Global warming pushes us to ameliorate technologies for reducing greenhouse gas emissions. Hydrogen combustion can be one of the keys to solve this problem, due to its decarbonised nature and because hydrogen can serve as storage for intermittent renewable electricity sources. Nevertheless, burning hydrogen raises several challenges compared to hydrocarbon, due to the high reactivity and diffusivity of hydrogen molecules. Therefore, actual burners have to be improved to achieve stable and reliable combustion of hydrogen mixtures. Furthermore, due to the absence of carbon atoms, only thermal NOx are produced slowly, in the burnt gas, and so by cooling those gases, it is possible to strongly reduce their formation. Porous burners are considered, in this work, to see their performances in the resolution of those challenges. Indeed the high conductivity and convective heat exchange of the porous media increase the heat transport from the burnt gas to the reactants. The resulting gas preheating reduces the lean inflammability limit. Consequently, stable combustion of ultra-lean mixtures with smaller gas temperatures can be achieved. Although porous media combustion was extensively investigated for methane combustion, studies on the influence of hydrogen addition are seldom. To study flame wall interactions and flow dynamics at the pore scale, two approaches were employed in this thesis. First, experimental investigations with ceramic foams were carried out. The fundamental stabilisation mechanisms predicted by one-dimensional porous burners model were validated with methane-air mixtures. It is shown how the flame position is shifted from the porous media entry to the middle of the burner for increasing flow rates. Then the differences between hydrogen and methane combustion within ceramic foams of different pore sizes are investigated. Contrary to the volume-averaged model predictions, higher methane blow-off equivalence ratios were obtained for smaller pore sizes. This difference is attributed to pore scale flame stretch effects and to the radiative transport increasing with the pore size. Furthermore, hydrogen flames remain anchored at the porous media entry for high pore sizes and ultra-lean mixtures with flow velocities much above the burning velocity of an adiabatic freely propagating flame. In the second part, direct pore-scale numerical simulations are carried out in two-dimensional canonical geometries and on a three-dimensional geometry obtained from X-ray tomography of a ceramic foam. The strong flame anchoring is identified to be a consequence of preferential diffusion effects. These effects compensate for the solid temperature decrease at the porous media entry when the flow rate increases. Moreover, in addition to heat recirculation, the burning rate enhancement currently obtained in porous burners is shown to result from a flame surface increase and increased radicals transports due to the pore scale 4 velocity gradients leading to hydrodynamic dispersion and flame wrinkling. Unsteady flame behaviours like pulsating flames at the top of the burner and flames with repetitive extinction and ignition are also identified at small flow rates. These pathological operating regimes are also obtained experimentally and need to be avoided in practical applications. To conclude, a heat harvester was constructed and its performances tested. Heat recovery efficiencies higher than 90 % were achieved for NOx emission levels smaller than 6 mg/kWh. D H Hydrogen mass diffusion Peclet number Abreviations IPCC Intergovernmental Panel on Climate Change GHG Green House Gases RCP Representative Concentration Pathways RES
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Introduction

The global warming consequences predicted by the Intergovernmental Panel on Climate Change (IPCC) [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation and Vulnerability[END_REF] are increasingly observable. Both frequency and intensity of extreme events, such as hot extreme, wildfires, drought, heavy precipitations and tropical cyclones are rising. We already suffer the resulting economic consequences due to global warming impacts on ecosystems. The overall agricultural productivity is slowed by the lack of water on land, while food production from shellfish aquaculture and fisheries is affected by ocean acidification. In both cases, production is impacted by the diminution of biodiversity. Furthermore, human mortality and morbidity are also rising due to climate change. Food and water security are reducing while the occurrences of food-borne and water-borne diseases are rising. The impacts of climate change are not homogeneous and the most vulnerable societies are not the ones most responsible for it. Some highly vulnerable areas like mountains, glaciers or Arctic and Antarctic are irreversibly modified, but those sensible places are crucial to climate regulation and water cycle. Thanks to Joseph Fourier [21], we know since 1827 that the moderate temperatures on Earth are due to the greenhouse effect. Later, John Tyndall [START_REF] Tyndall | XXIII. On the absorption and radiation of heat by gases and vapours, and on the physical connexion of radiation, absorption, and conduction.-The bakerian lecture[END_REF] tried to understand if the atmosphere could absorb the radiative emissions emitted by Earth, but the link between the absorption and the carbon dioxide was quantified by Svante Arrhenius in 1896 [5]. Nevertheless, the exactitude of his complicated Contents calculations wasn't fully believed by the community, until 1960, when David Keeling developed an instrument capable of achieving stable CO 2 measurements in time. This instrument was installed at the Mauna Loa's top, which produces the very known Mauna Loa curve shown in Fig. 1. In the same year, the glaciologist Claude Lorius discovered, by putting a 150000 years old piece of ice in his glass of whisky and observing some bubbles appearing, that some ancient atmosphere was trapped in the deep layer of the Antarctic ice cap. This way, the Mauna Loa curve was extended down to the ice age. Fig. 1 shows periodic patterns bounded between 180 and 300 ppm of CO 2 concentration, corresponding to the different glaciations on earth. The ultra-steep peak of concentration above 400 ppm corresponding to our modern society is also evident. This peak confirms the prediction of Svante Arrhenius [5]. From this point, the link between global warming and carbon dioxide was hardly questionable. Other gas like methane, nitric oxide or water vapour can also participate in the greenhouse effect. One can talk, in a more general way, about greenhouse gases (GHG) with effects that are estimated in CO 2 equivalent. Nevertheless, CO 2 remains the major GHG.
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Figure 3: Maps indicate the historical and projected number of days in a year in which conditions of air temperature and humidity surpass a common threshold beyond which conditions turn deadly and pose a risk of death [START_REF] Mora | Global risk of deadly heat[END_REF], with the largest fifteen urban areas by population size/number of citizens during 2020, 2050 and 2100 respectively, as projected by [30]. From AR6 [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation and Vulnerability[END_REF].

The global surface temperature of Earth strongly depends on the concentration of GHG. Therefore, IPCC presented in his fifth report (AR5) [51], four Representative Concentration Pathways (RCP) describing four different 21st-century Contents pathways of GHG emissions and atmospheric concentrations, air pollutant emissions and land use. The predicted temperature increases generated by the four scenarios are presented in Tab. 1. The corresponding CO 2 emissions are plotted in Fig. 2(a) and the prediction of the global mean surface temperature evolution generated by the scenario RCP2.6 and RCP8.5 are plotted in Fig. 2(b). Furthermore, the predicted climate change consequences of scenarios RCP2.6, RCP4.5 and RCP8.5, reported in the sixth report of IPCC (AR6), are presented in Fig. 3, with the number of days per year when the air temperature and humidity are not sustainable for human life. Even for the greenest scenario (RCP2.6), some places in southeast Asia, central Africa or central America are inhabitable 365 days per year. Some of the fifteen largest urban areas are located in future inhabitable areas, hence climatic refugees and political conflict are to be expected. Besides several primary resources are produced in Central America and Central Africa, while a lot of manufacturing is achieved in Southeast Asia. As a consequence, increased costs of many resources seem inevitable.

Figure 4: Carbon emissions from fossil fuel and industry over the past five decades. The singleyear declines in emissions following major economic and geopolitical events are shown, as well as the decline recorded in five different datasets for emissions in 2020 compared to 2019. From AR6 [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation and Vulnerability[END_REF].

The GHG emissions are clearly a consequence of the frenetic human activities as can be seen in Fig. 4 with the impact of some major economic and geopolitical events on the CO 2 emissions. A relatively steep decrease is related to the COVID-19 pandemic crisis (5.1 to 6.3% depending on the model), showing that engaging political measures can effectively decrease overall GHG emissions. Following the observations and predictions reported in AR5, 195 countries adopted in 2015, the Paris Agreement, at the 21st United Nations Climate Change Conference (COP21). The goal of this agreement is to limit the mean global temperature below 2 • C above pre-industrial levels and preferably limit the increase to 1.5 • C. The two scenarios reaching this goal are RCP2.6 and RCP4.5. Therefore, a reduction of the GHG emission to zero before the end of the century is mandatory to Contents 5 (a) Historic cumulative emissions and future carbon budgets.

(b) Long term trend of anthropogenic CO 2 emissions sources. Land Use, Land Use Change and Forestry (LULUF).

Figure 5: Historic anthropogenic CO2 emission and cumulative CO 2 emissions (1850-2019) as well as remaining carbon budgets for limiting warming to 1.5°C and 2°C. From AR6 [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation and Vulnerability[END_REF].

stay below the 2 • C limit. Besides, to limit the GHG atmospheric concentration, there is a budget for cumulative GHG emissions that we cannot surpass. The budget corresponding to a global surface temperature variation of 1.5 • C and 2 • C are presented in Fig. 5(a) with the historic cumulative emissions. The overall emissions and their origin are presented in Fig. 5(b). In 2019 the overall emission was about 43 GtCO 2 /year, while the budget for 1.5 • C and 2 • C are respectively 500 and 1200 GtCO 2 . Thus with the actual emission rate, the budgets would be consumed in less than 12 and 28 years respectively. Besides the emissions are more likely to increase than decrease, thus we may have even less time and so we need to find drastic solutions to reduce GHG emissions rapidly. The anthropogenic CO 2 emissions result principally from the combustion of fossil fuels including coal (33 %), oil (29 %) and gas (18 %), as shown by Fig. 5(b). These three sources represent in 2019 80 % of the CO 2 emissions. The first thing to do for reducing these emissions is to reduce our energy consumption in general. On the other hand, fossil fuels need to be replaced by Renewable Energy Sources (RES) and decarbonised combustion like hydrogen combustion. Nevertheless, RES are intermittent and so storage systems are needed. The French institute ADEME published a report [2] in 2015 showing that it was possible to sustain the national electricity demand with only RES. Three types of energy storage are considered:

• A short-term storage based on battery or Adiabatic Compressed Air Energy Storage (ACAES) • A mid-term storage with Pumped Storage Power Station (PSPS) • A long-term storage with Power To Gas (PTG) Contents PTG is based on the conversion of electricity into hydrogen with electrolysers. This hydrogen can be burned directly or consumed in a fuel cell. Fuel cell efficiency is close to 50 % [9] which is better than any piston engine. This efficiency can be increased to 90 % if the heat generated is recovered. Nevertheless, to reach these efficiencies, electrolysers need catalysts like platinum. Hence, their deployment is limited by the amount of this rare resource. Therefore, fossil fuel combustion has to be mainly replaced by de-carbonised combustion. Two options were investigated in an ADEME-GrDF-GRTGaz report [1]: direct hydrogen injection in the gas network or conversion into methane with methanation. The first option is the most efficient and cheapest as can be seen in Fig. 6. The price of hydrogen can even reach the price of natural gas in 2050 if carbon taxes are established. A more specific study on the optimisation of energetic networks with RES and PTG can be found in the PHD thesis of Olivier Lefranc [46]. (Heat + O2) Heat and oxygen recovery. From [1].

Hydrogen can also be converted into ammonia which brings several advantages due to its liquid state at ambient temperature and pressure at 9 bar. Nevertheless, burning ammonia leads to high nitric oxide emissions. Besides the corrosive property of this molecule unease his utilisation. Hence, hydrogen combustion appears as a good candidate for the decarbonisation of technologies based on fossil fuel combustion. Hydrogen can also be produced from electrolysis with electricity produced by renewable sources and is called, in this case, green hydrogen (cf Fig. 7). When it is produced with steam methane reforming (SMR) it is called grey hydrogen because this process produces CO 2 . But, as the output CO 2 concentration is relatively high, it is easier to remove and store with Carbon Capture Utilisation and Storage (CCUS) [32]. In his global hydrogen review 2022 [32], the International Energy Agency (IEA) states that it is possible to achieve up to 99 % CO 2 capture efficiency with a marginal cost increase. This path is called blue hydrogen. A diagram of the whole hydrogen production, storage and consumption chain is shown in Fig. 7.

Hydrogen combustion

Free adiabatic flame proprieties

Hydrogen combustion can be a key element of the energetic transition initiated at the COP21. However, burning hydrogen raises many challenges due to its very different behaviour compared to hydrocarbon fuels [START_REF] Sánchez | Recent advances in understanding of flammability characteristics of hydrogen[END_REF]. The fundamental properties of one-dimensional adiabatic hydrogen and methane flames are compared in Fig. 8. The high reactivity and diffusivity of hydrogen molecules have strong impacts on combustion. First, the inflammability limits are much wider. These limits are generally reported in terms of Lower Explosive Limit (LEL) and Upper Explosive Limit (UEL) and depend on the propagation direction of the flame. The smallest LEL is obtained for upward propagations and is measured at 4 % and 5 %, of fuel Flame properties comparison between hydrogen/air and methane/air flames for T u = 300 K and atmospheric pressure. Computed on Cantera [25] with the Boivin kinetic mechanism [8]. Comparison of the hydrogen laminar burning velocity with the experimental data of • [3] , ♦ [37] , ■ [27].

concentration in volume, for hydrogen and methane-air mixtures respectively [14]. Although these concentrations are close, the corresponding equivalence ratios ϕ are very different: 0.13 for hydrogen and 0.50 for methane. Therefore, the curves in Fig. 8 don't cover the same equivalence ratio ranges.

The high hydrogen reactivity also increases its laminar burning velocity S 0 L , as can be seen in Fig. 8(a). The maximal burning velocities are 3.15 m/s and Contents 9 0.33 m/s for hydrogen and methane respectively. The reaction rates depend on the reactant concentrations and temperature. Hence, for methane flames, the peak of S 0 L is close to stoichiometry where reactant concentrations are optimal and where consequently the adiabatic flame temperature T ad is maximal (cf Fig. 8(b)). For hydrogen flames, the peak of T ad is also positioned close to stoichiometry in Fig. 8(b), but the peak of S 0 L is shifted above stoichiometry at ϕ = 1.65. This particularity is a consequence of the coupling between two main groups of subreactions [START_REF] Sánchez | Recent advances in understanding of flammability characteristics of hydrogen[END_REF]. The shuffle reactions are effective at high temperatures and produce radicals, mainly H. This group of reactions can be modelled by:

3H 2 + O 2 ⇔ 2H 2 O + 2H (1) 
On the other hand, the hydroperoxyl reactions consume radicals, mainly H also, and produce heat by radical recombination. This group of reactions is effective at small temperatures and can be modelled by:

2H + (M ) → H 2 + (M ) (2) 
with (M ) a third body. Thus the hydroperoxyl reactions need the radicals of the shuffle reactions while the shuffle reactions need the heat of the hydroperoxyl reactions. Moreover, one can observe that the stoichiometry for Eq. ( 1) is 1.5 times the stoichiometry of the hydrogen oxidation general equation:

2H 2 + O 2 ⇔ 2H 2 O ( 3 
)
This ratio is slightly below the equivalence ratio leading to the peak of the hydrogen burning rate. Thus the peak shifting mostly results from the initial oxidation stage stoichiometry. Another contribution comes from the higher thermal diffusivity α of H 2 (160 mm 2 /s) compared to O 2 (2.2 mm 2 /s) leading, consequently to an increase of the mixture thermal diffusivity with the equivalence ratio. One can also see in Figs. 8(c) and 8(d) that the hydrogen flame thickness is smaller. This thickness is estimated, here, with two definitions: The thermal flame thickness:

δ 0 L = T ad -T u max(∇T ) (4) 
or the preheating length scale:

δ 0 h = α S 0 L ( 5 
)
which is an asymptotic estimation, with constant properties, of the thermal flame thickness δ 0 L . Asymptotic models produce results on the limit of infinitely thin Contents flame fronts. Thus, these models tend to underestimate the flame thickness compared to models with detailed chemistry mechanisms. Besides, with complex chemistry, the flame structure can be thicker due to the coupling between several subreactions as presented above. Nevertheless, the dependence of δ 0 h and δ 0 L on ϕ are well correlated. Therefore δ 0 h is employed in this thesis in order to estimate porous Peclet numbers:

P e p = δ p /δ 0 h (6) with δ p a characteristic pore size. This Peclet number determines the stability of flames within confined area [28,39,40,[START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF][START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF]. The high diffusivity of hydrogen also leads to two types of nonequidiffusion effects [43]. The first one, currently referred to as Lewis effect, is due to the diffusion rate difference between heat and hydrogen molecules. Thermo-diffusive instabilities [34] can thus be generated for Le < 1 as depicted in Fig. 9(a). In this case, the gas temperature on the convex part of the flame front (P 1 ), toward the fresh gases, is increased by the positive energy balance resulting from the highest chemical energy input, from hydrogen molecules diffusion, compared to heat transfer from burnt gases to fresh reactants. Reciprocally, the gas temperature decreases on the concave part of the flame front (P 2 ). Plane flame fronts are, thus, intrinsically unstable because the burning velocity increases in P 1 and decreases in P 2 . The second type of nonequidiffusion effect is due to the molecular diffusion rate difference between hydrogen and oxygen and is currently referred to as preferential diffusion effects [START_REF] Vance | Effect of Lewis number on premixed laminar lean-limit flames stabilized on a bluff body[END_REF]. A local equivalence ratio ζ may be used to estimate the Contents 11 magnitude of this phenomenon:

Stretch and nonequidiffusion effects

ζ = Y a H Y a O / Y a H Y a
O u (7) This local equivalence ratio is estimated with the ratio between the atomic mass fraction of hydrogen Y a H and oxygen Y a O , and is normalised by its value on the fresh gases. As chemical reactions are atom conservative, ζ is unity on the fresh gases and is also unity on the burned gases downstream of the reactive region. Nevertheless, its magnitude is impacted locally by the nonequidiffusivity of the reactants. Therefore, when stabilised behind a bluff body, lean hydrogen flames lead to locally higher ζ in the wake of the solid [START_REF] Vance | Effect of Lewis number on premixed laminar lean-limit flames stabilized on a bluff body[END_REF], as shown in Fig. 9(b). Consequently, in this configuration, hydrogen flames can be stabilised downstream of a bluff body at much leaner mixtures compared to free one-dimensional flames [START_REF] Shoshin | Anomalous blowoff behavior of laminar inverted flames of ultra-lean hydrogen-methane-air mixtures[END_REF]. A minimal flow rate is necessary in this case to produce enough stretch and so, to sufficiently increase the local equivalence ratio at the flame anchoring point. Due to both types of nonequidiffusion effects, lean hydrogen flames are sensible to flame stretch, which can be decomposed into two contributions: flame curvature and flame strain. Both contributions can be generated by non-uniform velocity fields like the ones observed at the pore scale of porous burners. [12]. Note that the visible spectra extending from 350 nm to 850 nm in (a) was scaled by a factor of 6.5 with respect to the OH spectra in the ultraviolet.

source of the continuous blue emission in hydrogen flames. Generally, these studies concluded that the emission is attributable to reactions between flame radical species such as OH and H. The proposed emission mechanisms, however, still appear to be controversial. The two most likely proposed mechanisms are OH + OH → H2O2 + hν (1) and OH + H → H2O + hν.

(

) 2 
Observations of the pressure dependence of the emission intensity from hydrogen flames suggested that reaction (1) was more likely because the mole fraction of OH is less sensitive to pressure than the H atom [2]. Subsequent comparisons by Padley [3] of the temperature dependence of the emission with measured H and OH concentrations indicated that mechanism (2) was more likely. More recent measurements in H2/NO flames by Vanpee and Mainiero [5], however, showed that flame emission decreased with flame hydrogen content, which is inconsistent with mechanism (2). Instead they found better agreement between the emission intensity and the square of the predicted OH concentration. However, as noted by Wormhoudt and Yousefian [6], the energy released from OH recombination is sufficiently small as to make the formation of H2O2 410 to 477 nm [16]. The second involves emission from H atoms at 434.05 nm (2p-5d transition). Note that the higher-resolution spectra presented in the next section do not show any evidence of the isolated H-atom emission lines and thus rule out the second suggested source. Further work is clearly needed to explore these or other potential emission sources, or to identify which of reaction pathways (1) or (2) are responsible.

Spectra recorded with 2400-lpmm grating

Emission spectra were acquired using the 2400-lpmm grating to identify the finer spectral features of H2 flame emission in the wavelength range over which the blue continuum is observed. Shown in Fig. 6 are emission spectra obtained in a premixed H2/O2 flame at an equivalence ratio of φ = 0.92. In general, the emission intensity decreases by a factor of two between 410 and 510 nm. The inset shows an expanded view of the wavelength range between 412 and 432 nm. In the expanded view, one clearly observes distinct finer spectral features superimposed on a broadband continuum. The four separate spectral scans plotted in the expanded view superimpose well and indicate that these finer spectral features are reproducible and are not attributable to random noise. We further verified that the finer features are not due to fixed pat-(b) Hydrogen [26], (b) premixed H 2 /air jet flame [START_REF] Schefer | Visible emission of hydrogen flames[END_REF] .

Another consequence of the decarbonised nature of hydrogen flames is their small radiative emission in the visible wavelength range. Indeed, the visible emission of hydrocarbon flames is due to chemiluminescence of excited carbonised radicals, mainly CH * , as can be seen in Fig. 10(a). In hydrogen flames, the chemiluminescence mostly results in a peak from OH * at 309 nm and a band from H 2 O * Contents above 700 nm, as shown in Fig. 10(b). Nevertheless, for lean mixtures, the H 2 O * concentration in the exhaust gas is too small for his red radiation to be perceived. The remaining radiation is a pale blueish continuum. Impurities were suspected first to produce this light but this hypothesis was invalidated [START_REF] Schefer | Visible emission of hydrogen flames[END_REF]. Nitrogen chemistry could also have been an explanation but it was disqualified by using Argon. As a consequence, this emission results necessarily from H and O chemistry. After a long debate the excited radical H 2 O * 2 was identified to be the origin of this signal [20]. Hence a very small combination of reddish and blueish light is emitted by hydrogen flames in the visible wavelength range. For small flames, this signal is hardly perceptible with naked eyes, which can be a security issue for cooking applications for example. Porous burners are known to be highly radiative due to the high temperature of the solid phase [31]. Hence they can be a solution to the weak visible emission of hydrogen flames. Air is mainly composed of nitrogen (78 %) and oxygen (21 %). Both species can react through the Zeldovich mechanism [START_REF] Zeldovich | Theorv of flame propagation[END_REF], which produces nitrogen monoxide (NO). This mechanism mainly depends on the gas temperature, thus his products are called thermal NOx. Once in the atmosphere, NO can react with oxygen to produce nitrogen dioxide (NO 2 ), which is a toxic gas. Nitrogen dioxide can also react with H 2 O to produce nitric acid which contributes to acid rain. Hence, although Contents 13 hydrogen combustion doesn't produce CO 2 , it is not pollutant free. However, the advantage of hydrogen is that it only produces thermal NOx while hydrocarbon also produces prompt NOx and nitrogen-containing fuels, like ammonia, can generate fuel NOx [23]. The gas temperature profile of a stoichiometric and a lean hydrogen flame are plotted in Figs. 11(a) and 11(b) respectively, with the concentration profile of NO. Only NO is shown due to the negligible amount of NO 2 generated in the cases. As both power and pollutant emissions are different between these two adiabatic flames, pollutants are reported with the ratio between their mass flux and the power generated by the flame: (8) with ∆H r the lower heating value. The European regulation on domestic boilers imposes ζ < 56 mg/kWh [44]. One can see that at the end of the simulation domain at x = 100 mm, the production of NO in the stoichiometric flame keeps increasing above this norm, due to the high adiabatic temperature (T ad = 2400 K) of this flame, while a profile with a much less steep gradient is obtained for the lean flame, with T ad = 1600 K at ϕ = 0.5. Due to the high activation temperature of the Zeldovich mechanism, thermal NOx are produced slowly in the burnt gas. Hence, by cooling the burnt gases, it is possible to strongly reduce their emissions. One way to do so is to burn the leanest mixture as possible.

Nitrogen oxides

ζ = Y N O Y u H 2 ∆H r

Porous media combustion

Heat recirculation

Porous burners enable to reduce the lean inflammability limit, due to heat recirculation. This phenomenon was highlighted by F.J Weinberg [START_REF] Weinberg | Combustion temperature the future ?[END_REF] and is presented in Fig. 12. Thanks to the thermodynamic first law, we know that the equilibrium of the burnt gases is independent of the path followed by the fresh gases. Therefore, in the hypothetical case of infinite and perfectly adiabatic porous burners, the exhaust gas temperature and composition are the same as a free adiabatic flame. In finite configurations of several centimetres, this conclusion is still true for the burned gas temperature but the composition of some species with slow kinetics like nitrogen can be slightly modified. However, if highly heat-conductive porous materials like ceramics or metals are employed, due to the high convective heat exchange of the solid phase, the heat transport from the burned gases to the fresh gases can be enhanced. Consequently, the fresh gases are preheated before flowing through the reactive area, and so the maximal gas temperature T m can peak above the adiabatic burned gas temperature T ad before relaxing toward T ad . Therefore, combustion with heat recirculation is currently referred to as Contents Porous media superadiabatic combustion. Although the combustion products are theoretically the same as a free propagating flame, the locally higher gas temperature leads to two important differences. Depending on the superadiabaticity, characterised by ∆T m = T m -T ad > 0, enhanced burning rates can be obtained, leading thus to stable combustion for input velocities U above the adiabatic burning velocity S 0 L . Furthermore, the lean inflammability limit decreases with the fresh gas temperature T u . Hence the preheating resulting from heat recirculation lead to stable combustion of ultra-lean mixtures, bellow the LEL, which highly reduces the thermal NOx formation.

Macro-scale flame stabilisation mechanisms

The idea of using porous media to produce heat recirculation was proposed by T. Takeno in 1979 [79-81]. A model of 1D equations was proposed to investigate the stabilisation of flames in porous matrix. Those equations are similar to those obtained for free propagating 1D flames, but a convective heat exchange term is added to model the influence of the solid phase. Due to the high thermal conductivity of the porous material, a constant solid temperature is assumed in Contents 15 this model:

(ρc p ) g ∂T g ∂t + U ∂T g ∂x = ∂ ∂x λ g ∂T g ∂x -h(T g -T s ) + ρ∆H r ω (9) ρ g ∂Y f ∂t + U ∂Y f ∂x = ∂ ∂x ρD m ∂Y f ∂x + ω (10) ω = AY f exp -T a T g ( 11 
)
with T s the solid temperature, ρ g the gas density, c p,g the gas heat capacity, λ g the gas thermal conductivity, This model leads to superadiabatic temperatures, as predicted by F.J. Weinberg [START_REF] Weinberg | Combustion temperature the future ?[END_REF]. Meanwhile, it also provides predictions of the flame stabilisation mechanisms at the macroscopic scale, as shown in Fig. 13. No steady solutions are obtained for U < S 0 L , while for a given normalised input velocity u = U/S 0 L > 1 two solutions are obtained. The upper solutions, shown in Fig. 13(a), are stabilised on the upstream half of the porous media, while the lower solutions, in Fig. 13(b), are stabilised on the downstream half of the porous media. For increasing u, the upper solution is shifted from the porous media inlet toward the middle of the burner where it reaches the blow-off limit. The dependence of the lower solution position on u is not monotonic. In both cases the superadiabaticity ∆T m increases with the flow rate. Hence, the model shows that the burning rate enhancement is related to this peak of gas temperature.

h
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The stability of the lower solution was investigated, in another study [START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF], with transient simulations, which shows that for such continuous 1D equations, those solutions are unstable due to the relationship between the flame position and the burning velocity. Indeed, a downstream translation of the flame front leads to a reduction of the burning velocity, and so a faster translation toward the downstream direction. The reverse is also true for an upstream flame translation. Nevertheless, in those models, only the macroscopic flame stabilisation mechanisms are modelled. Therefore, the unstable nature of the lower solution has not been yet experimentally validated.

