6.25	22.33	
	0.4CH4+0.6H2	473	0.45	8.44	30.2	
	H2	298	0.3	17.08	6.62	7.74
	H2	423	0.25	23.36	10.45	12.36
	H2	473	0.35	68.60	38.53	47.85

Table 3 .

 3 Comparison of measured and predicted values of the critical expansion ratio.

			Measured flame		σ* from eqn (1) using simulated	σ* from eqn (1) using simulated SL o
			acceleration σ		SL o (Mével mech)			(GRI mech)	
	Fuel	Ti (K) EQR	σ	Tb (K) Ea,Mével (kJ/mol) βMével σMével* Ea,GRI (kJ/mol) βGRI	σGRI*
		298	0.675	6.11	1791	NA	NA	NA	493	28	6.20
	CH4	423	0.63	4.28	1810	NA	NA	NA	406	21	4.48
		573	0.55	3.12	1786	NA	NA	NA	355	16	3.25
		298	0.6	5.66	1687	NA	NA	NA	420	25	5.52
	0.6CH4 +	423	0.525	3.84	1649	NA	NA	NA	336	18	3.81
	0.4H2	573	0.525	3.04	1767	NA	NA	NA	334	15	2.99
		298	0.525	5.210	1569	NA	NA	NA	372	23	5.12
	0.4CH4 +	423	0.45	3.52	1525	NA	NA	NA	296	17	3.43
	0.6H2	573	0.45	2.81	1648	NA	NA	NA	307	15	2.78
		298	0.3	3.81	1183	223	17	3.48	199	15	2.97
	H2	423	0.25	2.63	1170	181	12	1.93	173	11	1.76
		573	0.35	2.52	1545	379	19	3.91	365	18	3.72
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 1 Equivalence ratios corresponding to the measured fast-flame limits

		Initial temperature (K)
	Fuel	298	423	573
	CH4	0.675	0.63	0.55
	0.6CH4 + 0.4H2	0.60	0.525	0.525
	0.4CH4 + 0.6H2	0.525	0.45	0.45
	H2	0.30	0.25	0.35

Table 2 .

 2 Experimental and Simulated laminar flame speeds for the targeted mixtures.

	fuel	Ti (K)	EQR	SL°-Exp (cm/s)	SL°-GRI (cm/s)	SL°-Mével (cm/s)
	CH4	298		13.59	16.9	
	CH4	423	0.63	23.33	28.9	
	CH4	473	0.55	18.64	25.22	
	0.6CH4+0.4H2	298	0.525	7.79	11.27	
	0.6CH4+0.4H2	423	0.525	18.71	25.48	
	0.6CH4+0.4H2	473	0.525	52.69	34.02	
	0.4CH4+0.6H2	298	0.60	8.75	15.3	
	0.4CH4+0.6H2	423	0.45	6.25	22.33	
	0.4CH4+0.6H2	473	0.45	8.44	30.2	
	H2	298	0.3	17.08	6.62	7.74
	H2	423	0.25	23.36	10.45	12.36
	H2	473	0.35	68.60	38.53	47.85

Table 3 .

 3 Comparison of measured and predicted values of the critical expansion ratio.

			Measured flame		σ* from eqn (1) using simulated	σ* from eqn (1) using simulated SL o
			acceleration σ		SL o (Mével mech)			(GRI mech)	
	Fuel	Ti (K) EQR	σ	Tb (K) Ea,Mével (kJ/mol) βMével σMével* Ea,GRI (kJ/mol) βGRI	σGRI*
		298	0.675	6.11	1791	NA	NA	NA	493	33	6.89
	CH4	423	0.63	4.28	1810	NA	NA	NA	406	27	4.86
		573	0.55	3.12	1786	NA	NA	NA	355	24	3.71
	0.6CH4	298	0.6	5.66	1687	NA	NA	NA	420	30	6.02
	+	423	0.525	3.84	1649	NA	NA	NA	336	25	4.21
	0.4H2	573	0.525	3.04	1767	NA	NA	NA	334	23	3.49
	0.4CH4	298	0.525	5.210	1569	NA	NA	NA	372	28	5.55
	+	423	0.45	3.52	1525	NA	NA	NA	296	23	3.87
	0.6H2	573	0.45	2.81	1648	NA	NA	NA	307	22	3.31
		298	0.3	3.81	1183	223	17	3.90	199	20	3.47
	H2	423	0.25	2.63	1170	181	12	2.66	173	18	2.54
		573	0.35	2.52	1545	379	19	4.30	365	28	4.12
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