Surface combustion regime

Another conclusion of the Takeno et al [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] study is that the flame can burn inside the porous matrix, which is called submerged combustion regime, but also downstream of the porous matrix which is called surface combustion regime. In this regime, the solid phase is also heated, but to a lesser extent, by the flame, which also produces heat recirculation and high radiative efficiencies. Hence for this regime also, no solution is obtained for u < 1. This configuration is used in many industrial radiant burners [31,[START_REF] Mujeebu | Applications of porous media combustion technology -A review[END_REF][START_REF] Mujeebu | Combustion in porous media and its applications -A comprehensive survey[END_REF]]. Analytical solutions of the relationship between the flame position and the flow rate can be obtained with asymptotic analysis [13,19]. The stability of these solutions was investigated by G. Joulin [33] with Fourier developments. In these studies, the porous medium is modelled by a Dirichlet boundary condition at the entry of the Contents domain. Hence no heat recirculation is taken into account, and so only solutions for u < 1 exist. Despite this major difference with the Takeno model [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] and the several approximations made, the fundamental mechanisms of flame stabilisation in surface combustion regime are well understood. The models employed are close to free flame models, the difference being the boundary conditions that are used. In free flame models, a zero temperature gradient is imposed on the fresh gas side, consequently, only one flow speed is solution of the set of equations, which is the burning velocity. In burner-stabilised flame models, a velocity U < S 0 L is imposed on the fresh gas side which leads to a unique positive temperature gradient at this point. Hence free flame models are the limit U → S 0 L of burner stabilised flame models. A typical flame structure obtained with the model of G. Joulin is shown in Fig. 14(a). One can see the typical convex dependence of the flame stand-off distance on u, obtained with the same model, in Fig. 14(b). For decreasing flow rates, before crossing the minimal flame stand-off distance, the steady solution becomes unstable and starts to oscillate between L min and L max . This regime is called pulsating flame regime.

Although these models highly increased the knowledge of flame stabilisation mechanisms at the macroscopic scale, the details of the pore scale physics are still not well understood, due to the rough assumptions made, oversimplifying the influence of the complex porous media geometry. Hence, although the Takeno model [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] is able to predict the behaviour of hydrocarbon flames within porous media in general, it is not able to predict the stability limit of a flame in a given porous matrix even knowing its geometrical and physical proprieties. 

Porous media geometry
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Two main types of porous materials can sustain high temperatures produced by flames. Ceramic foams were extensively investigated because they are cheap and small pore sizes can be produced with homogeneous properties. Their structure is presented in Fig. 15. The connections between nodes are called struts and form a network around cells of size δ c [START_REF] Scheffler | Cellular Ceramics: Structure, Manufacturing, Properties and Applications[END_REF]. The cells are connected through pores or windows of size δ p . Hence the geometry is characterised by four main parameters: the porosity ϵ, the cell size δ c , the pore size δ p and the solid tortuosity τ s . The porosity is the ratio between the void and the overall volume of the porous matrix and is currently above 80 % for ceramic foams. The tortuosity corresponds to the ratio between an effective path through one of the phases and the distance, along a straight line, between both ends of this path. Only the solid tortuosity τ s is considered, because the high porosity leads to tortuosity close to unity, in the void phase. The cell size and pore size are proportional. Ceramic foams are often used as filters. Hence the manufacturers usually describe their products by the pore size δ p expressed in pore per inch (ppi). Another characteristic parameter is the specific area S v , which is a volumetric density of surfaces. This parameter is inversely proportional to the pore size.

Heat transfer within the solid phase

The first limit of the Takeno model [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] is the constant solid temperature assumption. Despite the efficient heat transport generated by the porous media, the solid temperature is not constant and is of first importance on the stability limits. Three main phenomena influence this temperature: convective heat exchanges with the gas, heat diffusion and radiative heat transport. The convective heat exchange is already modelled in the gas phase of the Takeno model through h. This coefficient increases with S v and can be estimated from Nusselt numbers correlations, like the one of Younis and Viskanta [START_REF] Younis | Experimental determination of the volumetric heat transfer coefficient between stream of air and ceramic foam[END_REF], for ceramic foams. Due to the tortuous path of the porous matrix, the thermal conductivity at the macro scale λ ef f s is in general smaller than the thermal conductivity of the material λ 0 s . Hence the ratio between λ ef f s and λ 0 s is related to the tortuosity of the solid phase τ s , and depends little on the porosity and pore size:

λ ef f s = λ 0 s /τ s ( 12 
)
Porous foam tortuosity can be estimated with tomographic images as done by Kumar et al [38]. Due to high solid temperatures, radiative heat exchange is important to consider for the transport of energy. Therefore, porous burners were first employed and studied for their high radiative efficiency [31]. In these devices, a large fraction of the heat generated by the flame is emitted toward the exterior through radiation. Porous media are semitransparent media. Hence, the solid surface of the complex porous geometry can emit, absorb or scatter radiation. To model thermal radiation, one needs to know [31,53], the emission, absorption and scattering coefficients, which are σ e , σ a and σ s respectively. The extinction coefficient is β = σ a + σ s and the penetration depth is γ = 1/β, which is proportional to the thickness necessary to absorb an incident radiation. The ratio between the length of the media L and γ is the optical thickness τ = L/γ. The scattering albedo is ω = σ s /β. Hence the details of the radiative heat exchanges are not easy to model. Therefore, porous media are often considered to behave in the optically thick regime, to employ the Rosseland approximation [24], which is valid for τ > 3. In this case, the radiative heat transfer can be modelled as an additional heat diffusion process. Hence it is modelled with a radiative thermal conductivity:

λ r = 16σT 3 s 3β ( 13 
)
with σ the Stephan-Boltzmann constant and T s the solid temperature. The penetration depth increases with the pore size, hence the radiative heat transport also increases with the pore size. From [START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF].

The influence of emission, absorption and scattering within porous burners was studied by Sathe et al [START_REF] Sathe | An experimental and theoretical study of porous radiant burner performance[END_REF][START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF], with a detailed radiative model, for porous materials Contents with an optical thickness down to τ = 1. The influence of the optical thickness τ on the relationship between the burning velocity and the flame position is shown in Fig. 16(a) for a fixed albedo at ω = 0.5. The upper and lower solutions predicted by Takeno et al [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] were also obtained. However, the maximal burning velocity at the centre of the burner increases with the optical depth, due to the reduction of radiative losses. Indeed, for increased τ , smaller amounts of radiation are emitted from the centre of the burner toward the exterior. The influence of the scattering albedo ω is shown in Fig. 16(b) for a fixed optical thickness at τ = 1. Since σ a + σ s = 1, when ω = 1, absorption vanishes σ a = 0, which means no radiation. When ω = 0 absorption is maximal σ a = 1. Without radiation (ω = 1), the burning velocity is almost constant in the middle of the burner, while a larger range of velocity leads to stable combustion for ω = 0. It was also shown that heat diffusion is almost independent of the flame location at the middle of the burner, while radiative heat exchange is maximal at the centre of the burner. Therefore, heat diffusion is dominant near the porous media edges, while both diffusion and radiative heat transfer influence the solid temperature profile in the middle of the burner. Consequently, it is easier to stabilise flames in porous media with substantial radiative heat transport, due to the largest range of velocity leading to submerged combustion, and due to the smallest sensitivity of the flame position on the flow rate.

Volume averaging method

The details of the pore scale flow can be modelled at the macroscopic scale, with the Volume Averaging Method (VAM) [START_REF] Quintard | Two-medium treatment of heat transfer in porous media: numerical results for effective properties[END_REF][START_REF] Quintard | One-and Two-Equation Models for Transient Diffusion Processes in Two-Phase Systems[END_REF][START_REF] Quintard | Local thermal equilibrium for transient heat conduction: theory and comparison with numerical experiments[END_REF][START_REF] Whitaker | The Method of Volume Averaging[END_REF]. In this method, the pore scale fields at a position x are replaced by their average on a sphere of radius r 0 , centred on x, as shown in Fig. 17. Two operators can be used depending on the normalisation by the overall volume of the sphere V or only by the volume embedded in the phase investigated V γ (x). Hence, the superficial averaging operator is defined as :

⟨f γ ⟩| x = 1 V Vγ (x) f γ dV ( 14 
)
and the intrinsic averaging operator is:

⟨f γ ⟩ γ | x = 1 V γ (x) Vγ (x)
f γ dV (15) while the relation between these operators is:

⟨f γ ⟩| x = ϵ| x ⟨f γ ⟩ γ | x ( 16 
)
where ϵ| x is the porosity at the position x. The superficial operator is easier to employ, because V is constant, which highly simplifies the derivations. This approach
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Figure 17: Macroscopic region and averaging volume. l γ denotes here the pore size δ p . From [START_REF] Whitaker | The Method of Volume Averaging[END_REF].

is similar to Reynolds Averaged Navier Stokes (RANS) equations, but with spatial averaging rather than time averaging. The averaging process also leads to additional terms, which are solutions to closure problems depending on the geometry of the porous media. Hence, the influence of the geometry complexity is modelled by effective proprieties, like the effective thermal conductivity of the solid phase λ ef f s . Another parameter resulting from this process is the hydrodynamic dispersion coefficient D ef f [36,49,[START_REF] Wakao | Heat and Mass Transfer in Packed Beds[END_REF]. The hydrodynamic dispersion is a consequence of the complex velocity field generated by the solid phase and can be modelled at the macro scale by enhanced diffusion rates. Concerning advection and diffusion processes, simple equations can be obtained provided that:

δ p ≪ r 0 ≪ L ∆ ( 17 
)
which means that the sphere radius r 0 needs to be much bigger than the pore size δ p and much smaller than L ∆ the characteristic size of variation of the investigated fields (pressure, velocity, temperature, ...). In other words, the averaging sphere must contains several pores and the fields need to be almost constant on Contents it. However, to produce stable combustion, the pore sizes of a porous burner need to be of the same order as the flame thickness. Hence, high temperature and concentration gradients are obtained at the pore scale, which invalidates the second assumption. Furthermore, the non linearity of the Arrhenius source term lead to problems concerning the averaging, because ⟨exp(T a /T )⟩ ̸ = exp(T a /⟨T ⟩). Hence, despite interesting results obtained with this method like those from Takeno et al [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] the modelling of porous burners with VAM is questionable. Therefore, Sahraoui and Kaviany [START_REF] Sahraoui | Direct simulation vs volume-averaged treatment of adiabatic, premixed flame in a porous medium[END_REF] investigated with two dimensional Direct Pore Level Simulations (DPLS), the influence of the pore scale flame position on the overall consumption speed. The results are compared with two VAM models. The first one is based on the assumption of thermal equilibrium between the gas and solid phase in which case, only one equation is solved for the energy conservation. The second one includes an energy conservation equation for each phase, thus it is a two equations model. Due to the high pore scale temperature gradients, two equations are necessary to model porous burners [START_REF] Oliveira | Nonequilibrium in the transport of heat and reactants in combustion in porous media[END_REF]. Two configurations were tested: an in-line arrangement and a staggered arrangement. Furthermore, heat diffusion through the solid phase of the in-line arrangement was also studied by adding permeable connections between the solid inclusions. The dependence of the flame speed on the pore scale flame position in the in-line arrangement without connection is compared in Fig. 18(a) with the results of two VAM models. The burning rate is maximal at the centre of the pore due to reduced heat losses. A similar result is obtained in Fig. 18(b) for the connected in-line arrangement, but the peak lies more upstream due to heat recirculation. The in-line and staggered arrangements are compared in Fig. 18(c) by plotting the relationship between the burning velocity and the normalised solid thermal conductivity for flames stabilised at the same pore scale position in each configuration. The burning velocity is higher for staggered arrangement, due to the more tortuous path leading to enhanced heat recirculation. In both configurations and for all solid thermal conductivity k s , the burning velocity is impacted by the pore scale flame position except for one case where the curves crossed each other. As a conclusion, the macro scale flame behaviour seems to be impacted by the pore scale flame wall interaction. Consequently, the fundamental studies on flame wall interactions can shed some light on porous burners.

Flame wall interaction

The interaction between a flame and a solid wall leads to two main consequences for the flow: velocity gradients due to the non-slip condition and thermal gradients if the wall is cold. The heat losses, to the wall, resulting from the thermal gradient can lead to extinction which is called flame quenching. Flame wall interactions can be categorized into three types. In the head-on configuration, the flame front is parallel to the wall. In the side wall configuration, the flame front is perpendicular to the wall. In this thesis, we focus on the third configuration, with a flame quenched between two walls when it propagates through a narrow channel.

Flame quenching

One of the first investigations on flame quenching was carried out by Spalding et Linnett [START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF] with an asymptotic model using a simplified chemistry source term. The configuration investigated corresponds to a flame within a pipe of diameter δ with a wall temperature T s equal to the fresh gas temperature T u . The heat losses were modelled with a volumetric convective heat exchange coefficient h v . This model was improved later by F.A. Williams [START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF], who added a more realistic Arrhenius reactive source term. The solution of his model is presented in Fig. 19 with the relationship between the burning velocity ratio µ = U/S 0 L and the heat loss parameter l expressed as follows:

l = κ(θ f ) + θ f 0 κ θ dθ β ( 18 
)
with

κ(θ) = λL ∆H r Y u f ρ u S 0 L c p ( 19 
)
and with L the heat loss per unit volume per second to the wall, θ the normalised temperature and Y u f the unburned fuel mass fraction. For a given heat loss rate,
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Figure 19: The burning-velocity ratio as a function of the heat-loss parameter for non-adiabatic flames. From [START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF].

two flame speed solutions are obtained. The two corresponding branches join at a critical heat loss parameter l = 1/e above which no solution exists. Thus, if the ratio between heat losses and heat production is too high, the flame is quenched. This limit was shown to depend on the quenching Peclet number:

P e q = δ q S 0 L α ( 20 
)
with α = λ/ρc p , the thermal diffusivity and δ q the quenching diameter. Hence if the pipe diameter is smaller than δ q , no flame can burn inside it. An analytical expression for the quenching Peclet number P e q was obtained by F.A. Williams [START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF]:

P e q = √ 2eN uZe ( 21 
)
where

N u = h v δ 2 λ and Ze = Ea(T ad -T u ) RT 2
ad with E a the activation energy and R the perfect gas constant. The quenching diameters of methane oxygen-nitrogen mixtures were measured by Lewis et Von Elbe [47], for several equivalence ratios and nitrogen concentrations. The results are shown in Fig. 20. The quenching diameters of hydrogen flames with several diluents were also measured by the same authors with spark ignition. The results are shown in Fig. 21. In both cases, the dependence of δ q on Figure 20: Quenching distances between parallel plates, and quenching diameters for mixtures of methane-oxygen-nitrogen at room temperature and atmospheric pressure. From [47].

Figure 21:

Hydrogen quenching diameter obtained with spark ignition for several dilutant. From [47].
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the equivalence ratio is a convex relationship as for the flame thickness. Nevertheless, one can see that the quenching diameters of H 2 air mixtures are much smaller than values found for CH 4 air mixtures. The minimums are respectively 0.6 mm and 3 mm. Therefore, smaller pore sizes are necessary to stabilise hydrogen flames within porous media. If the pipe diameter is above the quenching diameter, flames can propagate inside by a process called flashback. In this case, the flow rate Q needs to be smaller than a critical value Q c for the flame to propagate inside the tube. This configuration was first investigated theoretically and experimentally by Lewis et Von Elbe [47,48], which proposed a model of boundary layer flashback. The flashback condition of this model is that the flow velocity U has to be smaller than the burning velocity S 0 L on the area outside of the quenching boundary layer. This layer of thickness δ q /2, is located next to the wall, where heat losses decrease drastically the burning rate. Hence, the flashback limit is given by :

Boundary layer flash back

δ q /2 δ q /2

Quenching boundary layer

Quenching boundary layer

U q = U (δ q ) < S 0 L (22)
If the pipe diameter is large enough compared to δ q , the velocity profile inside the quenching boundary layer is almost linear. Hence one can estimate U q with the velocity gradient g 0 close to the walls, as follow:

U q = g 0 δ q /2 (23)
In this case, Eq. 22 translate to:

g 0 < 2S 0 L δ q ( 24 
)
Figure 23: Critical velocity gradients at the flashback limit, as a function of natural gas air equivalence ratio, for several tube diameters. From [47].

Combining this expression with Eq. 20, one may also write:

g 0 < g c = 2S 0 L 2 P e q α ( 25 
)
Hence the critical velocity gradient g c is independent of the pipe diameter but depends only on the equivalence ratio. These critical gradients were measured by Lewis et Von Elbe for methane-air mixtures, by assuming a Poiseuille flow in the Contents Figure 24: Critical velocity gradients at the flash back limit, as a function of hydrogen content, for several tube diameters. From [47].

pipe. Results are presented in Fig. 23. When the tube diameter is large enough, the curves collapse, and the critical velocity gradient only depends on the equivalence ratio. For smaller tube diameters, the linear velocity profile assumption on the quenching layer is no longer validated and due to enhanced heat losses, the flow is no longer adiabatic in the centre of the pipe [28].

The critical flashback gradient theory was also validated experimentally for hydrogen-air mixtures. Nevertheless, due to the highest flow rates, a turbulent model had to be added to estimate the velocity gradient near the walls. The results are shown in Fig. 24. Later, Vance et al [START_REF] Vance | Development of a flashback correlation for burner-stabilized hydrogen-air premixed flames[END_REF] showed with a numerical investigation that it was possible to obtain better results by adding stretch effects Contents 29 to the burning velocity. The quenching diameter is a decreasing function of the solid and gas temperature [28,[START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF]. Therefore, even for pipes with diameters below the quenching diameter at ambient temperature, it is possible to obtain flashbacks if the heat transfer between the flame and the pipe increases the pipe temperature. In this case, the solid and gas temperature are strongly coupled and several combustion regimes can be obtained. These regimes were investigated numerically [4,35,[START_REF] Pizza | Dynamics of premixed hydrogen/air flames in mesoscale channels[END_REF] and experimentally [50] in pipes with diameters below the conventional quenching diameter at ambient temperature, and with a solid temperature profile imposed with an external heater. Maruta et al [50] obtained experimentally, for propane/air mixtures, four combustion regimes depending on the flow rate and maximal solid temperature. The motion of the flame in these regimes is reported in Fig. 25(a), while the influence of the flow rate on the position of the reaction zone is reported in Fig. 25(b). For high flow velocities (regime A), steady flames are stabilised at a position shifted toward the upstream direction for decreasing flow rates, up to an extinction limit. Bellow this critical flow rate the steady solution becomes unstable (regime B). Hence, the flame extinguishes. But, due to the high solid temperature, on the downstream side of the pipe, the fresh mixture is reignited which leads to Contents periodic propagations of the flame front between ignition and extinction points, as depicted in Fig. 25(b). This regime is called Flame with Repetitive Extinction and Ignition (FREI). For even smaller flow rates, two other regimes can be observed. In the first one, the flame front oscillates with small amplitudes (regime C). This regime is similar to the pulsating flame obtained for flames stabilised above porous media [33]. The second one (regime D) is a hybrid regime with periodical extinction and ignition mixed with oscillations of the flame front before extinction. The FREI regime was also investigated numerically for hydrogen flames in similar configurations [4,[START_REF] Pizza | Dynamics of premixed hydrogen/air flames in mesoscale channels[END_REF].

Combustion inside pipes

In the investigations presented above, the solid temperature profile is imposed and steady. Ju et Xu [35] extended these studies by taking into account the thermal coupling between the gas and solid phases. They obtained equations similar to the Takeno model [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] except that the flame is modelled with a Dirac function δ. The convective heat exchange between the gas and the solid phase is modelled with an internal convective heat exchange coefficient h i , while the heat losses are modelled with an external convective heat exchange coefficient h 0 . However h 0 is set proportional to h i as follow:

h 0 = 0.02h i ( 26 
)
The coordinate is set on the moving flame front and the properties are assumed constant. The non-dimensional set of equations is the following:

(-U f ) dθ w dξ = α w α g d 2 θ w dξ 2 + HC(θ -θ w ) -H 0 Cθ w /β ( 27 
) (U -U f ) dθ g dξ = d 2 θ g dξ 2 -H(θ -θ w ) + exp β(θ f -1) 2 δ(ξ -ξ f ) (28) 
(U -U f ) dY dξ = 1 Le d 2 Y dξ 2 -exp β(θ f -1) 2 δ(ξ -ξ f ) (29) 
In these expressions, U and U f are the flow and absolute flame normalised velocities, θ w,g the solid and gas normalised temperatures, ξ the normalised spatial coordinate, C the ratio between the gas and solid heat capacity, α w and α g the solid and gas thermal diffusivities, H and H 0 the normalised internal and external convective heat exchange coefficients, β the Zeldovich number and Y the normalised fuel mass fraction. The analytical relationship between the burning velocity m = U -U f and H could be obtained asymptotically and is presented in Fig. 26(a) for various α w . If α w is small compared to α g , two regimes are obtained with two corresponding extinction limits. The extinction limit of the high-velocity regime is obtained for m = e -1/2 , which corresponds to the quenching limit obtained by Spalding et Linett [START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF]. The heat transfer rate at the extinction limit of the low-velocity regime is higher due to the heat recirculation generated by the pipe. For α w = α g the quenching limit of the high-velocity regime no longer exists. The burning velocity continuously decreases toward the low-velocity regime. For higher ratios between α w and α g , only one extinction limit is obtained, which tends toward the regime obtained by Spalding et Linett [START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF] in the limit of α w → ∞. Figure 26(b) shows, the solid T w and gas T g temperature profiles of fast and slow flames, which belong to the high and low-velocity regimes respectively. The thermal interaction between walls and fast flames is small. Hence the solid temperature is constant. The slow flame propagation results from the thermal interaction between the two phases. Therefore, the solid temperature profile increases behind the flame. Besides, the burning velocity is controlled by the solid thermal diffusion, which explains their relatively small values. The equations of this model are very similar to volume averaged equations [START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF][START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF], despite the large geometrical differences between pipes and porous media, that can generate very different flame wall interactions at the small scales. Notably, the wakes generated by the porous media struts are absent in pipes. This similarity is questionable.

Objectives of the thesis

Current models of porous media combustion are based on the method of volume averaging, which is questionable, due to the high influence of the pore scale flame Contents wall interaction. These interactions are even more important for hydrogen combustion due to flame stretch and nonequidiffusion effects. Therefore the objective of the present work is to understand the fundamental pore-scale mechanisms of hydrogen flame stabilisation within porous media in order to be able to optimise these burners. To study these problems, two approaches are selected. An experimental benchmark is constructed, in which ceramic foam disks are stacked inside a transparent quartz pipe. The role of this setup is to stabilise methane and hydrogen-air premixed flames in a canonical configuration with constant pore sizes. This experimental setup is used to assess the fundamental stabilisation mechanisms predicted by previous theories, by measuring stability limits and flame positions.

Visual access within ceramic foams is not possible. Hence, in a second part, the reacting flow at the pore scale is studied with Direct Pore Level Simulations of hydrogen flames. The objective of these simulations is to understand the differences in the behaviour of methane and hydrogen flames that were observed experimentally at the macro scale, by studying pore scale flame wall interactions. Therefore two-dimensional simulations in canonical geometries with several pore sizes and with prescribed solid temperature profiles are used, to study the influence of several parameters on flame stabilisation. A more realistic three-dimensional geometry obtained from X-ray tomography of a real ceramic foam is also used, with conjugate heat transfers, to asses the conclusions obtained in 2D configurations and study the influence of the pore scale velocity field on the 3D flame wrinkling.

Thesis outline

The most important elements, of the theoretical background, at the basis of this work, were present in this chapter. More specific studies are briefly presented in adequate chapters.

The experimental benchmark is presented in Chap. 1. To compare our experimental results with 1D models, great care was taken to obtain a homogeneous inlet flow, which is characterised in terms of velocity map and temperature profiles. The diagnostics are also presented with the gas supply chain and the security system. The experimental results are presented in Chap. 2 and 3. The fundamental macro scale flame stabilisation mechanisms are assessed in Chap. 2 for methane-air mixtures. Flames positions are measured with pictures and temperature profiles, while the stability limits are reported in terms of equivalence ratio and thermal power. Hydrogen combustion is compared with methane combustion for several pore sizes in Chap. 3. Special behaviours that are observed for hydrogen flames are presented with pictures. The influence of the pore size on the stability limits is also presented and compared with existing models.
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The numerical setups are presented in Chap. 4 with the main features of the 2D meshes and a description of the process employed to produce the 3D mesh from X-ray tomography. The transition from surface to submerged combustion is investigated in Chap. 5 with the 2D numerical simulations. The pore scale flame stabilisation mechanisms of submerged solutions are presented in Chap. 6 with 2D numerical simulations. Depending on the solid temperature profile, steady and unsteady combustion regimes are obtained and described. Several key results are confirmed in the more realistic 3D geometry in Chap. 7. The influence of the pore scale velocity field on flame wrinkling is also presented.

To conclude a boiler was constructed with a quartz tube, ceramic foams and a copper pipe. His performances were measured and are presented in Chap. 7 in terms of pollutant emissions and thermal efficiency.
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Chapter 1

Experimental setup 1.1 Introduction

A diagram of the experimental setup is shown in Fig. 1.1. The gas flows are controlled by the mixture supply unit, shown in Fig. 1.1(a). Hydrogen methane and air serve for combustion, while nitrogen is used to flush the flame in case of an emergency issue. Air is supplied by the laboratory pressurised network. Air is first stored in a tank by a compressor and then dried. The inlet air humidity is checked each day before starting the experiments to check for any dryer failure. Hydrogen, methane and nitrogen are supplied by high-pressure bottles connected to pressure reducers. Their flows can be turned on and off by three solenoid valves which are connected to a safety automaton (cf Section 1.5). The Hydrogen methane and air flow rates are controlled by three mass flow regulators, Db 0 , Db 1 and Db 2 respectively. Devices Db 0 and Db 1 are Voegtlin red-y smart mass flow controllers, series GSC type D and B, with a full scale of 130 and 20 nL/min respectively. Device Db 2 is a Bronkhorst F-201CV mass flow regulator with a full scale of 19.05 nL/min. The gases are mixed in a box and supplied to the burner through a distribution unit.

A manometer is connected to a pipe elbow just upstream of the burner. The pressure is measured upstream and downstream of the mass flow regulators, to check they are operating in the appropriate range. A flashback arrestor is connected downstream of the elbow. The dense porous media, embedded inside the flame arrestor, homogenizes the flow perturbations generated by the bend. The flow is then divided into height pipes connected to a divergent at the bottom of the burner. To reduce the perturbations generated by the distribution unit, sintered stainless disks with a pore size of 200 µm are inserted at the connections between the pipes of the injection unit and the divergent. Pressure losses of several disks were measured to select disks yielding close values. A bluff body is positioned at the divergent centre to homogenise the velocity field before entering into a tube made of quartz.

A second quartz tube with the same internal diameter of 10 cm is superposed on the one connected to the divergent. The two quartz tubes are sealed with graphite, which also allows the passage of thermocouples wires. Threaded rods compress the two quartz with screws and springs, to assure the sealing while avoiding too many constraints in the quartz due to thermal expansion. At the entry of the first quartz tube, a ceramic foam CF 0 with small pores of 0.27 mm, and a thickness of 2 cm is used to eliminate the last flow inhomogeneities. Characterisation of the flow homogeneity is presented in Section 1.4. To avoid radiative heat exchange between the hot ceramic of the combustion chamber and the top of the porous media CF 0 , a quartz pipe of 30 cm length is set first as a tranquillising chamber. With this setup, the temperature T u at the top of CF 0 can be maintained below 40 • C. As the gas is warmed by CF 0 , the gas temperature is close to or less than T u , at the output of CF 0 .

The second quartz tube of 30 cm length serves as a combustion chamber in which the porous media, used for combustion, are inserted. These ceramics and their configurations are presented in Section 8.2. Glass fibre is used to wrap the porous media before insertion in order to avoid preferential paths between the quartz pipe and the ceramics. The porous media of the burner are supported by 

Porous material

All the ceramics foams used in this thesis were ordered from the supplier Lanik [42].

They have a diameter of 10 cm and a porosity around 80 %. They were all produced with the replication technique [START_REF] Scheffler | Cellular Ceramics: Structure, Manufacturing, Properties and Applications[END_REF]. The process is the following. A first polymer foam is produced and filled with a ceramic slurry. Then the ceramic is dried out and the polymer is burned. With this process, homogenised properties and very small pore sizes can be obtained. The porous matrix with the smallest pore size used in this thesis is 0.24 mm, which would be very difficult and expensive to produce with stereolithography. These small pore sizes are necessary to stabilise hydrogen flames due to their small quenching diameters. Nevertheless, during ceramic drying, the contraction of the material leads to constrains which can generate gas bubbles 1.2. Porous material Figure 1.5: Spectra of the total reflection coefficients of two alumina ceramic specimens of different thicknesses (2.5 and 5.0 mm). From [52] in the solid phase. These inclusions reduce the mechanical strength and thermal conductivity of the solid matrix. Three materials were tested: Alumina, Silicon Carbide, and Zirconium. Alumina has a higher mechanical resistance compared to silicon carbide. Zirconium has a better resistance than alumina, but these foams featured a slightly larger diameter than the size ordered to the constructor. Hence it was necessary to sand them, but it was very difficult due to their high strength. The ordered Alumina foam disks had very close dimensions with respect to the specifications requested. Nevertheless, their shapes weren't perfectly circular, with deviations by a few tenths of a millimetre. As a conclusion, only alumina foam disks were finally selected and have been sanded on their sides to fit them within the quartz pipes. The effective thermal conductivities given by the constructor are 4.9, 3.6 and 3.0 W/mK for Silicon Carbide, Alumina and Zirconium foams respectively. The reflection coefficient of alumina is shown in Fig. 1.5 and is close to 90% in the visible wavelength range. Consequently, the absorption and emission coefficients of alumina are relatively small in this range. On the other hand, silicon carbide foams have higher radiative emission and absorption coefficients due to their black colour. Higher thermal conductivities increase heat recirculation but decrease the operability range due to flashback. Hence, an optimum is needed. Radiative emissions also increase heat recirculation, but as the setup is transparent, it also increases radiative losses, which reduces the stability margins and increases the transverse temperature gradients, thus it had to be limited. Hence, alumina foam appears as a good compromise to increase stability while keeping the temperature profile as flat as possible over the burner section.

Two burner configurations are compared. A stacked configuration, composed of four ceramic foam disks, of 2 cm height, was used at first. In this case, 0.5 mm diameter thermocouples could be inserted, along the central axis of the ceramic with δ p = 30 ppi which corresponds to δ p = 0.8 mm. The temperature profiles along the porous burner sides are also measured by putting thermocouples between the quartz tube and the ceramics. Their positions are alternated between the two sides. A schematic and a picture of this configuration are shown in Figs. 1.3(a) and 1.3(b) respectively. All thermocouples were inserted from the bottom such that the wires were below the burner. Otherwise, the flame damages them and degrades the measurement accuracy. A second burner configuration with a unique ceramic foam of 8 cm height was also used. This other burner does not feature any discontinuities between the ceramic foam disks, such as the one featured by the first configuration. In this case, thermocouples are only inserted on the burner sides, because the stochasticity of the foams and the absence of visual access made it impossible to set thermocouples in a precise position within the porous matrix.

To study the influence of the pore size, the continuous configuration is chosen with three different pore sizes. Pictures of these ceramics are shown in Fig. 1.4. The same setup as in Fig. 1.3 is used for the thermocouples. In this case, great care is taken to get good contact between the quartz and the ceramic because the influence of preferential path increases for porous matrices with smaller pore sizes. Good contact was obtained by carefully sanding the fragile porous matrices.

Diagnostics Thermocouples

Mineral-insulated, type N thermocouples, with a diameter of 0.5 mm, are inserted at the centre and on the side of the porous media. Due to their Nicrotherm sleeve, they can sustain temperatures up to 1100 • C. The same thermocouples are also put between the second quartz and the convergent to monitor the thermal state of the burner. A thinner 0.25 mm diameter, mineral-insulated, type N thermocouple is inserted through CF 0 to measure the ceramic top temperature. Furthermore, mineral-insulated, 1.5 mm diameter, type K thermocouples are also used to check the burner temperature at different locations and trigger the safety automaton in case of overheating. These thermocouples are described in Section 1.5.

The thermocouple bead temperature results from the energy balance between convective heat exchange with the gas around and radiative heat exchange with the solid faces around. To measure the burned gas temperature T g , the influence of the ceramic radiation had to be reduced. As the energy balance depends on the bead diameter, two type R thermocouples with two different bead sizes are set on the burned gases, 2 cm above the porous media. The Reduced Radiation 

C RRE , with E RRE = C RRE -⟨C RRE ⟩ ⟨C RRE ⟩
Error method (RRE) [10] is used to deduce the gas temperature. This method is based on the observation of a constant ratio between the error measured by two thermocouples with two different bead sizes. The RRE coefficient is defined as follows:

C RRE = T g -T b,2 T b,1 -T b,2 (1.1)
with T b,1 and T b,2 the temperatures of the thin bead and thick bead respectively. To minimise the error, the ratio between the bead radius needs to be kept between two and three [17]. The bead exchanges heat by radiation with several surfaces of different temperatures. Nevertheless, one can simplify these exchanges with a unique surface at a fictive temperature T w . Hence, once thermal equilibrium is reached, the energy balance for each bead n of surface area S n yields:

ϵσS n (T 4 w -T 4 b,n ) + h n S n (T g -T b,n ) = 0 (1.2)
And so the RRE coefficient can be estimated as follow:

C RRE = ϵσ(T 2 b,1 + T 2 b,2 )(T b,1 + T b,2 ) h 1 -h 2 + h 1 h 1 -h 2 (1.3)
with ϵ the radiative emission coefficient of the bead, and h n the convective heat exchange coefficient of the bead n with n = 1, 2. The coefficient C RRE was measured for each operating point. His deviation E RRE , with respect to his mean value ⟨C RRE ⟩ is reported as a function of the input velocity U in Fig. 1.6(a) and solid temperature T s in Fig. 1.6(b). This deviation stays below 5% for the entire range of U and T s measured in our investigation. Thus the value of C RRE = 2.67 was retained for the burned gas temperature measurements presented in this thesis.

The solid temperature was measured with a pyrometer as presented below.

Photomultiplier

A Hamamatsu H10722 photomultiplier is oriented toward the burned gases between the ceramic burner and the convergent. A narrow bandpass filter Asahi XHQA310 (λ = 310 ± 2 nm) is added to only collect the signal generated by OH * radicals. The OH * emission is a tracer of the combustion reaction. Hence, this diagnostic is used to study the transition toward submerged combustion and to detect hydrogen flames above the ceramics when pushed toward blow-off.

Pyrometer

The ceramic top surface temperature is measured with a Fluke Endurance series pyrometer set above the burner and pointing toward the porous media output edge centre. Two modes can be used to measure the temperature. The bichromatic mode measures two temperatures, one in the large wavelength band between 0.75 and 1.1 µm and another in the smaller wavelength band between 0.95 and 1.1 µm. By a combination of these two temperatures, the pyrometer estimates the surface temperature without knowing its emissivity. Nevertheless, minimal thermal radiation power is necessary to use this mode As the Alumina foam emissivity is relatively small (10 %) (cf Fig. 1.5) in this wavelength range, the radiative emitted flux is not always high enough. Hence, it was preferred to use the standard, but more sensitive, monochromatic mode, which measures the amount of radiation at 1 µm and estimates a temperature depending on the surface emissivity ϵ. The Alumina foam emissivity was set to ϵ = 0.1 and results for the temperature were compared for the two modes when the surface temperature was hot enough. Differences between each mode were less than 10 • C. Hence, the monochromatic mode was retained with ϵ = 0.1.

Manometer

Several manometers are used at different locations along the pipe network feeding the burner. Two are connected on each side of the pressure reducers to check the reserve of the bottle and the output pressure. The one at the supply unit outlet is used to verify the pressure at the mass flow controller outlet. These measurements are necessary to fix the appropriate pressure in the network, due to substantial 1.4. Flow Homogeneity pressure losses generated by the flashback arrestor and the sintered stainless steel in the feeding lines. Another manometer is connected to the divergent. To measures the pressure just upstream of CF 0 . The pressure losses of the burner were measured with this manometer and were always less than 500 P a, due to the relatively small thermal powers investigated. Nevertheless, the ceramic foam's pressure losses are known to stay small due to the high porosity [START_REF] Scheffler | Cellular Ceramics: Structure, Manufacturing, Properties and Applications[END_REF]. The velocity field at the outlet of the first quartz tube was measured with hot wire anemometry. The resulting velocity distribution is shown in Fig. 1.7. The homogeneity is analysed on a 7 cm diameter disk (shown in white in Fig. 1.7). The standard deviation is 13 % of the mean velocity field in this area.

Flow Homogeneity

A temperature profile is also presented for a methane-air flame stabilised in the upstream half of the porous media. The temperature distribution is plotted along the radial distance in Fig. 1.8(a). A smaller area with a radius of 5cm is selected, to define an average temperature value T . The deviation with respect to T is presented in Fig. 1.8(b). One can see that this deviation is less than 2 % of T . Pictures of the burner seeing from the top and the front view are presented in Fig. 1.9(a) and (b) respectively. Another picture of a flame stabilised on the upper half of the burner (downstream solution) is shown in Fig. 1.9(c). 

Safety system

Security is a serious issue concerning hydrogen combustion. Therefore, an analogical control system is used to monitor the experimental setup in order to cut the combustible flows in case of emergency. A diagram of this system is shown in Fig. 1.10. The main components of this safety system are described in Tab. 1.1. Three types of sensors are used to detect abnormal behaviours and control the opening and closing of solenoid valves. Three thermocouples are used. One is located upstream of the burner in case of flashback, one on the side of the burner and one is set in the metal of the suction hood, in case of overheating. Two combustible gas detectors, one for heavy gas located close to the floor, and one for detecting light gas is fixed on the top, close to the laboratory roof. The first alarm is set to 15 % of the LEL. The automaton is connected to step 1, which is 15 % of the LEL. A differential pressure sensor set in the suction hood is also used to check if the suction of the gas is taking place. Furthermore, a push-button switch is set on the automaton. The input signals are connected to a "or" logic gate (R) in the automaton. If any of them is triggered, the following security protocol is launched. The combustible solenoid valves are shut off, and the nitrogen solenoid valve is opened. Furthermore, the automaton itself must be turned on to be able to open the solenoid valves. Once the automaton is turned on, it automatically activates the suction hood. Hence the benchmark cannot run without the hood working.

Introduction

Porous burners are studied extensively for their high radiant efficiency and their very low pollutant emissions levels [1,2,3,4,5]. In many industrial porous burners, combustion takes place at one boundary of the porous structure. Submerged combustion taking place inside the porous matrix can increase even more the benefit of these burners [6], but accurate prediction of the flame position is needed for reliable and safe operation.

Heat recirculation between the gaseous and solid phases due to thermal conduction and radiation [7] leads to complex flame behaviours and complex interplay between the flow dynamics and the intricate solid matrix geometry. In these burners, the fresh gases at T u are preheated by the solid phase, up to a temperature T 0 leading to higher burning velocities S L (T 0 ) and an extended lean flammability limit [8,9,10,11]. However, detailed experiments examining the submerged flame position within the porous matrix remain scarce. In this study, a set of experiments is conducted that targets a better understanding of the positions that submerged flames can take within homogeneous porous matrices.

Much of the knowledge on flame position inside porous structures is deduced from theoretical analysis due to difficulties for direct flame visualization and instrumentation within porous burners. The pioneering work of Takeno et al. [8] led to a simple onedimensional flame stabilization model assuming a solid at a constant temperature. This model is parameterized by the bulk flow velocity U b normalized by the laminar burning velocity S 0 L of the combustible mixture. Both quantities should be determined at the reactants incoming temperature T u just upstream of the reaction part: u = U b (T u )/S 0 L (T u ). For a homogeneous porous structure of length l with gases injected at z = 0 inside the matrix and flowing toward the outlet located at z = l, steady flames can be stabilized for a range of velocities complying with 1 < u < u b , where u b is the blow off normalized velocity. Furthermore, Takeno et al. [8] showed that the flame can only take two steady positions, z u f and z d f , within the solid matrix. The first steady position lies on the upstream half of the matrix with z u f < l/2. If u is increased, the flame front moves downstream. Thus, heat recirculation is enhanced, leading to an increased local reactant temperature (∂T 0 /∂z u f > 0) and as a consequence also to a higher burning velocity S 0 L (T 0 ). Hence, a new equilibrium position is reached when the burning velocity balances the local flow velocity. This position is stable be-cause, from a steady solution, an upstream (respectively downstream) motion of the flame front would decrease (respectively increase) the burning velocity, and consequently bring back the flame front to its initial position. The second steady position lies on the downstream half of the matrix with z d f > l/2. In this region, heat recirculation is less and less effective and the local reactant temperature drops as one approaches the porous matrix limit (∂T 0 /∂z d f < 0). Therefore, similar reasoning as for the upstream solution indicates that the downstream stabilization regime is unstable [12,9], for 1D volume averaged models. As a conclusion, maximum burning can only be reached at the middle of the porous structure for z = l/2, which also corresponds to the blow-off condition with u = u b . Finally, it was also shown that heat losses alter these stabilization regimes because the reactant temperature profile T 0 (z f ) within the porous matrix is modified, leading to a minimum mass flow rate limit below which the flame is quenched [13].

In the recent theoretical analysis from Masset et al. [9], an explicit expression for the burning velocity of submerged flames was derived that depends on the flame position within the porous structure. This also led the authors to an expression for the blow-off limit u b that depends on the porous matrix length until a maximum is reached, corresponding to the value obtained for an infinite porous media. Hence, for high porous lengths, the burning velocity increase on the porous media edges but is relatively constant in the middle of the burner. In this case, a flame can be stabilised in the middle of the burner for a single flow velocity u. This anchoring regime was predicted by filtration combustion models, valid for long porous structures [14].

Sathe et al. [12] extended the work [8] to include thermal radiation that was shown to mainly increase the sensitivity of the burning velocity on the flame position in the middle of the burner. The same solutions as in [8] were retrieved with submerged flames stabilized for u > 1 except at the upstream edge z ∼ 0 of the porous structure where radiation losses yield stabilized flames with u < 1. Unsteady flow simulations confirmed the unstable behaviour of the downstream flame position by submitting the steady solution to small flow velocity perturbations.

The predictions described above are all based on the method of volume averaging [15]. But the high thermal gradients due to the combustion reactions at the pore scale do not fully comply with the needed hypothesis to safely apply the approximations made with this theory. Therefore some important pore scale phenomena are difficult to model with the volume averaging method as emphasized by Sahraoui and Kaviany [16] in an analysis of the influence of the pore scale flame position on the flame speed.

Many ingenious ways were considered, to improve flame stabilization, by altering the size of the pores within the porous matrix. According to the quenching Peclet number theory [17,18,19], small enough pore sizes stop flame propagation. Therefore, for a given matrix porosity, topology gradation has been envisaged with stacks of porous materials characterized by different pore sizes that are superposed on each other [20,21,22] or more recently with porous structures featuring a continuous pore size gradation [23]. Experiments with a non-uniform flow velocity produced by an injection plate were also reported [24]. These experiments make, though, more difficult to validate 1D theoretical predictions that were derived for porous material with a uniform porosity and uniform pore size [8,12,9].

Among the first experimental validations in homogeneous heat-recirculating burners, Kotani et al. [10,11] studied submerged combustion within ceramic pipes. They confirmed the consumption speed enhancement predicted in [8]. However, due to the specificity of their experimental setup with imposed external heat recirculation, the flashback limit could not be compared directly to predictions [8,12]. Nevertheless, three types of flame stabilization regimes were identified. The flame could be submerged within the ceramic structure, but it could also be stabilized above or below it. In all experimental studies, it has become standard to report the corresponding boundaries of these regimes as a function of the mixture equivalence ratio and flow rate. But so far, the position of the flame in the submerged regime is rarely reported as a function of u, as in theoretical studies.

In one of these studies, Sathe et al. [12] compared their predictions with experiments conducted in a highly radiating reticulated lithium aluminium silicate foam [25]. Stable submerged flames could be stabilized within the upstream half of their burner for u > 1 and the burning velocity of these flames was reported as a function of their position inside the porous material. They also confirmed that the flames gradually move downstream when the bulk flow velocity increases. These authors however do not report any information concerning the downstream theoretical solution and this information is still missing in recent experiments.

Sirotkin et al. [26] investigated, numerically and experimentally, the anchoring regime predicted by filtration combustion models, in a packed bed [14]. Stable flames could be obtained near the middle of the burner for a range of filtration velocities rather than for a single value. As finger-like structures were identified on the corrugated flame front, phenomena at the pore scale of the packed bed were suspected to be at the origin of these differences [14]. Other studies conducted within packed bed [27] also showed that if the flame is pushed downstream, the flame front structure can deviate from the planar perpendicular direction to the flow direction particularly when the burner diameter is large. These observations point to the limits of the 1D volume averaged models to reproduce phenomena at the pore scale.

In most experiments, the flame position is deduced from thermocouple indications, located on the side of the burner [10,11,25,20,23] or more rarely from the light emitted by the ceramic matrix [12]. However, differences between the temperature profiles in the centre and on the side of the burner are expected due to heat losses. Furthermore, the link between the brightness profile along the porous burner side and the temperature profile is not obvious. Light originates from the thermal radiation of the external surfaces of the porous matrix, but also from the internal porous structures. Thus, the semi-transparent nature of the porous matrix, with a flame inside, does not ease the interpretation of the data [6], especially for alumina foams characterized by a high reflectivity coefficient of about 90% in the visible and near-visible infra-red bands [28]. Therefore, in this study, temperature profiles are measured with a series of thermocouples embedded in the centre and on the side of a porous matrix The temperature profiles are compared with images of the porous matrix, taken in the visible band. Experiments are conducted in a setup with a constant pore size solid matrix and great care was taken to obtain a laminar uniform velocity profile at the burner inlet and avoid substantial preheating of the inlet mixture before it flows through the porous matrix. Consequently, the flame stabilization mechanisms and the boundaries of the submerged and surface combustion regimes can be analysed as a function of the normalized flow velocity u and compared to theoretical predictions.

The article is organized as follows. Section 1 describes the experimental setup. Protocols to reach steady submerged combustion regimes are described in section 2. Two regimes are identified with steady and stable submerged flames. In the first regime, flames are stabilized in the bottom part of the porous matrix. In the second regime, stable states are reached for flames located in the upper part of the porous burner. These regimes are respectively designated in the following as the upstream and downstream flame stabilization modes. Their description is made in section 3. Finally, ≈ ≈ the last section compares experiments with theoretical predictions from 1D models.

Experimental setup

Only methane and air mixtures are considered in this work. A schematic of the experimental setup is shown in Fig. 1. The burner contains four components: an injection unit with a diverging section (1), a flow homogenization chamber (2), a transparent combustion chamber made of a cylindrical quartz tube in which 10 cm diameter porous matrices can be inserted (3) and a converging nozzle outlet (4).

The air flow rate is controlled by a Voëgtlin red-y smart flow regulator supplying 130 nl/min of dry air at full scale. The methane flow rate is controlled by a Bronkhorst F-201CV flow regulator with 19.05 nl/min at full scale. The accuracy of the two flow regulators is 0.5% of the full scales. The two streams are mixed before entering the base of the burner through 8 lateral holes equipped with sintered stainless steel disks at their extremities. The combustible mixture leaves the injection unit (1) through a diverging nozzle and enters a homogenization chamber (2) through a ceramic foam (CF 0 ) with 60 pores per inch (ppi) to eliminate flow inhomogeneities.

A quartz cylinder of 30 cm length is used to reduce the turbulence level and the impact of thermal radiation between the hot bottom of the ceramic burner set inside the transparent combustion chamber (3) and the top of the ceramic flame arrestor (CF 0 ). With this flow conditioning system, the gas temperature T u of the reactants, measured by a thermocouple flushing the top of the ceramic (CF 0 ), could be kept between 20 and 40 • C. This temperature is taken into account for laminar burning velocity S 0 L (T u ) calculations.

Reticulated ceramic foams (CF) are selected for the porous matrix because they are chip and small pore sizes can be manufactured easily. However, due to their stochastic nature, each foam is different. They are also fragile materials that do not well resist thermomechanical stress, regularly leading to breakages of the thinnest parts. Therefore, the thermal power was limited to 382 kW/m 2 to avoid damaging the ceramics. Besides, good reproducibility is obtained, for different samples, from day to day experiments.

It is well known that heat losses alter the stability margins of porous burners [10,11,8]. In order to reduce the impact of heat losses on the lateral side, a relatively large diameter of 10 cm is selected for the ceramic foams. This setup yields flames with uniform temperature and velocity profiles over a disc of more than 5 cm diameter with less than 1% of standard deviation. These data are included as supplementary material. The flow in the neighbourhood of the burner axis is, thus, well suited to be compared with 1D model predictions.

The submerged flame stabilization margins being extended for long porous combustors [8], experiments are conducted with relatively thick 8 cm burners that are inserted in the combustion chamber as shown in Fig. 2. Two different porous matrices, made of the same alumina foam, with a pore size of 30 ppi, are considered. The first matrix is a stack of four cylinders CF 1,2,3,4 superposed on each other as shown in Figs. 3(a) and 3(b). Each cylinder has a 2 cm height. The interfaces between two successive cylinders and the relatively large pore sizes help to insert thin thermocouples inside the matrix along the central axis of the burner. To avoid any in-terrogation concerning the impact of the interfaces between the different CF cylinders on flame stabilization mechanisms, experiments are repeated with a unique CF cylinder of 8 cm height as shown in Figs. 3(c) and 3(d). This latter configuration constitutes the second porous matrix tested for which temperature measurements are only made along the burner side.

The two different porous matrices can be inserted in the combustion chamber of 20 cm height. A thin layer of glass fibre is wrapped around the porous matrix to avoid preferential paths through the interspace between the porous burner and the quartz tube of the combustion chamber. The slight compressibility of the glass fibre also helps to prevent ceramic breakage due to the differential thermal dilatation between the quartz and the ceramic materials. To avoid any other leaks, graphite seals are used between the different components of the burner that are compressed with screws and springs to sustain thermal dilatation.

Temperature profiles are determined with 16 type N shielded thermocouples of 0.5 mm diameter. Catapan et al. [24] reported radial temperature profiles in their experiments that were obtained by drilling holes into the porous matrix and by inserting thermocouples within a ceramic shield. This method leads to several uncertainties and ceramic damages. Thus, it was chosen in this study to insert thermocouples vertically directly within the pores of the ceramics. Eight thermocouples (T i c ) are placed along the vertical axis of the porous matrix, each separated by 1 centimetre. Eight other thermocouples (T i s ) are placed alternately on opposite sides of the porous matrix with the same interval of 1 cm. The temperature indicated by these probes lies between the solid and gas temperatures. The thermocouple signals are sampled with a NI cDAQ-9178 analog to digital signal converter and a NI-9213 thermocouple module, with an accuracy of 1 K. The module is interfaced with Labview.

Finally, pictures are taken with a Nikon D850 camera equipped with a Micro Nikkor 105 lens. The camera is used in manual mode with settings that are kept constant except for the ISO sensitivity which is adapted to the thermal power, due to an increased impact of thermal radiation. These images are used to analyze the luminosity profile along the burner height. Pressure losses are also recorded with a manometer and remain lower than 300 Pa for all operating conditions tested.

Transition to submerged combustion

Experiments are first conducted to determine the operating conditions leading to submerged combustion. A lean enough flame is first ignited, above the ceramics, with u > 2. In this configuration, flames take a conical shape and as a consequence, are able to sustain high flow speeds (u > 1). About 30 minutes are necessary to reach the thermal equilibrium of the burner. Then the air flow rate is decreased to increase the equivalence ratio by steps ∆ϕ = 0.01. Consequently, the ceramic temperature increases, but not uniformly. The first luminous solid points are always contained in a region with a size that decreases with the power. When the flow velocity approaches the flame speed u = u 1 t > 1 the flame starts to propagate within the porous medium through this hot region. Hence the transition takes a very long time, and the flame front doesn't remain flat. However, for u = u 0 t < 1 the entire ceramic is heated homogeneously and the flame propagates into the porous matrix while remaining perpendicular to the flow direction. These two boundaries are represented in Fig. ??. One can see that the gap between u 1 t and u 0 t increases with the thermal power, from 0 at 1 kW to 0.3 at 3 kW. Therefore, the flow inhomogeneities are suspected to be at the origin of this deviation from 1D continuous models. Good reproducibility is obtained for different foams, tested on different days.

To obtain steady submerged solutions, the following procedure is applied : A lean enough flame is ignited in the surface combustion mode close to the transition limit u > u 1 t . When the thermal equilibrium is reached, the equivalence ratio is increased slowly for one minute to obtain u = u 0 t . If the air flow rate remains unchanged, the flame crosses through the porous medium and makes a flashback. However, if the air flow rate is increased while the flame is inside, its absolute speed decreases, with the equivalence ratio, until reaching a steady solution as obtained by Sirotkin et al [26]. Depending on when the flow rate is increased, two types of stable t and total u 0 t transition, with

u 1 t ≥ u 0 t .
flame positions can be obtained. The first one is stabilised in the upstream half of the burner, and the second one is in the downstream half of the burner. The upstream solution is easy to obtain, but the downstream solution is only observed when the air flow rate is increased at a specific rate. If the flow rate is increased too slowly, the flame crosses through the matrix and stabilises on the upstream side, i.e. an upstream solution.

If the flow rate is increased too rapidly, when the ceramic is not hot enough to preheat the lean mixture, part of the flame gets out of the porous matrix. In this case, coexistence of the downstream and surface solutions is observed. Besides, at low thermal power, as the transition is slow and the flame front remains flat, the downstream solution is easier to obtain than for higher, when the transition is fast and the flame is less flat. Therefore, we didn't succeed to obtain downstream solutions for thermal powers higher than 2 kW. However, at low thermal power, extinctions on the side of the burner can be observed, because heat losses quench the flame close to the walls [8]. Figure 5 show the temporal evolutions of the thermocouples, set in the first half of the porous matrix (see Fig. 3(a)), during the transition toward the downstream and upstream submerged solutions. The side peak temperature is delayed compared to the peak temperature measured at the centre. Direct visualisation confirms that the flame is bent when it propagates through the porous structure. Furthermore, for the downstream solution, T 0 s > T 0 c and T 1 s > T 1 c , which implies an external heat recirculation through the quartz tube. This phenomenon compensates, partially, heat losses and helps to keep the flame front perpendicular to the flow direction. However, these effects are local and have a small influence on the overall heat recirculation. Because of the high thermal capacity of the solid, the characteristics time scale of the system is large. For the transition, at least 1 hour is needed. For steady solutions, thermal equilibrium takes about one hour near the blow-off limit and about 15 minutes near flashback limits. For this reason, a thermal gradient of less than 3 K for 3 min is considered as steady states, and the data are averaged along 3 min records, leading to standard deviations of the results of less than 0.1%.

Experimental results

To investigate the operability limits of the system and hysteresis, experiments are first conducted at fixed thermal powers. Figure 6 shows pictures of solutions near the blow-off (BO) and flashback (FB) limits.

These solutions are obtained with the following pro-tocol: the methane flow rate is fixed and the air flow rate is varied for obtaining slow equivalence ratio variations by 0.01 steps. The procedure presented in Section 3 is used to obtain a downstream submerged solution from which the equivalence ratio is decreased until blow-off. The same procedure is then repeated to obtain the leanest downstream solution recorded before blowoff (Figs. 6(a-d)). From this point, the equivalence ratio is increased, leading to an upstream translation of the flame front, until flashback at the porous matrix inlet.

Once the flame lies below the porous matrix and is stabilised as a planar sheet, i.e. is a surface solution of CF 0 , the air flow rate is increased rapidly, leading to a submerged flame stabilised within the burner. The flame is then stabilised at the richest stable equivalence ratio obtained before flashback (Figs. 6 (i-l)). From this point, the equivalence ratio is decreased, until blow-off (Figs. 6 (e-h)).

Blow-off is represented in Fig. 7 for P = 2.0 kW. At t ⩽ 0 s, the flame front is close to the middle part of the burner (Fig. 7(a)). Then the equivalence ratio is decreased between ϕ = 0.50 at t = 0 s and ϕ = 0.49 at t = 60 s. Hence, as already observed for packed beds [27], the flame front doesn't stay perpendicular to the flow direction. Very slowly, part of the flame front moves downstream (Figs. 7(b-c)) and blue flames stabilise above the porous structure (Fig. 7(d)). In Fig. 7(d), the flame brightness is very small compared to thermal radiation from the ceramic. A mask is used to adjust the blue colour balance, in order to enhance the visibility of the flame. In this picture, only the left side of the flame front bifurcates to surface combustion while the opposing side remains submerged. Consequently, coexistence of these two solutions is obtained, which is qualified as blow-off.

The same blowoff and flashback limits are observed for upstream and downstream solutions. Near the flashback limit, the same flame position are observed. But, near the blowoff limit, two types of solutions are obtained as explained in Section 3. Experiments made in a continuous ceramic foam with the same dimension as the stacked burner lead to the same observations ( Figs. 6 (d),(h) and(l) ). The same flame positions are observed for the same operating conditions with only slight differences in the position of the downstream solution probably due to small inhomogeneities in the foams. However, the same boundaries are observed for the stacked and continuous configurations.

In 1D studies, it is current to work at a fixed equivalence ratio and to change the flow velocity. The influence of these parameters is now investigated. Pic- starts with the richest upstream solution at P = 1 kW, in order to keep ϕ < ϕ f for higher powers. The richest upstream solution at P = 1 kW is obtained with the procedure described in Section 3 (see Fig. same equivalence ratio ϕ = 0.51, by steps of 10 W. One point is recorded for each 50 W step, after reaching steady states. As the flow speed increases, the flame moves downstream until blow-off which takes place at the middle of the burner as described in Fig. 7.

Figures. 9 and 10 plot the temperature and brightness profiles, deduced from Figs. 6 and8, with the associated peak values locations :

• For the temperature profile T c , in the centre, a cubic spline interpolation is used to smooth the data. Here, z c corresponds to the peak value of the interpolated profiles.

• For the temperature profile T s measured with thermocouples on the side, two profiles corresponding to each side of the burner are combined to form one. Hence when the flame front is flat, the profile is smooth, but when the flame front departs from the perpendicular direction with respect to the flow direction, the profile becomes deformed. Here, z s corresponds to the thermocouple measuring the highest temperature.

• The brightness corresponds to the average between the three RGB values for each pixel of a picture. The profile is obtained by averaging these values along the transverse axis, which produces about 2000 points. A Laplacian smoothing is then applied to remove noise. Each value of the smoothed profile corresponds to the average of the 10 points around him. Here, z p corresponds to the peak value of this smoothed profile.

One can observe that z c lies almost always upstream z p which is also upstream z s , except for solutions near flashback, where z p can move upstream z c , because of the thinner brightness grid. This observation indicates that the flame front is also bent even for steady solutions. As expected the position deduced from the brightness profile does not match with the position deduced from the side temperature profile. It corresponds to an average between the central and external temperature profiles. As the flow is 1D on the centre of the burner, the temperature profile in the centre is expected to be close to 1D theories. Hence z c appears to be a good flame position indicator in the central part of the burner. However, the brightness profile represents an average between the centre and side parts of the burner. Hence, z p gives a macroscopic position of the flame front, taking into account the curvature. Besides, for near flashback solutions, as the brightness profile grid is thinner, z p seems to be more precise than z c , to locate the flame position. In this case, the side temperature profile doesn't give reliable information, because it is drastically influenced by lateral heat losses and flame front deformations. The maximum gradient of T c is also investigated, but this profile isn't resolved enough so this position always lands on the upstream edges for the upstream solutions.

Comparison with 1D theory and discussion

For all mixtures between the flashback and blowoff limits, stable flames are stabilised on the upstream half of the porous burner. As predicted by 1D theories [8,9,12] the flame position is an increasing function of u from the upstream edge to the middle of the burner.

Near blow-off flow velocity, downstream solutions are obtained. Despite the unstable behaviour predicted by 1D continuous theories [12], these solutions are kept in a quasi-steady state for 1 h, with temperature oscillations less than 5 K. Besides, if the flow rate is varied slowly, several solutions can be obtained with different positions. Hence these solutions seem stable. However, if the flow velocity is changed too rapidly, part of the flame front bifurcates to a surface or upstream solution. Therefore, this solution is qualified as metastable. To explain this deviation from 1D theory, two hypotheses may be involved:

• The downstream solution predicted by 1D continuous models is stable because of pore-level phenomena. As explained by Sirotkin et al [26], these models don't take into account the discreteness of the porous medium leading to flame wrinkling. Therefore, one can suspect the flame to compensate for flow perturbations by flame surface augmentation as in the surface combustion regime. In other words, flow perturbations will impact the pore-scale flame structure without changing so much the macro-scale flame position as described by Sahraoui and Kaviany [16].

• These solutions correspond to the anchoring regime obtained for filtration combustion [14,26] in long porous media. These solutions can be obtained by increasing u until flame stabilisation near the middle at blow-off ■ and flashback ♦ boundaries, compared to Masset et al [9] of the burner. Besides, as the emissivity of alumina is low, we can expect to obtain an almost constant burning velocity profile, near the middle of the burner, for flow rates close to the blow-off limit [25,9]. This range of velocity could be extended by the discreteness of the porous media as explained by Sirotkin et al [26]. Figure 11 shows the blow-off and flashback limits in terms of equivalence ratio (Fig. 11(a)) and normalised flow velocity (Fig. 11(b-c)) versus the power. The equivalence ratio increases for both boundaries.

The flashback normalised flow velocity u f is almost constant and close to 1 as predicted by 1D models [8,12,9] and lies between 1.15 and 1.35. Flame propagation, for u > 1, is possible, in the quartz tube, because of the low-velocity region near the walls as in boundary layer flashback [29,30,31]. The existence of a flame upstream of the ceramic can thus result from two possibilities. Auto ignition can be triggered by the hot quartz and ceramic surface upstream of the porous matrix inlet, or the flame front can succeed to propagate through the first pores at the entry of CF1. Additional experiments indicate that this limit depends on the pore size. Therefore, the second possibility seems more probable.

Figure 11(c) shows a comparison between the experimental data obtained for the blow-off normalised flow velocity u b and the asymptotic model from Masset et al [9]. The volumetric convective heat transfer coefficient h v is obtained with the Younis et al correlation [32], and so the influence of the flow velocity is taken into account. For the solid effective conductivity, as Bedoya et al [33], the tortuosity is taken into account, and the Rosseland approximation is used in order to model the radiative heat transport. Figure 11(c) shows that u b decreases with the power or, correspondingly, the equivalence ratio. This result is in agreement with Masset et al model [9]. The sensitivity of the flame speed on fresh gas temperature decreases with the equivalence ratio. Thus, lean mixtures are more sensible to preheating, which leads to more pronounced flame accelerations. This acceleration is a bit overestimated by the model for the leanest mixtures but lies between the error bars. The relative uncertainty increases for the lowest equivalence ratios because the burning velocity is very small in this case.

Figure . 12 shows the dependence of the flame positions z c , z s , z p as a function of the normalised flow velocity u for ϕ = 0.51. The three positions show different behaviours: The position z c stays close to the upstream edge except after blow-off. The position z p shows a smoother and continuer curve because of the higher number of pixels. This position reproduces the behaviour predicted by Takeno et al [8]. The flame front stabilises near the porous inlet for the lowest u and moves downstream until blow-off at the middle of the burner. The position z s is not much affected by u. These results are also compared with Masset et al model [9] with the same parameters as in Fig. 11(c). The blow-off limit is well reproduced by the model, but the flame position lies always upstream z c . This result is expected as the flame position in this theory is defined as the maximum heat release rate position which is always upstream of the solid maximum temperature position. Besides, in this model, the solid boundary conditions are adiabatic. Hence the solid temperature gradient near the edges vanish, allowing the flame to burn on more upstream positions. Yet, Figure 10 shows that the central temperature gradient isn't zero near the edges due to radiative heat losses. Therefore, boundary conditions seem to be important for flame position estimation.

Conclusion

The stabilisation of methane-air flames in alumina ceramic foams of 30 ppi has been investigated. Two geometrical configurations have been investigated, a stacked and a continuous porous burner. The same observations have been obtained with the two configurations, but with the stacked burner, it is possible to insert thermocouples along the burner axis. Hence, temperature profiles along the burner axis and along the burner side have been reported together with brightness profiles obtained from pictures in the visible wavelength band. These three diagnostics enable an estimation of the flame front position and an accurate estimation of his steadiness. The following conclusions can be drawn:

• Due to heat losses, the flame front is bent leading to differences between the central and side temperature profiles.

• The brightness profile results from the combination of the light emitted from the centre and the side of the porous media.

• The bifurcation between the surface, submerged and flashback regimes is mainly controlled by the normalised flow velocity according to the adiabatic burning velocity.

• For flow velocity high enough above the burning velocity and lower than a blow-off limit, submerged combustion can be steady inside porous media without topology variation.

• For the same flow parameters, two submerged stable flame positions can be obtained, on the upstream and downstream half of the burner respectively.

• For the upstream solution, the flame position lies near the porous inlet, for flow velocity close to the flashback limit, and moves downstream, for increasing flow rates, until blow-off takes place at the middle of the burner.
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Abstract

The influence of the pore size on methane and hydrogen combustion within alumina ceramic foams was experi-mentally investigated. The bifurcations between the three porous burner combustion regimes: Surface, submerged and flashback were measured in terms of equivalence ratio and normalised flow speed according to the adiabatic burning velocity. The corresponding critical equivalence ratio of the three bifurcations are decreasing function of the pore size, which is consistent with the quenching diameter dependence on the equivalence ratio and solid temperature. For both mixture and pore sizes smaller than the corresponding minimal quenching diameters, the bifurcations between surface and submerged, and between submerged and flashback regimes, append for flow speed close to the adiabatic burning velocity. For hydrogen flames, and pore sizes higher than the corresponding minimal quenching diameter, those bifurcations append for flow speeds much higher than the adiabatic burning velocity because of boundary layer flashback phenomenons. Although the reduction of the pore size increases the fluidsolid convective heat exchange, the critical blow-off equivalence ratio is decreased by the pore size. Hence, the radiative heat transport and the hydrodynamic dispersion seem to be major physical phenomenons involved in the heat recirculation process within porous media. Furthermore, the increased flame stretch generated by the reduction of the pore size seem to increase the critical equivalence ratio at the blow off limit.

Introduction

Heat recirculating burners are studied extensively for their high burning velocities, and ultra lean inflammability limits [1,2,3,4,5]. They enable to achieve low combustion temperatures leading to a drastic decrease of pollutant emissions, mainly thermal NOx and carbon monoxide [6,7,8,9,10]. Hydrocarbon combustion also produces prompt NOx and CO 2 , which cannot be reduced simply by decreasing the gas temperature. Hydrogen combustion only produces thermal NOx. Therefore, heat-recirculating burners are well adapted for hydrogen combustion. Nevertheless, hydrogen flames are difficult to stabilise due to their high reactivity and high reactant diffusivity [11,12,9].

It was shown in a preceding analysis that, for methane combustion, and 30 ppi ceramic foams, the fundamental behaviours predicted by 1D continuous models [13,14] were experimentally validated. The transitions between the three combustion regimes: surface, submerged and flashback are mainly controlled by the bulk flow velocity U b normalized by the adiabatic burning velocity S 0 L of the combustible mixture: u = U b /S 0 L . Flames can be stabilised in submerged combustion regime for u > 1, and for a given set of flow parameters two stable positions can be reached by the flame front on the upstream and downstream half of the porous structure respectively. For the upstream solution, the flame front moves from the porous burner inlet to the middle of the burner as u is increased. The maximum consumption rate is reached in the middle of the burner for u = u b . If u is increased further, the flame moves out of the porous burner and is blown off. The transition from surface to submerged and from submerged to flashback regime is obtained for flow velocity close to the adiabatic burning velocity.

Flame stabilisation is studied here when the burner is powered by hydrogen. Although some experimental and numerical investigations were conducted, the stabilisation mechanisms of hydrogen flames within porous media still need some investigations. Gauthier et al. [10] compared experimentally the flashback and blowoff limits of natural gas and hydrogen flames in metallic foams. For the same flow speeds, leaner limits were obtained for hydrogen flames. Su et al. [11,12] also measured the flashback and blow-off limits for hydrogenair flames burning within ceramic foams, and reported these limits in terms of equivalence ratio and flow velocity. Tseng et al. [9] investigated the influence of hydrogen addition on methane-air flames within porous media. They showed that the burning velocity increases for higher hydrogen contents because of highest peaks of H and OH radical concentrations. In these studies, the normalised flow velocities at the bifurcation limits are not reported.

Porous media combustion is currently modelled with volume averaged equations [15]. The different quantities investigated are averaged on spheres with large diameters compared to the pore size. Hence the pore scale phenomena are modelled with closure problems, leading to effective coefficients in the transport equations. This method allows a good estimation of the macro scale gas-solid thermal coupling and, thus, shed some light on the macroscopic flame stabilisation mechanisms [13,16,14]. However, this method is based on an assumption of small gradients within the averaging sphere. The influence of the pore scale flame position and structure, on the overall consumption speed, is not taken into account [17]. Due to high temperature and concentration gradients at the pore scale, generated by combustion reactions, this hypothesis is questionable, especially for hydrogen combustion due to small flame thickness. Besides, as lean hydrogen flames are sensible to stretch, the velocity gradient, resulting from the noslip condition on the wall of the porous structure, can have considerable effects on flame stabilisation. Therefore, flame wall interaction needs to be taken into account to understand the interactions taking place at the pore scale, especially for hydrogen combustion.

Walls mainly act as a heat sink. One of the first investigations, on the influence of heat losses on inflammability limits, was made by Spalding et Linnet [18], with an asymptotic model of flames within tubes. They showed that, for a fixed heat loss rate, two steady solutions with two different burning velocities could be obtained. These two branches of solution join at a critical point, corresponding to a quenching limit. This limit was characterised by a modified Peclet number based on the adiabatic burning velocity: Pe q = d q S 0 L /α with d q the quenching diameter, S 0 L the laminar burning velocity and α the heat diffusivity. Later this model was improved with an Arrhenius reactive source term [19,20]. This way, Williams [20] proposed a model for the quenching Peclet number : Pe q = 2eNuβ, with Nu the Nusselt number, β the Zeldovich number and e = exp(1). Predictions were compared to direct numerical simulations within tubes [21]. The square root dependence of Pe q on Nu was confirmed. Consequently, the quenching diameter was shown to decrease with the wall temperature. Ju et Xu [22] revisited this model with different flow rates and a non-constant wall temperature, thus allowing heat recirculation. For zero flow rates, the same quenching regime [18,20] was obtained. However, for higher flow rates, in addition to the previous one, a new regime was obtained with smaller burning velocities. Hence the two regimes can be qualified as High-Velocity Regime (HVR) and Low-Velocity Regime (LVR). In HVR, the burning velocity is too high to allow heat exchange with the solid, which remains constant. In LVR, the wall temperature is increased by the flame front. The flame can sustain higher heat losses in LVR than in HVR, which correspond to smaller diameters than the quenching limit predicted previously [18,20].

The stabilisation of a flame downstream a cooled tube was also investigated by Lewis et Von Elbe [23,24] for methane combustion and by Von Elbe et Menster [25] for hydrogen combustion. They measured the boundary velocity gradients g at blow-off and flashback limits. For tube diameters large enough compared to the flame thickness, these critical gradients are independent of the tube diameter but depend on the equivalence ratio. They concluded that the flame is stabilised aerodynamically at the boundary of a dead zone near the walls, of size δ q = d q /2, where the chemical reactions are quenched by heat losses. Kurdyumov et al. [26,27] investigated numerically the influence of the Lewis number and thermal boundary conditions on these limits, which were analysed as a function of a critical Karlovitz number: Ka = gα/S 0 L 2 = 2/Pe q . The central flow velocity was much higher than the laminar burning velocity. Thus, only boundary layer flashback was possible in the lowvelocity region near the walls. The flashback critical Karlovitz number was shown to be a decreasing function of the Lewis number and was higher for adiabatic walls than cold isothermal walls, which confirms the decrease of the quenching diameter for increasing wall temperatures. The influence of the solid temperature on the flashback limit was also emphasized in experimental investigations [28,29]. Furthermore, flame stretch was shown to have a consistent influence on the flashback limit of lean hydrogen-air flames, due to the impact of the transverse velocity gradient on the displacement speed [30,31].

If the tube diameter is decreased too much, and its temperature maintained small, the thermal boundary layers start to interact, and so the internal flow is no longer adiabatic [32]. If the diameter is decreased below the critical quenching diameter, the two quenching layers merges. Thus, no flame can propagate within the tube [18,19,20]. If the tube is not cooled, the flame front can propagate in LVR as predicted by Ju et Xu [22]. Reticulated ceramic foams are composed of polyhedral cells, connected by pores, formed by a struts network [33]. Hence, similarities can be found with tube quenching configuration and boundary layer flashback. Indeed, Babkin et al. [34] proposed a model of quenching Peclet number for methane and butane flames propagating within porous media in HVR. Hence, to increase the stability of porous burners, several studies considered stepped configurations with porous matrices of different pore sizes. The pore size of the upstream porous structure is smaller than the quenching diameter while the power size of the downstream porous structure is larger than the quenching diameter. However, because of heat recirculation, in a similar way as analysed by Ju et Xu [22] for tubes, the flame can propagate in the upstream ceramic and the flashback limit can be reached if the equivalence ratio increases too much [11,12]. Consequently, studies of quenching in tubes serve as a guideline to get insight into the pore size influence on porous media burners, indicating that for hydrogen flame stabilisation, smaller pores are required. Nevertheless, investigations on the effect of the pore size on flame stabilisation are seldom and not systematic, especially for hydrogen combustion.

Furthermore, the heat transfer mechanisms are more complex within porous media than in tubes. As proposed by Bedoya et al. [35], heat recirculation can be decomposed into three contributions connected in series: Input, Transport, and Output. At the input, part of the heat produced by the flame is transferred to the solid phase by convective exchanges. Then heat is transported by solid conduction and, in parallel, solid-tosolid radiation. Because of the high temperature of the solid, part of this heat is lost to the outside by convection and radiation, while the remaining heat is transferred to the fresh gases by convection leading to preheating. These transfers are modelled, at the macroscopic scale, by the effective properties obtained with the volume averaged method [15]. The pore size influence on effective transport properties is complex. Smaller pores increase the internal solid surface, with a larger volumetric convective heat transfer coefficient [36]. But the penetration length of the light decreases when the pore size is reduced leading to a reduced radiative heat transfer [37,14]. Besides, the hydrodynamic dispersion coefficient decrease for decreasing pore sizes [38]. So, smaller pore sizes can increase the solid-fluid heat exchange, but decrease the heat transport by radiation and dispersion. Hence the effect of the pore size on the stability limits is not obvious and needs to be investigated.

Bedoya et al. [35] measured higher burning velocities and Marbach et al. [8] measured higher NOx emissions, for ceramic foam with larger pores. Both justified their results with an increase in radiative heat transport. Besides, Bedoya et al. [35] investigated the influence of the different transport processes involved in heat recirculation and concluded that convective heat exchange is not the main controlling parameter. As the specific area is high within porous media, the thermal resistance associated with convective heat exchange is low, so its influence on the processes connected in series is small. Furthermore, Sathe et al. [14] showed that for decreasing extinction coefficients the flame position dependence on the normalised flow speed was flatter. Consequently, the flow velocity at the blow-off limit was smaller and reached for more upstream flame positions. The extinction coefficient is the inverse of the radiative penetration length, hence higher pore size seems to decrease the lean inflammability limit of porous burners.

In this investigation, two issues are addressed. What is the influence of the pore size on the stability limits of porous burners? What are the differences between hydrogen and methane combustion within porous media? To address these problems, combustion in alumina ceramic foams of 10, 30, 60 and 90 pore per inch (ppi) is investigated. The transition from surface to submerged combustion regime and the stability limits of the submerged combustion regime are compared. The corresponding pore sizes are 2.54, 0.85, 0.42 and 0.28 mm. The quenching diameter is a convex function of the equivalence ratio, with minimum values for hydrogen and methane flames of 0.6 mm and 3 mm respectively [39,23,40,41]. Hence all pore sizes are below the minimum methane quenching diameter, but the 10 and 30 ppi ceramics have pore sizes above the minimum hydrogen quenching diameter.

Experimental setup

The same setup as in our precedent study is used. A diagram is shown in Fig 1 . It can be briefly decomposed into four parts. An injection unit (1), composed of height injection pipes, followed by a homogenization chamber (2) in order to obtain uniform velocity profiles. Then, the combustion chamber (3) is separated from the input ceramic (CF 0 ) by a long quartz pipe of 30 cm for reducing the radiative heat exchange and thus maintaining a constant fresh gases temperature T u . In the end, an exhaust nozzle (4) reduces the flow section to lower the perturbations caused by cold ambient air recirculation. A more detailed description can be found in our precedent paper.

The volumetric air flow rate Q a is controlled by a Voegtlin red-y smart mass flow controller with 130 nL/min of full scale, the hydrogen flow rate Q As in our precedent study, two alumina foams configurations of the same sizes are investigated, but with several pore sizes. In Fig. 2, the continuous configurations are shown with the 30, 60 and 90 ppi ceramics. In Fig. 3, the stacked configurations are shown with the 10 and 30 ppi ceramics. For all configurations, the diameter D is 10 cm and the height H is 8 cm. For the smallest pore sizes, the sensitivity to inhomogeneities is high. Hence, great care was taken to the ceramic quartz contact and ceramic damages. The same bifurcation limits are obtained for continuous and stacked configurations. Stacked configurations are used to put thermocouples in the centre of the 30 and 10 ppi ceramic foam discs.

Height type N thermocouples are placed alternately on the side of the porous media, while height additional type N thermocouples are placed in the centre of the stacked configurations. A photomultiplier (PM) is used, with a narrow band interferometric filter at 310 ± 2 nm, above the porous media, to detect the chemiluminescence of the OH * radical from hydrogen and methane flames. A pyrometer is pointing toward the centre of the downstream porous matrix surface, to measure the solid temperature T s in the 0.9 µm and 1.1 µm wavelength range and with an emissivity fixed at ϵ = 0.1. Pictures are also taken with a Nikon D850 camera equipped with a Micro Nikkor 105 lens.

The main target of this investigation is to characterise three bifurcation limits. The bifurcation from surface to submerged combustion is called transition. The bifurcation corresponding to the rich and lean limits of the submerged combustion regime, are called respectively flashback and blow-off limits. The flashback limit is defined as the point where the flame gets out of the ceramic foam by the upstream side, leading to a fast decrease of the T 0 c signal. The blow-off limit is defined, for methane combustion, as the point when OH * chemiluminescence is detected by the photomultiplier. For hydrogen, the blow-off limit is more difficult to define and is presented in Section 5.4. To determine these limits, the fuel flow rate is fixed and the air flow rate is adjusted to keep the thermal power constant and obtain equivalence ratio variations by 0.01 steps. For hydrogen, the sensibility to equivalence ratio is higher, hence these steps are reduced to 0.001. The same methodology is used by Su et al. [11,12]. After a modification of the flow rate, long enough time is waited to obtain steady solutions defined as variations of the thermocouples signals of less than 3 K during 3 min. Stabilisation takes between 5 min for near flashback solutions to 2 h for near blow-off solutions.

Fundamental properties differences between CH 4 and H 2 flames

In this section, the fundamental characteristics of adiabatic laminar flames are compared between hydrogen, methane and hybrid flames. These quantities: the flame thickness δ 0 h , the adiabatic laminar burning velocity S 0 L and the adiabatic burned gas temperature T ad are calculated with Cantera [42] simulations, using the Boivin kinetic scheme [43]. Results are presented in Fig 4 . The flame thickness and adiabatic burning velocity are used to normalise the pore size and the mean flow velocity respectively. The first differences between methane and hydrogen flames are the inflammability limits. More specifically, hydrogen flames can burn much leaner mixtures. As porous media enable sta-ble combustion below the lean flammability limit, data have to be extrapolated to normalise the experimental data. Flammability limits are broader for higher fresh gas temperatures. Hence, for a given equivalence ratio, Cantera simulations are carried out with decreasing fresh gas temperatures from 800 K, by 10 K steps, until no convergence is achieved. These simulations are used to extrapolate the variables at T u = 300 K. As Han et al [44], a simplified form of the Zeldovich and Frank-Kamenetsky model [45] is used for the burning velocity:

S 0 L = A ′ T u T ad exp -E a 2RT ad (1) 
The activation energy E a is estimated for each equivalence ratio to fit Eq. 1, on the burning velocities obtained with the converged simulation at high fresh gas temperatures. The adiabatic burned gas temperature is almost linear with the equivalence ratio, hence a polynomial interpolation on ϕ is used in Fig. 4(a). Equation 1is used to extrapolate the burning velocity at T u = 300 K in Fig. 4(b). Hydrogen burning velocity is much higher than methane. The ratio increases between 10 to 20 when the mixture gets leaner. The burning velocity of hybrid flames is closer to hydrogen flames but remains lower. For the adiabatic burned gas temperature, the three mixtures give close results, with slightly higher values for hydrogen flames. Here the ratio T ad (CH4)/T ad (H2) is higher than 0.85.

The preheating flame thickness δ h = α/S 0 L is used to normalise the pore size, rather than the thermal flame thickness δ 0 L = (T ad -T u )/max(∇T ), in order to obtain Peclet numbers similarly defined in studies on tube quenching configurations [34,20,30]. The thermal flame thickness was also tested and gave similar results. Figure 4(c) shows that the hydrogen flame thickness δ h is much thinner compared to methane, with a ratio between 4 and 32, increasing for decreasing equivalence ratios. For both fuels, the flame thickness dependence on the equivalence ratio is very steep for lean mixtures. Hence a small decrease in ϕ leads to a high increase of δ h . The same tendency was observed for δ 0 L .

Pore size influence on submerged solutions

The temperature profiles measured on the 10 and 30 ppi stacked configurations are presented in Fig. 5 are relatively flat in the middle of the burner, showing a small heat exchange between the gas and the solid. Hence, the temperatures in the gas and solid phases are close in this area, and heat losses are small at the centre of the burner. Nevertheless, at the burner inlet and outlet, the high solid temperature leads to significant radiative losses resulting in thermal gradients. Besides, at the burner inlet, the fresh gases cool the solid by convective heat exchange, increasing the thermal gradient.

The highest equivalence ratio ϕ = 0.55, resulting in submerged combustion in both configurations, is the flashback limit of the 10 ppi burner. In this case, Fig. 5(a) shows that the temperatures of all thermocouples are higher for the smallest pore size. Hence, it seems that the higher volumetric convective heat transfer coefficient and the smaller radiative penetration length of the 30 ppi ceramic tend to increase the internal temperatures. Besides, the thermal gradients at the burner inlet and outlet, are steeper for the smallest pore size, due to lowest radiative heat transport.

The leanest equivalence ratio ϕ = 0.50, resulting in submerged combustion in both configurations, is the blow-off limit of the 30 ppi burner. In this case, Fig. 5(b) shows that the peak temperature of the 10 ppi burner is higher, which can be a consequence of the highest heat recirculation because of enhanced radiative heat transfer and highest hydrodynamic dispersion. However, the upstream and downstream boundary temperatures are lower because of the highest radiative losses at the burner edges.

Analyse of the bifurcations

Transition to submerged combustion

Transitions toward submerged combustion regime are identified for all pore sizes and both fuels if the equivalence ratio is increased high enough. The photomultiplier and pyrometer signals are recorded during the transition and are shown in Fig 6 and7 for the 10 and 60 ppi geometries respectively, for the methane, hydrogen and hybrid mixtures. The photomultiplier signal is normalised by its maximal value. The equivalence ratio is increased from ϕ 0 to ϕ 0 + 0.01 during 1 min. During this process, the flame warms the ceramic, and so T s increase. As a consequence, the reaction zone moves inside the porous matrix, and so the PM signal vanishes.

For methane combustion, the flames start by warming the ceramic before moving inside, slowly, as long as the solid temperature is increasing. Hence the PM signal decreases as slowly as T s increases. This behaviour is similar to the LVR [22,34] described in the introduction.

For hydrogen combustion, two different regimes are observed. In the 10 and 30 ppi ceramics, the flame starts by moving inside the porous matrix, before warming it. Hence the PM signal decreases rapidly over less than a second while T s starts by decreasing and then increases after the PM signals vanished. This behaviour is similar to the HVR [22,34]. In this regime, close to the transition limit, the surface solution is metastable. If the flow rate is changed too fast, a transition is triggered even if the equivalence ratio is below the transition limit. The data shown here are obtained for very slow variations, in order to obtain the highest equivalence ratio at transition ϕ t . The decrease of the T s signal when the flame propagates within the ceramic may result from the cellular structure of the flame front. Indeed, lean hydrogen flames are prone to thermal diffusive instabilities, hence when the flame propagates, the flame front is composed of finger-like structures separated by fresh gas pockets [46,47,48], reducing, though, the heat exchange with the solid. For 60 and 90 ppi ceramics, the transition is similar to the behaviour described for methane flames and corresponds to the LVR. Hybrid flames behave in a very similar way to hydrogen flames except that the transition to submerged combustion takes place in two steps. First, part of the flame moves inside the porous matrix, and gets stuck at the first porous interface, leading to a first decrease of the PM signal, toward a short plateau, associated with an initial decrease and then increase of T s . Then after slight warming of the solid, the entire flame penetrates the porous matrix. At this stage, the PM signal vanishes and T s decreases and then increases definitively. The critical equivalence ratio ϕ t and normalised flow velocity u t at transition are plotted in Fig. 10, as a function of the power P, for hydrogen and methane flames, within the 30 ppi configuration. For methane, ϕ t in- creases with the power. Hence the corresponding adiabatic laminar burning velocity increases, with the flow velocity, leading to a constant value of u t around unity.

For hydrogen, ϕ t also increases with the power but to a smaller extent. Consequently, for increasing power, the corresponding adiabatic burning velocity doesn't increase enough to compensate for the flow velocity increase. Therefore, u t is an increasing function of the power and is always greater than 4, for the range of conditions explored.

The ceramic top temperature T s of surface combustion flames is plotted in Fig. 11 for the four pore sizes and for methane and hydrogen flames. The dependence of this temperature on the pore size is very small. A slight increase, for decreasing pore size, can be seen for methane mixtures. This increase can be explained by the higher heat convective transfer coefficient, and smaller radiative penetration length, but as the flame is above the porous matrix, their influences are small. For hydrogen, the data are a bit more scattered. The normalised flow velocity u t is very high for the 10 and 30 ppi geometries, corresponding to HVR. Therefore, u is plotted with a logarithmic scale. The temperature T s in Fig. 11(b) is directly proportional to the normalised flow velocity. As the air flow rate is reduced, the heat produced by the flame is less conveyed to the burned gases and more heat can diffuse toward the solid and in-crease its temperature. One can see that for smaller pore sizes, the flames, stabilised in the surface combustion regime, can sustain higher equivalence ratios. In other words, higher solid temperatures are needed to obtain a transition within smaller pores. This result is consistent with the decrease of the quenching diameter with the solid temperature and equivalence ratio [21,26,27,28].

The critical equivalence ratios ϕ t and normalised flow velocity u t , at transition, for 2 kW flames, are shown in Fig. 12. Results are plotted as a function of the modified Peclet number associated with the pore size δ p :

Pe p = δ p S 0 L α (2) 
For methane flames, one can see a monotonic increase of u t with Pe p , with u t > 1 for the 10 ppi ceramic, u t ∼ 1 for the 30 ppi ceramic and u tr < 1 for the 60 and 90 ppi ceramics. For hydrogen flames, one can see two branches corresponding to the two types of transitions. The 10 and 30 PPI ceramics, corresponding to HVR, feature a large flow velocity compared to the adiabatic laminar burning velocity (u t > 5). The 60 and 90 PPI ceramics, corresponding to LVR, feature flow velocities close to the adiabatic burning velocity. The dependences of Pe p , ϕ t and u t on the pore size are monotonic along these two branches. But, between the two regimes, the Peclet number decreases with the pore size. Indeed, the equivalence ratios are so low on the HVR, that the preheating length scale δ 0 h lies on the very steep part of Fig. 4. Hence, the equivalence ratio step between the two regimes leads to a drastic increase of δ 0 h and so a drastic decrease of Pe p . The same results are obtained if the thermal flame thickness δ 0 L is used. Interestingly, for both mixtures, the LVR is observed for pore sizes smaller than the corresponding minimal quenching diameter, while for hydrogen mixtures, the HVR is observed for pore sizes larger than the minimal quenching diameter. This result is consistent with predictions from Ju et Xu [22]. However, the quenching diameter depends on the equivalence ratio [39,40], and the gas and solid temperatures upstream of the flame front [21,26,27]. Hence, rather than be compared with the minimal quenching diameter, the pore size should be compared with the quenching diameter at the gas mixture temperature and equivalence ratio. But, the gas temperature within a pore, close to the flame front, is difficult to measure. The temperature measured with a thermocouple lies between the temperatures of the two phases. Therefore, an accurate estimation of the adequate quenching diameter is complex.

Flashback

From a submerged solution if u is decreased, the flame moves upstream until flashback [13,14]. The critical equivalence ratio ϕ f and normalised flow velocity u f , leading to flashback, are plotted in Fig. 13, for the 30 ppi geometry, as a function of power. As for the transition from surface to submerged combustion, ϕ f increases with power. Hence, for methane, u f is almost constant but around 1.3. For hydrogen, u f is also relatively constant around 15.

The critical equivalence ratio and normalised flow velocity, at the flashback limit, are plotted in Fig. 14, versus the modified Peclet number Pe f p , for P = 2 kW. For both fuels, the equivalence ratio decreases with the pore sizes and consequently the normalised flow velocity increases as well. For methane combustion, the normalised flow velocity is a monotonic function of the Peclet number. Its value is above unity for the 10 and 30 ppi geometries and below unity for the 60 and 90 ppi geometries. Sathe et al. [14] also obtained stable numerical solutions for u < 1, because of radiative losses.

Here also the increase of ϕ f for decreasing δ p is consistent with the dependence of the quenching diameter on the solid temperature and equivalence ratio. The temperature T 0 c , at the porous burner inlet, is an increasing function of ϕ. Hence, if the pore size is decreased, higher equivalence ratios are needed for the flame to propagate through the pores at the upstream edge of the ceramic. For hydrogen combustion, two branches corresponding to the HVR with high u f and LVR with u f of order unity are observed. The Peclet number is lower on the HVR than on the LVR branches but is monoton- ically increasing with the pore size on each branch.

Limit velocity gradients

Similar behaviours are observed for the transition and flashback bifurcations, except that the equivalence ratio is slightly smaller at flashback. In both cases, the bifurcation corresponds to the penetration of the flame front within one or several pores. Hence, similarities can be found between these bifurcations and tube quenching configurations [39,26,30,21]. The quenching diameter decreases with the equivalence ratio and with the solid temperature. The ceramic temperature is higher in submerged combustion than in surface combustion regime. Hence, the decrease of the critical equivalence ratio at flashback compared to transition may be caused by the higher solid temperature. Furthermore, for hydrogen combustion, the HVR is observed for flow velocities much higher than the corresponding adiabatic burning velocity. Therefore, the propagation of the flame front must be located on the low-velocity region, near the gas ceramic interface, as in boundary layer flashback [39,23,24,26,27]. For this reason, Fig. 15 compares predictions from the limit velocity gradient [23,39] with experimental results, for the 30 and 10 ppi geometries. These points are the same as the ones corresponding to HVR presented in Figs. 10( 

U(T g ) = 4 Q a + Q H 2 + Q CH 4 πD 2 T g T u (3) 
g ex = 8U(T g ) δ p (4) 
g th = S 0 L (ϕ, T g ) δ q
(5) [39] and experimental data for 10 ppi ▲ and 30 ppi ♦ .

δ q = Pe q α(ϕ, T g ) S 0 L (ϕ, T g ) (6 
In Eqs. 4 and 3, the velocity gradient g ex is estimated assuming a Poiseuille flow within the pores and taking into account the flow acceleration due to preheating. This is a rough approximation for porous media as the flow isn't developed within a pore. However, we expect the real gradient to scale linearly with the flow rate as for Poiseuille flow. Hence the ratio between the real gradient and the one estimated should be constant.

The theoretical velocity gradient g th is calculated with Eq. 5, as Lewis et Von Elbe [39]. The quenching thickness δ q is assumed to be proportional to the preheating length δ h and is estimated with Eq. 6, using a quenching Peclet number Pe q . As Hoferichter et al. [30] this parameter is set to Pe q = 1.4 which is consistent with the values obtained by Gruber et al. [49] and Dabireau et al. [50]. The two other parameters are the heat diffusivity α and the adiabatic burning velocity S 0 L which depend strongly on the equivalence ratio ϕ and the gas temperature T g . Indeed, the dependence of S 0 L on T u can be modelled as follow [44] :

S 0 L (T g ) = S 0 L (T u ) T g T u n (7) 
The coefficient n increases for decreasing equivalence ratio and is higher than 5 at ϕ = 0.3. Hence g th increases at least with T 10 g . Besides, as the solid temperature is relatively high during these bifurcations, the gas temperature T g within the corresponding pore is relatively higher than T u as well. For this reason, although boundary layer flashback is influenced by flame stretch [30,31] along with the gas and solid temperatures [21,26,27], we focused our investigation on the gas temperature T g , on the pore, just upstream of the flame front. However as explained before, the gas tem- C for the transition and flashback bifurcations respectively, in order to match the theoretical and experimental velocity gradients. For the transition to submerged combustion, the value of T t g is consistent with the solid temperature T s presented in Fig. 11(b). Indeed as the gas is warmed by the solid, T t g lies between T 7 c which is close to 25 • C and T s which is higher than 350 • C. For flashback, the values measured by T 0 c and T 1 c (not shown here) are also consistent with T f g . The small differences can thus be explained by the variations in T g or T s , between the different points, and by the effects of flame stretch.

Blow-off

Figure 16 shows pictures of near blow-off methane solutions. The flame front is located just upstream of the luminous line, close to the middle of the burner, as predicted by one-dimensional averaged equations [13]. This position shifts upstream when the pore size is decreased which is consistent with the work of Sathe et al [14] on the influence of radiative heat transport on flame stabilisation.

Figure 17 shows pictures of ultra-lean hydrogen flames. In this case, different behaviours are observed depending on the pore size. For the largest pores, in Fig. 17(a) and 17(b), the smallest equivalence ratio allowed by our mass flow meter is reached. In Fig. 17(a) the flame is still entirely submerged within the 10 ppi ceramics, while in Fig. 17(b) the flame is partially submerged within the 30 ppi ceramic. A first very thick reaction zone can be seen at the bottom of the burner, while flames can also be observed above the ceramic. In Fig. 17(c) the same situation is observed, within the 60 ppi geometry, but with a smaller reaction zone at the bottom, and smaller flames stabilised on the top of the burner. When the equivalence ratio is further decreased, the temperature of the bottom thermocouple T 0 c dropped and no stable submerged solution could be sustained. In Fig. 17(d) two flame fronts can also be observed, within the 90 ppi geometry, both in submerged configuration near the two edges of the porous matrix. When the equivalence ratio is further decreased, the temperature of the bottom thermocouple T 0 c drops and no stable submerged solution is sustained. The high extension of the reaction zone and the strong anchoring on the bottom of the porous media may be a consequence of the , versus power, at blow off, for methane flames and δ p = 30 ppi.

Masset et al theory [51] high hydrogen flame resistance to stretch and to preferential diffusion effects. Hydrogen chemiluminescence is dominated by the emissions of the OH * radical in the ultraviolet wavelength range and vibrationally excited H 2 O molecules in the red and infrared wavelength range [52]. Besides, some reactions between OH and H radicals produce a weaker continuous blue emission. For ultra-lean mixtures, the dilution of H 2 O reduces his emission intensity. Hence, to obtain the pictures shown in Figs. 17(a), 17(b) and 17(c), the ISO sensibility is set to his maximum, and the exposure time is set to 30 s in order to capture the very small blue and red radiative emissions. Besides, the ceramic temperature is smaller than 300 • C, hence the radiative emission of the ceramic is also very small. For the picture shown in Fig. 17(d), because of the highest equivalence ratio, the ceramic is brighter, hence the exposure time is reduced to 2 s to avoid saturation.

These results highlight the complexity of the hydrogen flame behaviour at the pore scale. The blow-off process is different from the one predicted theoretically [13,14] and that was validated for methane combustion. The flame front doesn't move downstream when the flow rate is increased, but the reaction spreads over a large surface, until not all the fuel is burned within the porous structure and finishes to burn above it. In surface combustion regime, hydrogen flames can remain anchored in the wake of the struts for much higher u than for methane flames. This phenomenon can be a consequence of the smaller hydrogen flame thickness, higher resistance to stretch and preferential diffusion effect [53]. Therefore, the hydrogen blow-off limit cannot be defined simply as for methane, and only methane blow-off is considered in the following. , versus Peclet number Pe b p , at the blow-off limit, for methane flames 10 ppi ▲ , 30 ppi ♦ , 60 ppi ■ , 90 ppi • The dependence on power, of the methane critical equivalence ratio ϕ b and normalised flow velocity u b at blow-off are represented in Fig. 18. Experimental results obtained for δ p = 30 ppi are compared with the analytical model of Masset et al [51]:

u b = βη 2W(βη/2) (8) η = h v (1 -ϵ)λ s,e f f 2 ṁ0 ϵc p (9) 
Here, W correspond to the first branch of the Lambert function, ṁ0 = ρ u S 0 L is the adiabatic mass burning rate, with ρ u the fresh gas density. The heat capacity c p is assumed constant and estimated at 1300 J/Kkg from Cantera [42] simulations. The porosity ϵ = 0.8 is given by the ceramic manufacturer. The correlation of Younis and Viskanta [36] is used for the volumetric heat transfer coefficient h v and his dependence on the flow velocity is taken into account. As Bedoya et al [35] the Rosseland approximation is used, to model the radiative heat transfer. Hence the thermal conductivity is expressed as followed :

λ s,e f f = λ s /τ s + λ r (10) 
λ r = (16σT 3 s )/(3γ) (11) 
γ = 2.656 √ 1 -ϵ/δ p ( 12 
)
where λ r is the radiative conductivity, and γ is the extinction coefficient. The solid tortuosity τ s = 2.57 is taken from Bedoya's thesis [35] and the ceramic conductivity λ s = 3.6 W/mK is given by the manufacturer.

The experimental data match well with the analytical model from [51].

The dependence of ϕ b and u b , on the Peclet number, at blow-off are presented in Fig. 19(a) and Fig. 19(b) respectively. The critical normalised flow velocity u b is an increasing function of the pore size, contrarily to the prediction of the model [51]. Nevertheless, as for the transition and flashback bifurcations, this result is consistent with the dependence of the quenching diameter on the equivalence ratio and solid temperature. Therefore, three interpretations can be made of this result.

• The solid-to-solid radiative heat transfer is predominant concerning heat recirculation and can't be modelled simply with the Rosseland approximation. A more detailed radiative model as the one used by Sathe et al [14] can be used. Besides, as shown by Bedoya et al [35], the hydrodynamic dispersion is an important parameter concerning heat recirculation. Indeed, Williams [20] showed that the burning velocity of a flame prone to heat losses is directly linked to the peak temperature, and we showed in Section 4 that the peak temperature is higher in the 10 ppi than in the 30 ppi geometry. Besides, the same blow-off limits were obtained for the stacked and continuous configurations. Hence the smaller heat conductivity between the ceramic disks doesn't seem to significantly influence this limit.

• The pore scale flame quenching phenomena are important. In Fig. 19(b) the quenching Peclet number dependence on ϕ obtained with a model from Williams [20] is plotted. The solid temperature measured with the pyrometer is used to evaluate the different parameters. The decrease of the equivalence ratio with the pore size is well predicted. Although the curve is very steep showing an almost constant Pe q for the equivalence ratio range obtained, the steepness is comparable to the asymptote obtained for the smallest pore size. However, for the 10 ppi geometry, the differences are very high.

• Flame stretch effects generated by the pore scale velocity field push the flame toward blow-off. Consequently, the reduction of the pore size reduces the critical velocity u associated with blow-off, despite the higher heat convective coefficient.

Conclusion

The influence of the pore size on the transition from surface to submerged combustion, and on the flashback and blow-off limits of the submerged combustion regime, have been investigated for methane and hydrogen flames. The following conclusions can be drawn:

• The critical equivalence ratios of the transition, flashback and blow-off bifurcations decrease with the pore size, which is consistent with the quenching diameter dependence on the equivalence ratio and solid temperature.

• For methane and hydrogen-air mixtures, and pore sizes smaller than the respective minimal quenching diameters the transition from surface to submerged combustion and the flashback limit takes place for flow velocities close to the adiabatic burning velocity.

• For hydrogen-air mixture, and pore sizes higher than the corresponding minimal quenching diameter the transition from surface to submerged combustion and the flashback limit are similar to boundary layer flashbacks within tubes.

• When the flow rate is increased, hydrogen flames remain strongly anchored at the porous burner inlet, leading to extended reactive areas through the porous structure, unlike the downstream motion of the flame front obtained for methane combustion.

• The methane blow-off limit is more controlled by the solid-to-solid radiative heat transport and hydrodynamic dispersion compared to convective heat transfer between the two phases and diffusive heat transport within the solid phase.

• Flame stretch effects generated by the pore scale velocity field seem to be the leading order mechanism controlling blow-off. Therefore, the blow-off limit of methane flames is leaner for higher pore size. 

Numerical Set-up

In this thesis, Direct Pore Level Simulations (DPLS) were realised in 2D and 3D geometries. Three 2D geometries of the same porosity but with three different pore sizes were compared at first. Those geometries are staggered arrangements of isothermal cylinders. The temperatures of those cylinders were set such that the solid temperature profile is linear. A more realistic 3D geometry obtained from Xray tomography of a SiC foam was also investigated, with conjugate heat transfer. The 2D and 3D geometries are presented in this chapter with the processes used to produce the 3D mesh.

Solver

The simulations were realised with the CFD software AVBP [15]. This solver can manage unsteady compressible and reactive flows. No Dufour or Sorret effects are computed. The averaged mixture model is used for diffusion. That is, the diffusion matrix is diagonalized. The viscosity is obtained with a Sutherland law. A constant and unique Prandtl number is set in order to estimate the heat diffusion coefficient from the viscosity. Constant Schimdts numbers are set for each species to obtain the mass diffusion coefficients. The conservation equations are integrated with the Lax Wendroff 2 nd order numerical scheme [45] and the chemistry is modelled with the 9 species and 12 reactions Boivin's scheme [8].

2D Mesh

A schematic of the two-dimensional geometry is presented in Fig. 4.1. This geometry is a periodic arrangement of staggered cylinders. Consequently, the geometry contains cells of sizes δ c , connected by pores of size δ p . Reticulated ceramic foams have similar structures [START_REF] Scheffler | Cellular Ceramics: Structure, Manufacturing, Properties and Applications[END_REF], as presented in the introduction, except that their three-dimensional structure allows a continuous connection between the struts. The radius of the cylinders is r while the longitudinal coordinate of the first and last cylinder centres are respectively x 0 and x 1 . The domain longitudinal length is L c while the transverse and longitudinal period length of the arrangement is L y . Three different 2D meshes were compared with three different period lengths L y . In each geometry, r was set such that the porosity was kept constant at ϵ = 0.8. The cell and pore sizes are proportional to L y , as follows:

L y L y δ p δ c r U u T u Y k u P T s T u s T b s Periodic Periodic x min f x max f x mean f x 1 x 0 L c
δ c = L y -2r (4.1) 
δ p = L y / √ 2 -2r (4.2) 
Consequently, three different pore sizes were obtained: 57, 86 and 114 ppi. The dimensions of the three geometries are presented in Tab. 4.1. An important parameter to describe porous media is reported and is the specific area D s , which is the ratio between the solid-fluid interface's surface and the overall volume of a porous sample. In other words, it is a volumetric density of internal surface. This characteristic number can be estimated easily in our geometry, as follow :

D s = 4πr L 2 y (4.3)
A cubic porous medium with a side of 10 cm will contain 1.8, 2.6 or 3.5 m 2 of internal surface for the 57, 86 and 114 ppi geometries respectively. Thus, one can see the high density of internal surface. Furthermore, each mesh was built such that the space downstream of the porous media is wide enough to contain the flames in surface combustion regime. Thus, for all pore sizes, we have L c -x 1 > 2.6 mm. We would show in Section 4.5 that this length is around four times the maximal thermal flame thickness of the mixtures employed in this thesis. Moreover, meshes with 12 periods in the transverse direction were also tested to see if the solutions kept a period of size L y . For the 57 and 86 ppi geometries, the solutions periods were still L y , but for the 114 ppi geometry and high flow rates, the period became The meshes were realised thanks to GMSH [22], with two algorithms. Boundary layers, composed of three rectangular cell layers, were generated around the cylinders with the frontal Delaunay quad mesh generator [START_REF] Remacle | A frontal Delaunay quad mesh generator using the L inf norm[END_REF]. The size of the rectangular cells, on the cylinder's perpendicular direction, is 10 µm near the cylinders and increases with a ratio of 1.01 between each layer. The size of those cells, on the cylinder's tangential direction, increase in the same way toward 20 µm at the end of the boundary layer. The rest of the domain is composed of 20 µm triangular cells, generated with the Netgen algorithm [START_REF] Schöberl | NETGEN An advancing front 2D/3D-mesh generator based on abstract rules[END_REF]. A more detailed plot of the mesh is shown in Fig. 4.4(b). The time step is computed to fulfil both Fourier and CFL conditions. The Fourier coefficient is 0.1, and the CFL coefficient is 0.7. Due to the low Mach number, small domain sizes, and high diffusion of H radicals, the time step is controlled by the Fourier condition. Thus, it is around 5 ns.
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The NSCBC formalism is used for all the boundary conditions [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF], except for the velocity at the solid-fluid interface. That is, the boundary conditions are imposed with relaxation coefficients, allowing consequently the evacuation of the acoustic waves and numerical perturbations. At the input of the domain, a hydrogen-air mixture with an equivalence ratio of ϕ = 0.3, a temperature T u , and a velocity U u is injected. At the output of the domain, the pressure P is imposed at 1atm, with a non-reflective boundary condition. On the top and bottom of the domain, periodic boundary conditions are set. A no-slip and isothermal boundary condition is used on the solid-fluid interface. Due to the small size of the cylinders and the high heat conductivity of ceramics, currently employed in PMC, the small Biot number assumption seem reasonable, so each i th cylinder is set isothermal at a temperature T i s . For surface combustion and transition, the solid temperature profile is not of first importance. Therefore, in Chapter 5 for studying those two regimes, isothermal porous media are used with T i s = T s = T u . Consequently, no heat recirculation is produced by the solid phase. For submerged combustion, we would show in Chapter 6, that the flame stabilization is very dependent on the temperature profile, so two configurations would be presented : A first one, with a constant solid temperature T s = T u , and a second one with a linear temperature profile

T i s = T u s + i × ∆T s .
In 1D simulations, the flame position can be defined as the position of the maximal heat release rate. We extended this definition in 2D by estimating a flame front along the transverse axis, with the following process. The numerical solution was interpolated on a cartesian mesh with an edge size of 10 µm. Then for each longitudinal line of this new mesh, the position of the maximal heat release rate was searched. The point below 1 MW/m 3 was considered as quenched and so wasn't considered as part of the flame front. Otherwise, when the flame front separates to cross a cylinder, an artefact was obtained around the cylinder. This value corresponds to 0.2% of the maximal heat release rate obtained on a free adiabatic flame at ϕ = 0.3 and T u = 500 K. In the end, we obtained a curve x f (y) defining a flame front and allowing the estimation of the flame wrinkling. Despite the arbitrary choice of quenching below 1 MW/m 3 , the curve so defined remains relatively intrinsic, unlike a definition based on an isosurface which depends on the value of the isosurface. Three parameters are estimated from this curve and are shown in In Fig. 4.2 the magnitude v = √ U 2 + V 2 of the pore-level velocity field is represented, with U and V respectively the longitudinal and transverse components of the velocity field. Due to the no-slip condition, v is maximal in the centre of the pores and tends toward zero near the walls. Furthermore, the geometry constraints δ c and δ p lead to local extrema. Near the porous media downstream edges, the local velocity maximum at the position G 0 is a first gate that blocks the flame in surface combustion. Once passed this gate the velocity magnitude is decreasing until the neck point G min and then increasing again until the second maximum G p before decreasing again until the centre of the cell at G c . The velocity field inside the porous structure is composed of two types of extrema : local maxima within the pores, and neck points in the centre of the cells. Those points have a crucial impact on the flame stabilisation above and inside the porous media. The relationships between the velocity magnitudes of those points and the input velocity U u are plotted in Fig. 4.3 for the same δ p , T u and T s as in Fig. 4.2. The velocity magnitude at G 0 is v 0 , the cell velocity at G c is v c and the pore velocity at G p is v p . One can see that the ratio v 0 /U u and v p /U u are around 2 for U u > 1. This result is close to the maximal velocity of Poiseuil flows, which is equal to twice the average velocity. However, for U u > 1.2, v p is above v 0 and the difference between those two magnitudes increases with the flow rate. In this case, the flame can cross G 0 and stay between G p and G min . For U u < 1.2, v p is bellow v 0 , but both magnitudes are very close. Concerning the cell neck point G c , one can observe a smaller magnitude, for all flow rates, compared to G c and G p . Thus, the cells are favourable areas for the flame to stabilise because the geometrical restriction in the pores lead to enhanced heat losses at G p but also to enhanced velocity magnitudes. Those mechanisms are not taken into account yet by volume-averaged models but correspond to mechanisms present in tube quenching configurations. 

Mesh convergence

The mesh convergence was verified with the regime of Flames with Repetitive Extinction and Ignition (FREI), presented in the introduction of this thesis. Indeed this regime results from several physical phenomenons such as heat diffusion, autoignition and flame propagation. Accordingly, his period is highly sensible on the mesh size and quality, and so is a good parameter to estimate the mesh convergence. The solution was obtained with the following process. The simulations were initiated with a surface solution, then a solid temperature profile was set with a positive gradient in the downstream direction. Consequently, the flame moved toward the inside of the porous media with a consistent absolute speed which lead to an extinction once the flame reached the cold side of the solid phase. Then, due to the high solid temperature on the downstream side of the simulation, the fresh mixture was reignited which lead to periodical propagation of the flame front. This phenomenon is more deeply presented in Chapter 6. Three meshes were compared and are presented in Fig. 4.4. The Mesh 1 is a refined mesh, with 5 µm rectangular cells on the cylinders boundary layers, and 10 µm triangular cells on the rest of the mesh. The Mesh 2 is the reference mesh, employed in this thesis, with 10 µm rectangular cells on the cylinder's boundary layers, and 20 µm triangular cells on the rest of the mesh. The Mesh 3 is a simplest mesh, with only 20 µm triangular cells on the entire mesh.

Those three meshes are compared in Fig. 4.5 with the temporal evolution of the maximal gas temperature T m in Fig. 4.5(a) and (c) and the maximal heat release rate in Fig. 4.5(b) and (d). The green, black and red curves correspond respectively to the mesh 1, 2 and 3. The green and black curves are very close. Nevertheless, a small discrepancy can be observed between both curves. The period obtained with the refined mesh is 7.73 ms while the period obtained with the selected mesh is 7.76 ms. The difference between both periods is 0.33%, which is small enough to confirm the mesh convergence. Furthermore, no FREI regime is observed with the red curve. The first peak of gas temperature and heat release rate is similar for the three meshes, but only the mesh with rectangular cells on the solid boundaries leads to flame extinction. Hence it seems to be necessary to mesh the boundary layers with rectangular cells and to decrease the mesh size, on the cylinder perpendicular direction, to model accurately the flame wall interaction.

Adiabatic data

In Chapter 2 we showed, consistently with pioneering work [START_REF] Sathe | An experimental and theoretical study of porous radiant burner performance[END_REF][START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF][START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF], that the flame stabilisation depend mainly on the ratio u = U/S 0 L . If the equivalence ratio is fixed, it is possible to vary u only with U . Therefore, due to the huge number of parameters involved in porous media combustion, we choose to fix the equivalence ratio at ϕ = 0.3. Nevertheless, several input temperatures T u were used. A value at T u = 500 K is used for the 3D simulations while T u is varied between 700 and 900 K in the 2D simulations. Therefore, the influence of T u on the adiabatic burning velocity S 0 L , was estimated with Cantera [25] and the Boivin scheme [8] and is shown in Fig. 4.6(a). The increase of S 0 L with T u is currently modelled as follow :

S 0 L (T u ) = S 0 L (T ref u ) T u T ref u γ (4.4)
The coefficient γ increases for decreasing equivalence ratios, which means that the sensibility on preheating increases for leaner mixtures. For ϕ = 0.3, we have γ = 5.12. Hence at the equivalence ratio investigated in the following chapters, the burning velocity is highly enhanced by preheating. In Fig. 4.6(b) is shown, the influence of T u on the thermal flame thickness δ 0 L , with :

δ 0 L = T ad -T u max(∇T ) (4.5)
and on the preheating length scale δ h , with :

δ h = α S 0 L (4.6)
and with α = λ ρCp , the thermal diffusivity. As presented in the introduction, 4.6. 3D Mesh 87 we have δ h < δ L . Nevertheless, one can also see that although δ h decrease with T u due to the increase of S 0 L , δ L stay relatively constant and even increase for T u > 700 K. The preheating length scale δ h is a characteristic length of advecto diffusive flows with constant properties and is proportional to the inverse of the maximal temperature gradient. Hence it is an approximation of δ L , but δ L is a more realistic estimation of the flame thickness because it takes into account complex chemistry and the effect of the temperature profile on the transport properties. Nevertheless, δ h is used to normalised the pore size δ p in Chapter 5 and 6 because it allows the description of the flow with porous Peclet numbers as follows:

P e p = δ c δ h = δ c S 0 L α (4.7)
This parameter was shown to be of first importance concerning flame quenching [28,39,40,[START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF][START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF]. Furthermore, as the Lewis number is constant (Le = 0.3), we can estimate the mass Peclet number associated to hydrogen diffusion P e H and the thermal Peclet number P e T as follow :

P e H = LeP e T (4.8)

P e T = uP e p (4.9)

with u = U/S 0 L . As the Prandtl number is constant (P r = 0.68), the Reynold number is also proportional to P e T as follows:

Re = P e T /P r (4.10)
This way, the main transport mechanisms of the flow can be described with δ h , u and δ p .

3D Mesh

X-ray tomography

Three-dimensional simulations were realised within a geometry generated from Xray tomography of a real Silicon Carbide foam sample. A schematic diagram of the tomographic scan setup is shown in Fig. 4.7. The sample is set between an X-ray source and a photo sensor. Then it is turned around its vertical axis. For a high number of discrete angles (3000), X-ray radiations are emitted and partially absorbed by the sample. The attenuation field, so generated, is measured by the photo sensor. The X-ray beam follows the Beer-Lambert law :

ln N d N i = -µ(s)ds (4.11)

Sample X-ray source

Photo-sensor with N i the incident X-ray photon count, N d the detected X-ray photon count, s the coordinate along the X-ray path through the sample and µ the linear attenuation coefficient which depends on the density of the material ρ and on the mass attenuation coefficient ξ, as follows:

µ = ξρ (4.12)
In our case, we have two materials (Silicon carbide and air) both at a constant temperature. Hence the attenuation only depend on the amount of solid phase traversed by the beam. Nevertheless, it is also possible to measure concentrations and temperatures with this method [18], but here we only use this method to obtain a numerical surface of the fluid-solid interface. In the end, by using all the 2D attenuation fields so obtained, it is possible to reconstruct the three-dimensional attenuation field. As this field is reconstructed from the picture's pixels, the result is a 3D picture composed of voxels which are cubes of the same size as the pixels.

The number of pixels is fixed by the photo sensor, so the size of the area measured by a pixel depends on the distance between the X-ray source and the sample. To reduce this distance, a small sample of ceramic foam was used, which lead to a voxel size of 58 µm.

Image processing

A Silicon carbide foam picture is shown in Fig. 4.8(a) while a horizontal slice of the 3D attenuation field obtained from tomography is shown in Fig. 4.8(b). The result is a grey-scale field, in which the void is dark and the solid is light. The distinction between both phases is visually clear. Nevertheless, at the interface the transition from dark grey to light grey is continuous, hence we have to use a criterion to separate the two phases. This process is called segmentation. The simplest solution is to fix a threshold corresponding to the grey level below which we are in the void phase, and above which we are in the solid phase. However, this technique does not preserve perfectly the feature of the interface. The free software ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF], proposes several efficient algorithms. All the algorithms were tested and the one with the best feature conservation was found to be the one called 'Mean'. A threshold was still needed and was chosen such that the porosity of the void phase corresponds to the porosity given by the constructor, which is 80 %.

The result is shown in Fig. 4.8(c).

Due to several issues, those pictures cannot be used directly to mesh the solidfluid interface. Firstly, the noise and artefacts generated by the scan lead to an unnecessarily too rough surface. Furthermore, some void inclusions can be observed inside the solid phase. Those voids are generated during the ceramic drying. They can be of two types. The closed ones are unconnected to the void phase. Thus they can be removed easily with adequate algorithms. The opened ones are connected to the void phase. Hence they are more difficult to remove. To resolve all those issues, a Gaussian filter was applied to the grey-scale image before the segmentation. This filter replaces the grey level of a voxel with an averaged value, of the voxel around him, weighted by a Gaussian function. The radius of the Gaussian function γ control how far other voxels influence the average value and so, need to be set with caution. The influence of this parameter is shown in Fig. 4.9. For increasing γ both greyscale and segmented pictures are smoother, which increases the simulation stability. Furthermore, the entry of some internal solid inclusion can be closed as shown in the green circles. Nevertheless, the geometry is also degraded by this process. Some details are lost if γ is increased too much. Some connections are even broken by the filter as can be seen in the red circle. The value of γ = 3 seems to be a good compromise. The structure is as smooth as the real ceramic foam, while no connections are broken. The opened solid inclusions are reduced, but not fully closed. However, the remaining irregularities are small enough to be removed with a smoothing operator after the meshing stage.

Surface meshing

A first surface mesh was built from those segmented pictures, with the free software iMorph [11]. To do so, a region of interest (RIO) was defined, on the segmented 3D picture, to set the overall dimensions of the mesh. As the sample was cut from a bigger piece, the RIO was set on his centre to avoid some damaged struts on the sides. Nonetheless, the downstream edge of the RIO was set above an edge of the sample which wasn't cut and so which wasn't damaged. Hence on this side the edge geometry is preserved. The five other edges were set inside the sample and so are totally flat at first. A part of this first mesh is shown in Fig. 4.10(a). One can observe the poor quality of this first mesh. Firstly, the edges follow the grid of the voxels. Hence the mesh is a bit castellated, and some very small edges are part of too-flat triangles. Furthermore, due to the stochastic nature of the To solve those problems the free software Blender [7] was used at first for removing manually some geometrical artefacts. Then, the mesh was extruded with 6 slices of the same thickness ∆x = 20 µm as the cells of the final mesh. Hence, the boundary cells are no more constrained in an excessively small corner. Afterwards, a Laplacian smooth was applied, which means that each node position was Chapter 4. Numerical Set-up replaced by the averaged position of the nodes connected to him. This smoothing was repeated 10 times. The points belonging to the sides of the ROI were kept fixed through the smoothing operation, in order to preserve the overall shape of the meshes. Beside the flatness of the side edges was necessary to feat with the numerical domain boundary and also to generate patches in which boundary conditions are imposed. On the other hand, the flatness of the upstream edges was decrease by this operation, which lead to a more realistic fluid solid interaction on this area. The result of the extrusion and smoothing is shown in Fig. 4.10(b). Although a smooth mesh with perpendicular connections between the struts and the domain boundary is obtained after this process, one can see in Fig. 4.10(b), that the triangles are still inadequate for CFD. Therefore, the library PyMesh [61] was used to fix several problems. The edges below 15 µm were merged, while the edges higher than 31 µm were split. Besides, the triangles with an angle superior to 120 • were split into several triangles to reduce the angles. Other typical stl artefacts like empty or corrupted triangles were solved or removed. Then the MMGS library [16] was used to remesh, this cleaned mesh, with edge sizes between 15 and 31 µm. Fig. 4.10(c) show the mesh obtained after remeshing. From this surface mesh, two volume meshes were generated with GMSH [22]. One for the fluid phase and one for the gas phase. The tetrahedrons of each phase were improved with the Netgen algorithm of GMSH. The numerical domain so generated is presented in Fig. 4.12 with his dimensions. The domain longitudinal length is L z = 12.12 mm and the porous length is L s = 10.62 mm. The solid phase is positioned between Z 0 s = 0.5 mm and Z 1 s = 11.12 mm. A fluid area of 0.5 mm length was added upstream of the the solid phase, for the flow to establish before 4.6. 3D Mesh 93 flowing through the porous media and to move away the boundary condition from the porous media. Another fluid area of 1 mm was added downstream of the the solid phase for igniting the flame. The sizes of those areas were limited to optimize the numerical cost of the simulations.

Chapter 5

Surface combustion 5.1 Introduction

To obtain submerged solutions, we usually start with a surface solution as presented in Chapter 2. If the ratio u = U/S 0 L , between the flow velocity U and the adiabatic burning velocity S 0 L is decreased enough, the heat produced by the flame starts to increase the solid temperature. Consequently, the reactive area moves upstream, toward the porous medium interior. In stepped porous burners, a porous media with small pores is set on the upstream side of the burner to serve as a flame arrestor. Hence, understanding this mechanism is necessary for obtaining submerged flames and also to produce safe and reliable burners.

The stabilisation of flames downstream of a porous burner was studied a lot with 1D equations [13,19,33,41]. Those studies show that if u < 1, the flame is stabilised by heat losses. Hence a kinetic relation links the burned gas temperature T b to the normalised flow velocity u. The burned gas temperature decrease for decreasing u, from T ad at u = 1 to a finite value at a minimum flow velocity below which the flame extinguishes. Besides, the heat loses by the flame to the solid is proportional to the flame stand of distance ξ. Hence the flame is stabilised at a point leading to an equilibrium between the consumption speed and the flow speed. Asymptotic analysis showed a convex dependence of the flame stand-off distance ξ on the normalised flow velocity u [13,19]. Hence this curve comports two branches separated by the minimum flame stand of distance ξ * .

Although the solutions predicted by those theories are stationary, they are not necessarily stable. Therefore, G. Joulin [33] investigated the stability of those solutions, with Fourier developments, for a unity Lewis number. His analysis predicted oscillations of the flame front for mass flow rates lower than a critical value. Those pulsating flames were also investigated, in 2D, by Buckmaster et al [12], with transverse perturbations of different wavelengths and for general Lewis numbers. Their analysis predicted pulsating flames for any Lewis numbers, high enough wavelengths and mass flow rates contained between a maximal and a minimal boundary.

Furthermore, Lammer et al [41] showed that in a hot environment, if the solid radiative heat losses are not sufficient, the flame moves so close to the porous media that it penetrates inside it. As the characteristic time of the solid phase is several orders above the characteristic time of the flame, a semi-steady approach was employed. Hence the gas phase was supposed steady at each solid time step, while the solid phase was computed transiently.

This configuration is currently modelled with asymptotic solutions of 1D equations, which doesn't take into account the transverse variations of the flow field. Nevertheless, the velocity field generated by the solid phase has a crucial impact on the flame anchoring mechanisms, as on Bunsen burners. Therefore, we worked with 2D Direct Pore Level Simulations (DPLS) of flames ignited downstream of a canonical porous media geometry made with a staggered arrangement of cylinders. This geometry was presented in Chapter 4. Furthermore, as presented in Chapter 3, for the flame to penetrate within the porous matrix, the solid temperature has to be increased high enough depending on the pore size. Therefore, we choose to work with constant and steady solid temperatures T s , which are increased manually from one simulation to another. This temperature is equal to the fresh gas temperature T u , hence there is no heat recirculation within the porous media.

Stable surface solutions

The heat release rate of flames stabilised in surface combustion regime is shown in Fig. 5.1, for the three geometries, with the position of the local speed maxima G 0 . The solid temperature is T s = 700 K, for all cases, which leads to flames positioned downstream of G 0 . For the smallest flow velocities, the flame front is flat. For highest flow velocities, as on Bunsen burners, the velocity field leads to curved flame fronts. Therefore, the flame can sustain flow velocities superior to the adiabatic burning velocity S 0 L . The normalised surface flame position of the DPLS is expressed as follow:

ξ s f = (x f -(x 1 + r))/δ 0 L (5.1)
and is shown in Fig. 5.2, for the three geometries and for the same flow conditions as in Fig. 5.1. This position is also compared with the analytical solution of G. Joulin [33] (see Eq. 5.2 bellow) and Cantera simulations [25]. The same normalisation by the thermal flame thickness δ 0 L was employed in order to compare the three cases. Hence the normalised curves obtained from Cantera simulations [25] and from the G. Joulin study [33] are the same in each Figures. Nevertheless, in the DPLS the porous output edge is defined as x s = x 1 + r, while in 1D simulations this point corresponds to x s = 0. With this definition, we obtained a good comparison between the three types of solutions except near the minimal flame stand of distance ξ * f . Actually, at the pore scale, the porous media output edge is difficult to define, as a point. Indeed, this point of the 1D simulations is rather an area located between chosen, a better comparison was obtained for ξ * f while higher discrepancies were obtained for higher flame stand-off distances. In fact, the 1D model corresponds to the limit of L y → 0. In this limit we also have r → 0, hence the area defined above became a point. For this reason, the discrepancies on the minimal flame stand-off distance vanish for decreasing pore sizes.

The normalised flame foot ξ min f and tip ξ max f positions are also plotted with dotted lines. For all configurations, the flame front is flat for u ≤ 0.28, except for the highest pore size δ p = 57 ppi. In this case, the flame curvature slightly changes its sign at this point. On the other hand, for the smallest pore size δ p = 114 ppi, the period of the solution becomes twice for input velocities above the adiabatic burning velocity. Consequently the difference between ξ min f and ξ max f , suddenly increase at u = 1.15. As expected the mean flame position ξ mean f has a convex dependence on the flow velocity u, as for 1D simulations, with a minimal flame position ξ * f . Nevertheless, the corresponding flow velocities u * are different between the 1D and 2D simulations. Actually, in the DNS this point corresponds to the transition from a flat to a curved flame front at u * = 0.28. For higher flow rates, the flame foot slightly moves upstream, while the flame tip moves downstream. In consequence, the mean flame position ξ mean f is pushed downstream. Hence, while in 1D the flame position is only controlled by the energy balance leading to the equilibrium between the flow speed and the consumption speed, in 2D the flame position is more complicated and highly influenced by the flame wrinkling.

u = exp -β 2 e -uξ f 1 -αe -uξ f (5.2) θ b = 1 -M/(1 + αM ) with M = -2log(u)/β (5.3) θ b = 1 -e -uξ f (5.4) 2 = βu * ξ * f e -u * ξ * f (5.5)
However, one can see in Fig. 5.2(d) that the burned gas temperature of the DNS is relatively close to the temperature of the G. Joulin's [33] analytical solution (see Eq. 5.3). The discrepancies at high flow rates result from the proximity of the flame root to the solid, thus increasing the heat losses. Hence the stabilisation of the flame is still a consequence of this kinetic relation expressed by Eq. 5.3. This relationship describe an increase of θ b with u, from θ b = 1 -1/α at u = 0 to θ b = 1 at u = 1. Furthermore, as the burned gas temperature result from heat losses, it also depends on the flame position and mass flow rate as expressed in Eq. 5.4. Consequently, the combination of those two equations leads to the convex relation between the flame position and the flow rate as expressed in Eq. 5.2. The corresponding curve contains two branches. For high flow rates, high temperatures are needed to maintain a sufficiently high consumption speed, hence the flame moves away from the porous media for increasing u. For small flow rates, as the heat release is proportional to u, the flame moves away if u is decreased, in order to keep a high enough flame temperature above the minimal burned gas temperature 1 -1/α. Between those two branches the flame stand-off distance pass by a minimum ξ * f for u = u * as expressed in Eq. 5.5. By looking Eq. 5.4 and using simple physical arguments one can show that the steady solutions presented in the last section can be stable. Indeed, for a fixed flow rate, if the flame position ξ f is perturbed, for example in the downstream direction, the heat losses are decreased which increases θ b accordingly. In consequence, the burning rate is enhanced above u, which leads to a translation of the flame front 5.3. Unstable surface solutions 101 toward the upstream direction. The reverse is also true for a perturbation in the upstream direction. This way, with steady arguments, the surface solutions seem stable. Nevertheless, G. Joulin [33] showed that for small flow rates, due to the delay between the evolution of the burned gas temperature θ b and the wall heat flux ϕ s , those solutions can become unstable, leading thus to pulsating flames. Furthermore, as explained by Lammer et al [41], if the solid temperature is too high, the heat losses are not sufficient to stabilise the flame front in surface combustion regime, leading consequently to a bifurcation toward a submerged solution. Hence in this section, we investigate the destabilisation of the surface solutions at high solid temperatures.

Unstable surface solutions

A diagram of the different combustion regimes, depending on the solid temperature T s and on the normalised flow velocity u = U/S 0 L (T s ), is represented in Fig. 5.3. For increasing solid temperatures, the heat losses are decreased, hence the flame front moves closer to the porous media output edges. If the heat losses are sufficiently high the flame remained stabilised in surface combustion regime. However, if the solid temperature is increased too high, this condition can't be validated. Hence, the surface solutions bifurcate toward submerged solutions by crossing G 0 but not G p . Therefore, for small T s only surface solutions exist, while for higher T s and a range of input velocities, submerged solutions can be stabilised within the porous matrix. The size of this range of velocities, increases with T s , while the minimal temperature necessary for this bifurcation increase for smaller pore sizes. This way, one can see in Fig. 5.3(a) that submerged solutions are stable at T s = 700 K for δ p = 57 ppi. Nevertheless, in the last section, we showed that surface solutions are also stable for those parameters. Indeed, those solutions were obtained by decreasing the solid temperature of submerged solutions stabilised at higher T s . In this case, even if the solid temperature is high enough to stabilise submerged flames, it is not high enough to destabilise the surface solutions. Hence hysteresis exists between surface and submerged solutions. For the two other geometries, if the solid temperature is high enough to stabilise submerged flames, it is also high enough to destabilise the surface solutions.

If the solid temperature is further increased, the flame front can cross the local maximum of velocity G p , and so move out of the porous media by the upstream edge. The ranges of velocities leading to this flashback limit are situated on the low-velocity side of the submerged solutions area and their length is also increasing with the solid temperature. For smaller T s , on this side of the diagram, both surface and submerged solutions are unstable, hence the flame front oscillates between those two solutions, in a similar way as the pulsating flames studied by G. Joulin [33]. However, no pulsating flames were obtained on the geometry with δ p = 114 ppi, which is consistent with the result of Buckmaster et al [12], who found a minimal limit on the perturbation's wavelength necessary to perturbed In the following, we want to compare in detail the three geometries. Nevertheless, as the solid temperatures leading to the bifurcations depend on the pore sizes, we need a criterion to choose three comparable cases. Actually, the increase in the solid temperature leads to three main consequences. An increase of the burning velocity S 0 L , leading consequently to a decrease of the preheating length scale δ h , and a decrease of the quenching diameter δ q . Nevertheless, as showed in Chapter 4, the thermal flame thickness δ L is almost constant for 500 < T s < 900 K. Therefore, and consistently with the fundamental studies on tube quenching [START_REF] Spalding | A theory of inflammability limits and flame-quenching[END_REF][START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF], we estimated Peclet numbers on the three geometries for the smallest solid temperatures leading to submerged solutions and flashback. Nonetheless, to penetrate within the porous media the flame has to cross the first restriction of size δ c and the submerged solutions are stabilised in cells of size δ c , while the flashback limit corresponds to the penetration of the flame through the pore of size δ p . Hence for the submerged bifurcation, the Peclet numbers are estimated with the cell size δ c , while for flashback the Peclet numbers are estimated with the pore size δ p . Thus, we have :

P e sub = δ c /δ h (T sub s ) (5.6) P e f b = δ p /δ h (T f b s ) (5.7)
This choice was made for obtaining a better comparison between P e sub and P e f b but as δ c is proportional to δ p , both definitions are equivalent. The dependences of P e sub and P e f b on the pore size are plotted in Fig. 5.3(d). As the increment of the solid temperatures between two simulations is equal to 10 K, we added the uncertainty bars resulting from this step. The Peclet numbers are also reported in Tab. 5.1 with the corresponding solid temperatures. The ratio between δ c , δ p and the quenching diameters δ q estimated with the theory of Williams [START_REF] Williams | Combustion theory: the fundamental theory of chemically reacting flow systems[END_REF] are also reported. Those ratios are always smaller than one, showing that the flame succeeds to pass through holes smaller than the theoretical quenching diameter. However, we know that hydrogen flames are prone to flashback through small pores because of the high diffusivity of hydrogen. Although P e sub is relatively constant around 17, for the range of pore size investigated, P e f b decreases for smaller pore size. Besides, for δ p = 57 ppi and P e = P e sub , submerged solutions are stable but no transition from surface to submerged solution is obtained as explained before. Therefore, we cannot consider that the combustion regime is mainly controlled by the Peclet numbers as currently used in quenching studies. So the three cases presented below are selected from the diagrams of Fig. 5.3 and correspond to the highest solid temperatures leading to submerged solutions without flashback.

The normalised positions of those cases are compared with Cantera [25] simulations in Fig. 5.4. Here, the flame position of the DPLS is compared with x 1 and normalised by the radius of the struts r, which gives the normalise flame stand-off distance at transition, expressed as follows:

ξ t f = (x f -x 1 )/r (5.8)
This definition gives a better description of the flame position in the porous boundary. To be consistent with the last section, the normalised flame stand-off distance of the 1D simulations is ξ f = 1 + x f /r. The normalised position ξ 0 m of the local speed maxima G 0 is also plotted with the solid line, while the vertical dashed curve corresponds to the travelling of the pulsating flames. Several kinds of solutions can be identified. As in Section 5.3, the stand-off distances obtained in the DNS and Cantera [25] simulations are closer for higher ξ f or smaller pore sizes. Hence, the two branches of surface solutions are steel present for the highest and lowest flow velocities. Nevertheless, for increasing solid temperatures, the minimum flame stand-off distance ξ * f decreases, and can even cross the velocity maximum at G 0 if T s is increased high enough.

For the two highest pore sizes δ p = 57 and 86 ppi, one can observe a bifurcation on each surface branch, when the flame crosses G 0 . On the low u branch, the surface solution becomes unstable if u is sufficiently high for the flame front to cross G 0 , but the corresponding submerged solutions are not stable either, because u is not high enough. Hence, for a small range of input velocities, the flame front oscillates between the two unstable surface and submerged solutions. On the high u branch, the surface solution's stability decreases as the flame front is stabilised close to G 0 . Nevertheless, for those input velocities, the submerged solutions are stable. Hence, if u was changed to fast, the weakly stable surface solutions bifurcated toward a more stable submerged one. Therefore, the boundary condition was changed very slowly for obtaining the hole branch of surface solutions. Those solutions are steady if not perturbed too much and so can be considered as metastable. Besides, a hysteresis exists between those two branches. From a surface solution of the high u branch, if the flow rate is decreased, the flame position is decreased as well, down to G 0 where the flame bifurcates toward the submerged solution branch. On the other hand, from a submerged solution, if the flow rate is increased, depending on the pore size, two phenomena can be 

= S 0 L Q/(U u Q 0 ) and heat losses Φ s = S 0 L Φ s /(U u Q 0 )
versus the pore normalised position ξ p = (x -x 0 )/L y for T w = 830 K, δ p = 86 ppi and u = 0.42 the cylinder for very high flow rates. This peculiar behaviour is presented in more detail in Chapter 6.

The averaged and normalised heat release rate ω and heat losses Φ s profiles, of the surface and submerged solutions, obtained at the smallest input velocities of the high u surface branch, for δ p = 86 ppi, are plotted in Fig. 5.5. One peak of heat loss can be observed for the surface solution and two for the submerged one. Indeed, the surface solution only exchanges heat with the cylinder positioned at ξ p = 3.5, while the submerged solution also exchanges heat with the cylinders positioned at ξ p = 3. Furthermore, one can see that for the surface solution, the averaged heat release rate is above the heat losses, just upstream of the cylinder at ξ p = 3.5. Hence this solution is weakly stable because the local equilibrium between heat production and heat losses is close to its limit. Consequently, a small perturbation of the flame front would break this equilibrium and lead to an increase of the gas temperature, between the struts, upstream of G 0 . On the other hand, for the submerged solution, the heat production is always smaller than the heat losses, hence the flame front can't propagate through the porous media.

For the smallest pore size δ p = 114 ppi, the flame stand-off distance is continuous and always downstream of x 1 . Thus, as all the flames are stabilised inside or downstream of the porous edge defined in the last section by x 1 < x < x 1 + r, we would consider those cases as surface solutions. No pulsating flames or hysteresis were obtained, while for the two other geometries, one can clearly identify two different types of steady solutions. In Fig. 5.4(a) and (b), the surface and submerged solutions are marked by open and closed circles respectively We would show in the next chapter that for velocities in the range of the close circle, submerged solutions can be stabilised periodically in any cells of the porous media. The same is for the close circle of Fig. 5.4(c). Nevertheless, for δ p = 114 ppi, the flames on the range of velocities leading to submerged combustion are stabilised across G 0 . On the other hand, for δ p = 57 ppi, the surface solutions are all stabilised just downstream of G 0 . Hence, for the high pore sizes, the velocity field seems to have a major impact on the flame stabilisation, while for smaller pore sizes, the heat transfer seems to be more important.

The heat release rate fields of some cases are shown in Fig. 5.6 with the flame front. The velocity maximum G 0 and G p are also reported with the velocity field neck point G min . For δ p = 57 ppi, one can observe that the surface solutions are well stabilised downstream of G 0 , while the submerged ones are stabilised between G min and G p . Hence, the flames are always stabilised in a velocity profile increasing in the upstream direction, promoting thus the stability of the flame front. The same observation can be made for δ p = 86 ppi except at the boundary of the submerged branch, where the flame is slightly stabilised downstream of G min . For δ p = 114 ppi, the flame is stabilised continuously across G 0 . For δ p = 57 and 86 ppi, the bifurcation to submerged combustion seems to append when the flame crosses G 0 . Besides, the bifurcation of the high u surface branch is close to u = 0.5, while we showed in Chap. 4 that U 0 ≈ 2U u . Therefore, we estimated the ratio between U 0 and S 0 L (T u ) at the point of the high u surface branch with the smallest u. The results are presented in Tab. 5.2 with the normalised input velocity u, the Peclet number of the selected cases P e cas = δ c /δ h for the selected solid temperature T cas s and with the ratio between the cell size δ c and the quenching diameters of the cases δ cas q . The bifurcation append for U 0 < S 0 L and for δ c ≤ δ q . This result is consistent with the theory of Lewis et Von Elbe [47]. This theory predicts flashback in pores of diameter D if U < S 0 L outside of the quenching boundary layer, but if the diameter D is close to the quenching diameter δ q , the exterior of the quenching boundary layer land at the centre of the pore. Hence, the bifurcation parameter results in the ratio between the maximal velocity at the centre of the pore U 0 and the burning velocity S 0 L . Furthermore, Hackert et al [29] showed that, for small channel diameter, the two thermal boundary layers interact and so the centre is no longer adiabatic. Thus, for small pores compared to

δ p T cas s P e cas δ c /δ cas q u U 0 /S 0

Pulsating flames

As predicted by G. Joulin [33] and Buckmaster et al [12], the surface solutions of our simulations can became unstable and start to oscillate. Beside, as Buckmaster et al [12] the range of velocities of this phenomenon is bounded on both sides, rather than being bounded by a maximal value as predicted by G. Joulin [33]. Nevertheless, in our DNS the transverse variations of the velocity field generated by the porous structure have an important impact on the flame behaviour, but are not taken into account in 1D studies. Hence, in this section, we investigate the mechanisms leading to pulsating flames in a more realistic configuration. We would focus on the geometry with δ p = 86 ppi and more specifically, in the case with T s = 830 K and u = 0.16. In Fig. 5.7 are presented the heat release rate fields of some characteristic points with the local velocity extrema G 0 , G p and G min . Those points are reported in the time history of the oscillations in Fig. 5.8. The two local maxima G 0 and G p are not influenced so much by the flame, while the neck point G min is translated toward G p when the flame moves inside the porous media. Hence behind G 0 , the flame front is always positioned in a velocity field with a decreasing magnitude in the upstream direction.

• At τ = 0 the flame standoff distance is maximal. Consequently, the heat losses are minimal, and the absolute flame speed is zero. Just after this moment, as x f is decreasing, Φ s is increasing and θ m = θ b are also decreasing like in steady surface combustion. However, despite the decrease of T b , the total heat release Q and the absolute flame speed S a are increasing, unlike steady solutions. Nevertheless, in this investigation, we define the flame position by the longitudinal maximal heat release rates. But, we have to keep in mind that the flame is an area around this curve with a decreasing heat release rate on both sides. Hence, when the peak of heat release rate is downstream of G 0 most of the heat produced by the flame has to cross the high convective flux of fresh gas flowing through G 0 . But, one can observe in Fig. 5.7(a) that a smaller amount of heat is also produced upstream of G 0 on the area with a decreasing velocity magnitude in the upstream direction.
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• Therefore, at τ = 0.24, the flame front succeeds to cross G 0 and move toward the inside of the porous media. Simultaneously, the maximal gas temperature θ m starts to increase while the burned gas temperature keeps decreasing.

• At τ = 0.44 just after the decrease of S a , the total heat release Q start to decrease while the heat losses Φ s are still increasing because of the reduction of ξ t f , corresponding to a deeper position of the flame within the porous media.

• Consequently, at τ = 0.52 the flame propagation stop, the sign of S a change and ξ t f start to increase reducing thus the heat losses. The peak of Φ s so obtained, is equal to 60% of the total heat release Q.

• At τ = 0.82, the flame cross G 0 again. Simultaneously, Q start to increase just after S a have started to increase too, while the heat losses Φ s are still decreasing because of the ξ t f increase. • As a result, the absolute flame speed's sign changes at τ = 1 and a new period of oscillation starts.

In those oscillations, one can observe a delay between the absolute flame speed S a , the heat production Q and the heat losses Φ s . Indeed the sign of the derivative of S a changes first followed by Q and then Φ s . Hence the absolute flame speed seems to initiate the phenomenon. Nevertheless, the causality between all those parameters is not trivial. Therefore, in Fig. 5.9(a) and (b), is shown the depen--0.5 0.0 0.5 1.0 1.5 0.3 0.4 0.5 0.6 0.7
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Figure 5.10: Heat losses Φ s dependence on the flame position ξ t f (a), total heat release Q dependence on the maximal heat release rates max(q) (b), total heat release rate dependence on the gas temperature θ f (c) and fuel mass fraction Y f H2 (d) at the position of the maximal heat release rate dence of S a on the total heat release Q and the residual heat Φ b , which correspond to the difference between the heat production and losses. In Fig. 5.9(a) and (b), one can see two monotonic branches showing a proportionality between S a , Q and Φ b . Nevertheless, those two branches are closer In Fig. 5.9 (b), showing a higher dependence of S a on Φ b compared to Q. Indeed, although the flame produces a heat flux Q, part of this heat is loosed in the solid phase, such that the remaining heat diffusing through the pore corresponds to Φ b . Hence, unlike free flames, the displacement of the reactive front depends on the heat losses Φ s in addition to the heat release. This result is consistent with the model of Zhdanok et al [START_REF] Zhdanok | Superadiabatic combustion of methane air mixtures under filtration in a packed bed[END_REF], which proposed an analytical solution of the absolute flame speed concerning the propagation of flame within porous media. This model is based on an energetic balance between the heat produced by the flame and the heat loosed in the solid phase during the propagation.

In Fig. 5.10(c) is shown the relationship between the heat losses Φ s and the flame position ξ t f . One can observe a high dependence of Φ s on ξ t f as for steady solutions [33]. On the other hand, the total heat release is proportional to the maximal heat release rate as one can see in Fig. 5.10(b). Therefore, the total heat release doesn't necessarily depend on the burned or maximal gas temperature but mostly on the optimum point between the temperature and fuel mass fraction, leading thus to the maximal heat release rate. Hence, unlike asymptotic models, we don't have θ f = θ m = θ b , but three distinct temperatures. The relationships for the total heat release in terms of the temperature θ f and fuel mass fraction Y f H 2 at the maximum heat release rate position are plotted in Figure 5.10(c) and Figure 5.10(d) respectively. As T f and Y f H 2 were a bit noisy, we choose to work with phase-averaged quantities to see the general trend. One can see a small variation of T f and Y f H 2 , but a proportionality between Q and those parameters. Thus, the heat release increase seems to be caused by the temperature increase of the fuel-rich areas upstream of the flame front.

Hence, the displacement of the flame front results from the difference between heat production and heat losses. As the flame gets in the porous media, the heat losses are increased, but unlike steady solution, the heat release doesn't decrease as well, because the temperature of the fuel-rich and wide area upstream of G 0 is still increasing due to the smaller fresh gas convective flux in this area. Nevertheless, at a certain point, the balance between heat production and losses is not sufficiently positive for the flame to keep moving upstream. Consequently, the absolute flame speed vanish, which reduces the heat production, but as the flame is too deep within the porous matrix the heat losses are too high for the flame to stabilise. Thus, the flame moves back, which decreases the heat losses, but due to the delay between the heat losses and the heat production decay, the flame doesn't stop at a stable position and moves out of the porous media. This result is consistent with the analysis of G. Joulin [33], but the instability seems to be triggered by the non-uniform velocity field.

Conclusion

Two-dimensional direct pore-level simulations with complex chemistry were conducted for investigated the stabilisation of flames in surface combustion regimes, and more specifically their destabilisation in front of increased solid temperatures. The following conclusion can be drawn :

• For cold solid temperatures, the flame front is stabilised in surface combustion regime because of the balance between the heat production and losses, leading consequently to an equilibrium between the flow speed and the consumption speed.

• For higher solid temperatures the flame stand-off distance decreases such that for high enough temperatures, the flame front crosses the position of local velocity maximum at the porous media output edge.

• For a range of small velocities and high enough solid temperatures, the surface and submerged solutions are unstable. Hence the flame front oscillates upstream and downstream of the local velocity maximum.

• For a range of high velocities and high enough solid temperatures, the surface and submerged solutions are stable. Hence a hysteresis exists between the two branches of solutions.

• The pulsating flames predicted by G. Joulin [33] are well due to a decay between the heat production and losses. Nevertheless, they seemed to be triggered by the non-uniform velocity field.

Chapter 6

Submerged combustion 6.1 Introduction

Porous burners are usually investigated with 1D homogenised equations [START_REF] Sathe | An experimental and theoretical study of porous radiant burner performance[END_REF][START_REF] Sathe | Flame Stabilization and Multimode Heat Transfer in Inert Porous Media: A Numerical Study[END_REF][START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF][START_REF] Takeno | An Excess Enthalpy Flame Theory[END_REF][START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF]. Those equations show a dependence of the burning rate on the macro scale flame position, due to heat recirculation. Nevertheless, Sahraoui et Kaviany [START_REF] Sahraoui | Direct simulation vs volume-averaged treatment of adiabatic, premixed flame in a porous medium[END_REF] showed that the flame position at the pore scale influenced the overall burning rate. Moreover, we know that hydrogen flames are subject to preferential diffusion and flame stretch effects when interacting with non-uniform velocity fields [43,[START_REF] Shoshin | Anomalous blowoff behavior of laminar inverted flames of ultra-lean hydrogen-methane-air mixtures[END_REF]. Therefore, in this chapter, we investigate the stabilisation of hydrogen flames with 2D DPLS and more specifically the influence of the solid temperature profile on this stabilisation, for three different pore sizes. To do so, we used the same 2D meshes as in Chapter 5, which are also presented more deeply in Chap. 4. Two types of solid temperature profiles were imposed and are presented as follows. In the first section, simulations with isothermal solid temperature profiles are presented, to investigate the pore scale flame stabilisation mechanisms without heat recirculation. Then in the following section, simulations with linear solid temperature profiles are presented, in order to study the influence of the solid temperature gradient on the macroscale flame stabilisation mechanisms. This configuration was already employed to study the stabilisation of flames inside pipes with prescribed wall temperature profiles [4,50,[START_REF] Pizza | Dynamics of premixed hydrogen/air flames in mesoscale channels[END_REF][START_REF] Pizza | Dynamics of premixed hydrogen/air flames in microchannels[END_REF]. Those investigations showed the complexity of the different types of flames that can be obtained within small pipes. Especially, Flames with Repetitive Extinction and Ignition (FREI) [4,50,[START_REF] Pizza | Dynamics of premixed hydrogen/air flames in microchannels[END_REF]], but also asymmetric hydrogen flame fronts [START_REF] Pizza | Dynamics of premixed hydrogen/air flames in mesoscale channels[END_REF][START_REF] Pizza | Dynamics of premixed hydrogen/air flames in microchannels[END_REF].

Isothermal solid temperature profiles

In this section, the same solid temperatures as in section 5.3 are set, due to the same comparability constraints. However, the simulations were initiated with a submerged solution obtained with a non-zero solid temperature gradient. Then a constant solid temperature profile was set at the beginning of the simulations.

The heat release rate fields of three solutions, stabilised in the same geometry, with the same boundary conditions, are shown in Fig. 6 with a similar shape and position in each cell. Hence one can see that for isothermal solid temperature profiles, all cells are equivalent and so the cell on which the flame would be stabilised only depends on the initial condition. Furthermore, those solutions are stable for a sizeable range of velocities. Thus, without solid temperature gradients, the overall burning rate doesn't depend on the macro scale flame position. The same phenomenon was observed in the other geometries. The abscissae correspond to the axial position normalised by the size of the period :

ξ i = x -x 0 L y (6.1)
The heat release rate fields of several solutions, stabilised in the geometry with δ p = 57 ppi and for different input velocities are shown on the left side of Fig. 6.2 with the flame fronts in red. The recirculation zones are also represented by the isoline of u = 0 in blue. On the right side of Fig. 6.2 are shown the local and normalised equivalence ratio fields ζ, which quantify the influence of the preferential diffusion effects. This parameter corresponds to the ratio between the atomic mass fraction of hydrogen Y a H 2 and oxygen Y a O 2 and is normalised by its value at the input of the simulation. Thus, we have :

ζ = Y a H 2 Y a O 2 / Y a H 2 Y a O 2 u (6.2)
The solution of Fig. 6.2(a) and (b) corresponds to the smallest velocity leading to stable submerged solutions. Due to the small heat release, the flame is stabilised at the centre of the cell such that the local heat losses are minimized. Besides, the flame curvature is relatively small compared to the other solutions. The increase of the flow rate between Fig. 6.2(a) and Fig. 6.2(c) lead to a translation of the flame front in the upstream direction while the flame curvature is increased. For higher flow rates, the flame root stay anchored near the struts s 0 while the flame tip is pushed downstream, thus further increasing the flame curvature. Consequently the flame surface increase with the flow rate and start to interact with the cells situated downstream of the struts s 1 and s 2 as can be seen in Fig. 6.2(e). A further increase of the flow rate leads to an anchoring of the flame front on those cells as shown in Fig. 6.2(g). Therefore, one can observe in Fig. 6.2(i) that, due to the strong anchoring of multiple flamelets behind several struts, the input velocity can be increased much above the adiabatic burning velocity without blow-off. Furthermore, in Fig. 6.2(e), (g) and (i), one can observe two flame fronts, forming a v-shape stabilised in the wake of the struts with an angle decreasing with the input velocity. Shoshin et al [START_REF] Shoshin | Anomalous blowoff behavior of laminar inverted flames of ultra-lean hydrogen-methane-air mixtures[END_REF] explain the blow-off limit of their hydrogen flames stabilised behind a bluff body as a consequence of those two flame fronts merging, as for twin flames [43]. We didn't increase the flow rate up to the merging of those flame fronts, for avoiding unsteady effects, but we can expect the same process to generate the blow-off limit of the burner. In this geometry, and for this fresh gas temperature the ratio between the struts diameter and the flame thermal thickness is 2r/δ 0 l = 0.91. This ratio is close to unity, hence the wakes generated by the struts are large enough to produce a strong anchoring of the flame front. Furthermore, the recirculation zone becomes significant for the highest velocities as shown in Fig. 6.2(i). This flow feature leads to several consequences. First the translation of the flame root toward the upstream direction for increasing flow rate, and second the curvature of the flame front. Besides due to the non-equidiffusivity of the reactant, the flame curvature and stretch so generated lead to preferential diffusion effects as currently observed for hydrogen flames stabilised behind bluff bodies [START_REF] Shoshin | Anomalous blowoff behavior of laminar inverted flames of ultra-lean hydrogen-methane-air mixtures[END_REF][START_REF] Vance | Effect of Lewis number on premixed laminar lean-limit flames stabilized on a bluff body[END_REF]. Hence one can see on the right side of Fig. 6.2 that for small velocities, the local equivalence ratio slightly decrease upstream of the flame front ( see Fig. 6.2(b) ), as for free flames, while for highest velocities ζ increase on the wake of the struts, promoting consequently the anchoring of the flame. We have to keep in mind that the preheating is not taken into account, hence the input velocity was normalised by the burning velocity at T u = 800 K, but if the heat recirculation is taken into account and so if the input velocity is normalised by the burning velocity at T u = 300 K, the normalised input velocity of Fig. 6.2(i) and (j) became u = 814. Some solutions stabilised in the geometry with δ p = 86 ppi are presented in Fig. 6.3. The solutions of Fig. 6.3(a),(b) and 6.3(e),(f) correspond respectively to the minimal and maximal flow velocities leading to submerged solutions, while the solution of Fig. 6.3(c) and (d) is the one stabilised at the most upstream position. The range of velocities leading to stable submerged solutions is much smaller compared to the geometry with δ p = 57 ppi. Hence, the flame curvatures are relatively small and the flame surface stays small as well. In this geometry, we didn't obtain the same flame extension that we obtained for higher pore sizes.

The ratio between the struts diameter and the flame thickness is 2r/δ 0 l = 0.59. It is smaller compared to the one obtained in the case with δ p = 57 ppi. Hence it seems that this ratio is too small for the flame to anchor behind the struts at high flow rates. Furthermore, no recirculation zones were obtained inside the porous media for the velocity range investigated. However one can still observe some small preferential diffusion effects. In Fig. 6.3 the local equivalence ratio is smaller in the pores upstream of the flame front. For higher flow rates, the lean area moves toward the tip of the flame while the local equivalence on the wake of the struts increases gently with the flow rates. Nevertheless, the preferential diffusion effects are way smaller compared to the one obtained with δ p = 57 ppi. In particular, the upper value stays relatively small.

For the geometry with δ p = 114 ppi, one can see in Fig. 6.4, that due to the narrower pore size, the flame curvature vanish for the smallest flow velocities. In this case, the ratio between the struts diameter and the thermal flame thickness is 2r/δ 0 l = 0.42. The solution of Fig. 6.4(a) and (b) correspond to the smallest velocity leading to submerged solutions. Here also, the flame is stabilised at the centre of the cell, thus reducing the heat losses. In Fig. 6.4(c) one can see that the increase in the flow rate pushes the flame toward the struts downstream of the cell. A further increase in the flow rate leads to a symmetry breaking of the flame front, which became divided into two parts, as one can see in Fig. 6.4(e). The upper part is flat and positioned at the centre of the cell, behind the struts s 0 , with a consistent heat release rate. The lower part is more curved and is stabilised close to the pores between s 1 , s 2 and s 3 with a smaller heat release rate. The solution shown in Fig. 6.4(g) and (h) correspond to the highest velocity leading to submerged solutions. Here also the upper flame front is pushed toward the struts positioned downstream of the cell. Although the heat release rate is smaller on the downer flame front, all the fuel injected is burned through the entire flame front. Pizza et all [START_REF] Pizza | Dynamics of premixed hydrogen/air flames in mesoscale channels[END_REF] also obtained asymmetric flame fronts, but the asymmetry was increased by the channel diameter, while in our simulation it only appends for the smallest pore sizes. Here also, no recirculation zones were obtained within the porous media due to the small pore size. However, preferential diffusion effects are increased by the symmetry breaking. Indeed, one can observe a highest local equivalence ratio downstream of the upper part while a smaller local equivalence ratio can be observed along the downer part of the flame front.

Hence, two different types of flame anchoring were obtained, depending on the pore size. A very strong flame anchoring with high flame curvature was generated by the geometry with δ p = 0.57 ppi. Consequently, the blow-off limit was out of the velocity tested and was way above u = 1. On the other hand, a weaker anchoring was generated by the two other geometries leading consequently to blow-off for u < 1. Those two types of flame anchoring are similar to the behaviour observed experimentally and presented in Chapter 3. Indeed for the ceramic foams with δ p = 30 and 60 ppi, long flamelets were observed above the porous media, while the flame was still anchored at the porous entry.

Preferential diffusion effects seem to be at the base of this strong anchoring effect. Therefore, the dependence of the minimal and maximal local and normalised equivalence ratio ζ on the flow velocity is shown in Fig. 6.5, for the three geometries. The input velocity is normalized by the adiabatic burning velocity in Fig. 6.5(a) while the Peclet number associated with the mass diffusion of hydrogen is used in Fig. 6.5(b). This Peclet number is expressed as follow: the curve associated to the geometry with δ p = 114 ppi start behind the two others, and rise rapidly above due to the symmetry breaking. Actually, the three curves are almost constant for small Peclet numbers and start to increase significantly at P e H = 1.2. Hence, preferential diffusion effects seem to be proportional to P e H . Consequently, for smaller pore sizes, higher normalised input velocities are required for obtaining the same preferential diffusion effects. Nevertheless, the flame needs a rich enough equivalence ratio to remain anchored at higher flow rates. Therefore, if the pore size is decreased too much, the flame can no longer remain anchored on the wake of the struts at high input velocities.

However, P e H is proportional to P e p as shown by Eq. 6.3. Hence, for constant P e p , the dependence of P e H on u is the same. For decreasing pore sizes, P e p can be kept constant, if the solid temperature is increased accordingly. Therefore, the blow-off limits u bo is reported in Tab. 6.1 for the three geometries and several solid temperatures T s , with the corresponding P e p and with the ratio between the cylinder diameter and the thermal flame thickness. In Fig. 5.3, one can see that for the 57 ppi geometry, the velocity range leading to submerged combustion clearly increases above u > 3 at T u = 740 K, which is a consequence of the strong flame anchoring. The corresponding P e p is reported in Tab. 6 value corresponds to the smallest P e p leading to a strong flame anchoring in this geometry and is just below the value obtained for δ p = 86 ppi and T s = 800 K, which is P e p = 10.94. Nevertheless, only a weak flame anchoring was obtained for this case, as shown in Fig. 6.3. Therefore, we also stabilised submerged solutions in the 86 ppi geometry for T u = 900 K, which gives a Peclet number of P e p = 14.70 very close to the Peclet number obtained for δ p = 57 ppi and T u = 800 K. In this case, the upper limit of the submerged combustion regime is u = 1.02 which also shows a weak anchoring of the flame front. Thus, only the 57 ppi geometry succeed to produce a strong flame anchoring, even if the solid temperature of the other geometries was increased to obtain comparable P e p . On the other hand, one can see in Tab. 6.1, that the ratio 2r δ 0 L is relatively constant for a given geometry, due to the small dependence of δ 0 L on T u for the range of temperature investigated. Besides, this ratio is close to one for δ p = 57 ppi and is below 0.6 for the two other geometry. Hence, the type of anchoring seems to be more dependent on this ratio than on the P e p .

The 57 and 86 ppi geometries are compared in Fig. 6.6 with T s = 800 K and T s = 900 K respectively. The resulting P e p are respectively 14.3 and 14.7, which is very close. Similar u were set, close to 1.06, which corresponds to the highest flow rate leading to stable submerged combustion in the 86 ppi geometry. Therefore the corresponding P e H and Re are also very close, which leads to quite similar flow structures. The recirculation zone lengths are very close, while the local equivalence ratio extrema are not very far. For δ p = 57 ppi we have 0.73 < ζ < 1.40, while for δ p = 86 ppi we have 0.80 < ζ < 1.33. Nevertheless, due to the smaller struts radius, the rich area, on the wake of s 0 , is thinner for δ p = 86 ppi. Consequently, his peak value is smaller. Furthermore, as the thermal flame thickness slightly increases with T u between 800 and 900 K (cf Fig. 4.6), the increase of T u doesn't compensate for the reduction of δ p . Therefore, the flame front is too thick to be curved in the 86 ppi geometry and doesn't succeed to bent for reaching s 0 . Hence, it is pushed downstream toward the struts s 1 , which increases the heat losses. For this reason, the flame is pushed out of the porous media if the flow rate is further increased, while it remained anchored in the 57 ppi geometry for much higher u, but also for much higher flow rates. Indeed, for those T s , the maximal input velocity leading to submerged flames in the 86 ppi geometry is U = 5.5 m/s while stable submerged flames were obtained in the 57 ppi geometry for U = 10 m/s. Two mechanisms can be responsible for the weak flame anchoring.

As the size of the cylinders controls the wake thickness and the preferential diffusion effects, a too-small dimension can produce the phenomenon presented above. On the other hand, if the cell size is too small, the heat losses could be too high for the flame to stabilise, while the too-tight confinement could necessitate an excessively high curvature for the flame to fit in. The relationship between the normalised submerged flame position ξ i f and u is plotted in Fig. 6.7(a), (b) and (c) for the three geometries and for the same T s as in Fig. 6.2, 6.3 and 6.4 respectively. The same convex dependence is obtained for the three geometries as in surface combustion regime. Therefore, we also plotted the relationship between the maximal normalized gas temperature θ m and u in Fig. 6.7 (d). This temperature decrease for smaller pore sizes. The same result was obtained without normalisation. So even if the temperature of the solid phase is set higher in the geometries with smaller pores, the maximal gas temperature is still smaller due to the highest convective heat exchange. Hence, unlike the surface combustion regime, the kinetic relation depends on the geometry. Furthermore, the maximal temperature increases with the flow rate until a certain point, and then slightly decreases. For δ p = 57 ppi the flame stays anchored within the porous structure even if the maximal temperature is decreasing. However, for δ p = 86 ppi the blow-off happen just after this decrease. For δ p = 114 ppi the symmetry breaking happens just after this decrease leading to steps in both ξ i f and θ m . Then, after the second θ m decrease, the blow-off happen. Thus, as no heat recirculation is produced by the solid phase, the flame adapts its pore scale position, as in surface combustion regime, in a way that the energy balance produces temperatures leading to an equilibrium between the flow speed and the consumption speed. However, at a certain point due to heat losses, the maximal gas temperature can't increase any more. For high pore sizes, this issue is compensated by the flame surface increase as shown in Fig. 6.2, while for smaller pore sizes, the confinement is too tight for the flame surface to extend as explained before. 

Linear solid temperature profiles

In the last chapter, we showed that from a surface solution, if the solid temperature is increased with a constant profile, the flame can cross the first local velocity maximum G 0 and stay anchored close to the porous media output edge. In this case, solutions very similar to submerged solutions are obtained. For higher temperatures, the flame can cross the second local velocity maximum G p . In this case, all the pores of the porous media can be crossed by the flame front, thus the surface solution doesn't bifurcate toward a submerged solution but move out of the porous media by doing a flash-back. Hence from a surface solution without solid temperature gradients, we can't stabilise a flame inside the porous media. Therefore, in this section, we investigate the behaviour of flames stabilised with linear solid temperature profiles, and more specifically, the influence of the solid temperature gradient ∇T s . To do so, we start our simulations from stable surface solutions at T s = T u = 800 K, and then we set a high enough temperature T b s at the solid output edge in order to obtain a transition to submerged combustion. Thus depending on the temperature at the solid input edge T u s , and so on ∇T s , several combustion regimes can be obtained. Those regimes are reported in Fig. 6.8 for three different output edge temperatures T b s and for several solid temperature gradients ∇T s . In this section, the input mass flow rate is normalised by the adiabatic mass burning rate at the temperature of the downstream porous edges T b s . Thus we have :

u = ρ(T u )U u /ρ(T b s )S 0 L (T b s ) (6.5)
This way, in each subfigure of Fig. 6.8, all points are normalised by the same adiabatic mass burning rate. Consequently, one can observe a separation between steady and unsteady submerged regimes for a relatively constant u around 0.2.

Those regimes are obtained for sufficiently small T u s . Otherwise, the flame doesn't stay in the porous matrix and does a flashback. For high u flame remain stabilised within the porous matrix in a steady submerged combustion regime The solutions presented in the last section were obtained from those solutions. For smaller flow velocities, unsteady submerged solutions can be obtained. If ∇T s is high enough, the FREI regime is obtained, while for smaller ∇T s , the flames are extinguished but do not reignite. For even smaller flow rates, and small T b s , one can see in Fig. 6.8(a) that pulsating surface solutions can also be obtained as presented in section 5.4. Fig. 6.8(d) shows a schematic diagram of the solid temperature profile.

Flame positions

Positions of steady submerged solutions are reported in Fig. 6.9. Due to the solid temperature profile, the macro scale flame position of the steady submerged solutions depends on the flow rate. Indeed, for increasing u, this position is shifted toward the downstream direction, where the solid temperature and so the consumption speed are higher. Nevertheless, due to the discreteness of the porous geometry, the relationship between the flame position and the flow rate is stepped. The flame remains stabilises on a cell for a range of velocities and then moves to the next one in the upstream or downstream direction if the flow rate is decrease or respectively increases too much. This phenomenon also produces some hysteresis, but they were not systematically investigated because of the huge numerical cost required. Furthermore, the flame penetration is decreased by ∇T s . For smaller ∇T s the flame can be stabilised deeper in the porous media. Therefore, in Fig. 6.9(a) the flashback limit was reached for a range of velocities. However, for some of the flow rates leading to flashback if the solution was initiated from a stable submerged solution and if the flow rate was decreased slowly, stable submerged solutions can be obtained. Hence close to the stability limit of submerged solu-tions, we retrieve the metastability and the hysteresis that we observed in surface combustion regime. Unsteady solutions are also reported in Fig. 6.9. As obtained by Maruta et al [50], the position at which the FREI solutions extinguish is a continuation of the stable solutions branch. Hence, for smaller ∇T s , the flame extinguishes deeper within the porous matrix and so ignites at a more downstream position as well. Furthermore, the position of the ignition point is shifted toward the downstream direction for higher flow rates. Indeed, higher temperatures are needed for the flame to go forward a flow with higher velocity, and so higher ignition times are required as well. Besides the distance travelled, during an amount of time, by the convected flame front in reignition, increases with the mixture velocity. Therefore the increase of the ignition stand of distance with the flow rate is non-linear with a positive second derivative. For this reason, the flame with extinction and no reignition must certainly be a consequence of the too small size of the mesh. Nevertheless, as we wanted to investigate surface and submerged solution, the fluid area downstream of the porous media was limited.

In Fig. 6.9(d) at the interface between the stable submerged solutions and the FREI regime, both types of solution were obtained. If the simulation was initiated from a surface solution and with a sudden modification of the solid temperature profile, the FREI regime was obtained. If the simulation was initiated from a submerged solution and if the input velocity was decreased slowly, another submerged solution was obtained. For ∇T s = 24 and ∇T s = 36, we also tried to initiate the simulation with a submerged solution close to the stability limit. However, the flames were quenched with no reignition even for ultra-slow variations of the boundary conditions.

Transient evolutions

Some solutions were selected during the FREI process. Their heat release field q was normalised by the maximal heat release rate q * of the free adiabatic flame at the same equivalence ratio ϕ and fresh gas temperature T u . The gas temperature was normalised by the adiabatic burned gas temperature T ad of this equivalent free flame. The resulting normalised heat release rate fields ω and gas temperature θ g are shown in Fig. 6.10. Those solutions are also reported in the time history of Fig. 6.11. The total heat release Q and heat losses Φ s are normalised by the total heat production generated by the equivalent free adiabatic flame if the same dimension and flow rate are set, which gives usL y Q 0 . The time was normalised by the period of the oscillations. The corresponding frequency is f = 134 Hz. This mechanism can be decomposed as follow :

• At τ = 0.00 the flame starts to move in the upstream direction. Consequently, the total heat release Q and the maximal temperature θ m are increasing with the absolute flame speed Sa, but the total heat losses Φ s are almost zero.

• At τ = 0.21 the flame starts to interact with the porous media. Therefore, Φ s start to increase while Sa decreases a first time. Nevertheless, θ m is still increasing.

• At τ = 0.25 the flame crosses the first pore. Therefore, θ m start to decrease. Moreover, while the flame penetrates deeper within the porous media, the absolute flame speed, the heat release and the heat losses oscillate due to the crossing of the pores. Indeed those restrictions decrease the absolute flame speed and the heat release while the heat losses are increased.

• At τ = 0.42, due to heat losses, the flame is stopped by the pores positioned between ξ i = 1 and ξ i = 1.5. Furthermore, due to the strong convective heat exchange with the solid phase, the gas temperature decrease steeply downstream Q is the total heat release and Φ s is the total heat flux from the gas phase to the solid phase.

6.3. Linear solid temperature profiles 131 of the flame front, as can be seen in Fig. 6.10(h). Thus, the flame didn't stay anchored at his position but is extinguished. Hence, Sa vanish while Q go toward vanishing.

• Consequently, at τ = 0.48 the ratio between the heat losses and the heat production reaches a peak higher than Ψ = 10, corresponding to the extinction of the first flame front. Nevertheless, the unburned hydrogen generated by this quenching starts to burn downstream of the porous media. Thus, the heat release starts to increase in the second flame front which can be observed in Fig. 6.10.

• Therefore, just after this moment at τ = 0.49 the heat generated by the second flame front becomes more important than the first, which leads to a fast translation of the flame position as we defined it. Consequently, the absolute flame speed peak between those two points, but this peak is an artefact due to the new flame front.

• At τ = 0.63 the fresh gas feeling the porous media are heated by the solid phase. Hence Φ s is negative and as the heat release is still small, Ψ reaches another peak smaller than -5. Nevertheless, the maximal gas temperature is still decreasing due to the small heat generation.

• At τ = 1.00 the heat production of the second flame front is sufficiently high for the maximal temperature to increase. Consequently, the reactive area starts to move again toward the porous media.

The frequency of the phenomenon is too small to be heard by human ears. Nevertheless, we observed this phenomenon experimentally while the flame was transitioning toward the submerged regime, at low power. A characteristic sound was generated periodically by the reignition of the flame.

Comparison

All the flames of this section were initiated with steady surface solutions. Then linear solid temperature profiles were set as explained above. However, depending on the flow rate, three combustion regimes were observed: Steady submerged, FREI or pulsating flames. Indeed after the bifurcation from the surface solution, the flame stays at a fixed position within the porous media, extinguishes or goes back without extinction. To understand the differences between those three cases, we compared in Fig. 6.12 the steady and unsteady cases with normalized variables. For the unsteady cases, the variables were estimated at the moment when the flame front stopped and start to move back in the downstream direction. Due to the motion of the flame front, one can see in Fig. 6.12(a) and (b), that the normalised total heat release Q and the normalised maximal heat release rate q m are higher for the unsteady cases. Consequently, the maximal and normalised gas temperature θ m is also superior for the unsteady cases ( cf Fig. 6.12(c) ) and therefore the flame succeeds to penetrate deeper in the porous media compared to the steady solutions ( cf Fig. 6.12(d) ). As the solid temperature is smaller for deeper positions, and due to the highest θ m , the normalised overall heat losses toward the solid phase Φ s are also higher for the unsteady cases. Nevertheless, when the flame moves back in the downstream direction, one can see that the ratio Ψ between Φ s and Q is below 1 for the unsteady case leading to stable submerged solutions while it is very close and even above 1 for the cases with extinction. Hence, the motion of the flame increases Ψ which also increases for decreasing u, and so if u is too small, Ψ becomes higher than one, which means that more heat is lost than produced by the flame. Thus the flame is quenched. For pulsating flames, Ψ stays well below 1, because the flame has not penetrated the porous media. Hence the flame moves back without extinction.

Conclusion

The stabilisation of hydrogen flames within canonical porous media of several pore sizes was investigated with constant and linear solid temperature profiles.

• For constant solid temperature profiles, the overall consumption speed depends on the pore scale flame position and shape, but not on the macro-scale flame position. For increasing flow rates the flame curvature is increased, which leads to an enhanced flame surface.

• If the ratio between the struts diameter and the thermal flame thickness is close to unity, the flame can remain anchored on the wake of the struts for velocities much above the laminar burning velocity, due to preferential diffusion effects. For smaller struts diameters, due to smaller preferential diffusion effects, the flame can't remain anchored for high flow rates. Furthermore, as the thermal flame thickness doesn't decrease with the temperature for T u > 500 K, the flame can't bend in the cell to remain anchored close to the struts, even at high solid temperatures.

• For non-zero solid temperature gradients, and for high flow rates, flames can be stabilised inside the porous media with a macro scale flame position shifted downstream for increasing flow rates.

• For high solid temperature gradients and for a range of small input velocities, the flame moves inside the porous media, extinguishes and then reignites. This behaviour is similar to the FREI regime obtained inside pipes with prescribed wall temperature profiles.

Chapter 7

Three dimensional pore level simulation from Xray tomography Abstract This work addresses the stabilisation of hydrogen flames inside porous media. Hydrogen is a peculiar fuel with a large molecular diffusivity triggering preferential diffusion and other effects related to non-unity Lewis numbers. Consequently, the macro-scale behaviour of hydrogen flames is highly influenced by the flame-wall interactions at the pore-scale. In this study, Direct Pore-Level Simulations are used for the investigation of anchoring mechanisms and burning-rate enhancement for lean hydrogen flames embedded in inert porous media. It is observed that preferential diffusion greatly enhances flame anchoring in the wake of the struts leading to a high increase in flame surface. Also, the local heat release rate is enhanced by the higher gas temperature resulting from the heat recirculation, but also by the higher local equivalence ratio resulting from preferential diffusion. Furthermore, most of the heat produced by a hydrogen flame is released by the hydroperoxyl reactions, effective at low temperatures but necessitating radicals, mostly H. Those radicals are produced by the shuffle reactions effective at higher gas temperatures. The coupling between those two reaction groups is very dependent on the transport of radicals, which can be impacted by the pore scale velocity gradient, leading to hydrodynamic dispersion and flame wrinkling. Consequently, it is shown that the burning-rate enhancement observed within porous burners fuelled with hydrogen, is not only due to heat recirculation but also to increased transports of radicals and preferential diffusion effects, which should be accounted for in macroscopic models. 

Introduction

Combustion within inert porous media exhibits particularly interesting features, notably enhanced burning rates and stable burning of mixtures below the lean flammability limit [1,2,3]. Heat recirculation is the driving phenomenon of these remarkable devices [4,5]. A solid porous material with high thermal conductivity (one or two orders of magnitude higher than the gas) recirculates enthalpy from burnt to fresh gases via conduction [6]. One of the main advantages of the leanest combustion is the reduction of CO and thermal NOx emissions [7,8]. The remaining pollutants are the prompt NOx, which are produced from carbonised molecules. Hence fuelling those burners with lean hydrogen mixtures can be a good idea for achieving clean combustion. However, the high reactivity and sensitivity to stretch make hydrogen flame stabilisation inside porous media quite challenging. Indeed, due to the velocity gradient generated by the porous structure, the burning rate enhancement obtained for those flames is not only due to the current heat recirculation but also to other mechanisms such as preferential diffusion effects and flame stretch. Moreover the burning velocity of hydrogen flames depend on the transport of H radicals [9]. But, in porous media, the transport of species is also increased by the pore scale velocity gradients leading to hydrodynamic dispersion [10,11] and flame wrinkling, so the fundamental pore-scale flame-anchoring mechanisms and burning rate enhancement of hydrogen flames need to be investigated in detail.

Porous media combustion is classically modelled via the Volume Averaging Method (VAM) [12]. Those models showed that heat recirculating burners can sustain higher burning velocities than free adiabatic flames because of the preheating of the fresh gas by heat recirculation leading to super-adiabatic temperatures [6,13]. Regarding hydrogen, the burning rate enhancement was shown to be correlated to highest radicals concentrations [14], while the hydrodynamic dispersion is currently modelled with a diffusion increased by a dispersion coefficients [10,11]. In the averaging process, the details of the flow at the pore scale are lost and the effects of preferential diffusion and flame wrinkling are not yet taken into account in these models [15]. Therefore, in this work, these effects are investigated via 3D Direct Pore-Level Simulation (DPLS) with complex chemistry in a geometry obtained from an X-ray tomography of a real ceramic foam.

Similar DPLS studies are available for methaneair mixtures. For example [15] compared experimental measurements with numerical simulations obtained from 1D (VAM) and 3D (DPLS) inside a ceramic foam geometry constructed from X-ray tomography. Because of the corrugations of the flame front, the transverse variations in temperature were very high in these simulations. Hence they proposed to extend current (VAM) equations with probability density functions, for a better estimation of the non-linear reactive source term. Filtration combustion inside a packed bed was investigated in [16] with coupled 2D DPLS and compared with experiments. Steady solutions were obtained for a range of inlet velocities, rather than a single value as predicted by 1D VAM models. This behaviour was attributed to the wrinkling of the flame front at the pore scale. It was also reported that when the flame was pushed toward blow-off, the flame corrugation would increase. 2D DPLS with conjugate heat transfer was also used in [17], in a geometry made of cylinders connected with fully permeable struts. Several cases were investigated with increasing struts' thermal conductivity. For zero conductivity, the burning rate enhancement was shown to be fully controlled by the flame surface increase. For higher values, the influence of heat recirculation was higher. Hence the burning rate enhancement was above the flame surface increase and the correlation between the two was decreased. Radiative heat transfer was accounted for in 3D DPLS within a thin layered radial porous burner [18] and the flame fronts were also highly corrugated. It was shown that the stabilisation mechanisms were similar to those in perforated plate burners. Although the addition of the radiation allowed the estimation of the heat losses, no major differences were obtained concerning the fundamental anchoring mechanism at the pore scale.

Reticulated ceramic foams are struts networks [19] so that the fundamental studies on flame holder configurations can shed some light on the pore-scale flameanchoring mechanisms. One of the first investigations on flame holders was made by Lewis and Von Elbe [20,21] with flames stabilised behind a cylindrical rod. In this configuration, the flame is stabilised on the low-velocity region just above the wire and forms consequently a cone with a tip pointing upstream. This regime was thus qualified as inverted flames. As quasiconstant Karlovitz numbers were observed at the blowoff limit, the flame stretch was identified as a critical parameter for flame stability. 2D numerical simulations were used to shed light on the anchoring mechanisms of methane-air flames behind a perforated plates [22] with hole diameters of 1 mm and behind a bluff body [23] with a diameter of 5mm. In the first study, the flame was anchored downstream of the recirculation zone, while in the latter the flame was anchored inside the recirculation zone, leading to negative displacement speeds. Hence, due to the different flame structures on both configurations, they suggested using the conventional premixed flame correlations for stretch, with extreme caution. Two main parameters were identified as driving the anchoring mechanisms: a high temperature resulting from heat recirculation through the solid, and a large local equivalence ratio resulting from preferential diffusion effects. The stabilisation of methane-air flames behind a cylindrical bluff body with a diameter of 4 mm was studied experimentally and via numerical simulation in [24]. Isothermal boundary conditions and conjugate heat transfer boundary conditions were compared. A peak of heat release rate, above the maximum of the equivalent adiabatic flame, was obtained, on the coupled case, due to heat recirculation. For increasing solid temperatures the flame root location moved upstream until half of the cylinder where it jump ahead of the bluff body.

For lean hydrogen-air mixtures, the strong nonequidiffusivity of the reactants and the small Lewis number, induce a positive sensibility of the burning rate on the flame stretch. This influence is currently modelled by negative Markstein lengths. Consequently, strain and curvature can increase the displacement speed [25], while the higher preferential diffusion effects can favour flame anchoring [26]. Therefore, it was observed experimentally that hydrogen flames, could be stabilised in the wake of a cylindrical rod, far below the lean inflammability limits [27]. The structure of these flames was further investigated with 2D and 3D Direct Numerical Simulations (DNS) [28].

The high reactivity of hydrogen is partially due to reactions with zero activation energies. Indeed, the elementary reactions composing the hydrogen oxidation mechanism can be decomposed into several groups [9], in particular the shuffle reactions and the hydroperoxyl reactions. The coupling between those two groups of reactions is essential to hydrogen combustion. The shuffle reactions are effective at high temperatures and produce radicals, mainly H. Due to small activation temperatures, the hydroperoxyl reactions can be effective, for the most part, at low temperatures but consume radicals, also mainly H. Hence the former group need the heat of the latter, and the latter group need the radicals of the former. This coupling is very dependent on radical transport which may be impacted by the pore scale velocity gradients.

In this paper, the anchoring mechanisms of hydrogen flames stabilised inside inert porous media are investigated and the mechanisms for the increase in burning rate are studied. Numerical simulations in the 3D DPLS framework are performed, using a mesh obtained from an X-ray tomography of a ceramic foam. The numerical setup is first presented in Sec. 2, followed by a description of the flame structure at the pore scale in Sec. 3 in order to present the physical mechanism leading to the 

Numerical setup

The mesh used in our simulations was obtained from the tomography of a SiC foam with a mean pore size of 30 pores per inch. The geometry is shown in Fig. 1. The software Image J [29] was used to smooth and segment the pictures, while the software Imorph [30] was employed to produce a first surface mesh of the solidfluid interface. This mesh was fixed with the python library PyMesh [31], then a laplacian smooth was applied and followed by a remeshing with MMGS [32], in order to obtain a regular mesh adapted to CFD simulations. Two volume meshes were produced from this surface mesh, with GMSH [33], for the fluid and solid phases respectively. In the end, the overall lengths of the computation domain are L x , L y , L z = 5.12, 5.92, 12.12 mm, while the length of the solid phase is L s = 10.62 mm. Two fluid zones of 0.5 and 1 mm length were added, respectively upstream and downstream the solid edges positioned at z 0 s and z 1 s , to avoid numerical perturbation caused by the input and output boundaries of the domain. The thermal flame thickness of the equivalent adiabatic unstretched flame with the same mixture as our simulations is δ 0 l = 0.6mm. This dimension is slightly above the step z 0 s at the entry of the numerical domain. Hence we didn't investigate, in detail, the flashback behaviour in our simulations. Nevertheless, the flashback limit was identifiable when the flame front was located upstream z 0 s . Otherwise, no thermal or mass fraction gradients were observed close to the input boundary of the domain. The characteristic cell size was set to the small value of 20 µm which makes approximately 32 point in the flame front and 40 point per pore. Hence, the input step size was limited in order to reduce the numerical cost of the simulations. Furthermore, we had to limit the size of the all domain in order to obtain converged simulations for several input velocities with reasonable numerical cost. Indeed, small cells are needed to accurately simulate hydrogen flames because of their steep radical's gradients. Hence the solid and fluid meshes contain approximately 10 and 30 million cells while the time step is around 1 ns. Besides, the solid-fluid coupling increased highly the physical time needed for convergence. Therefore, we didn't seek to create a representative elementary volume, and so one can see in Fig. 2 that the transverse porosity is not independent of the axial location. However, the specific area is relatively constant along the solid phase with a value around 1 m 2 /dm 3 , which means that a cubic porous media of 10 cm side contains 1 m 2 of internal surface. Besides, the domain is large enough to contain several pores in each directions. Hence, although the simulation is not statistically independent of the geometry, the size of the domain is sufficient to investigate the fundamental mechanisms of pore scale flame anchoring. The conservation equations of the fluid phase were solved with the AVBP software [34] using the Lax Wendroff [35] numerical scheme, while the heat transfer equation of the solid phase was solved with the software AVTP [36] using a Galerkin diffusion schem integrated with a forward Euler schem. The library CWIPI [37] was employed for the coupling between those two solvers. No Sorret, nor Duffour effects were taken into account. A unique and constant Prandtl number is used for the flow, while constant Schmidt numbers are used for each species. The mixture-averaged diffusion approximation is employed. The chemistry is solved with the Boivin scheme [38] which contains 9 species and 12 elementary reactions. The system is closed with the perfect gas equation.

The NSCBC formalism is employed for the boundary conditions [39]. For the fluid phase, the input boundary condition is a premixed hydrogen-air mixture at ϕ = 0.3, with constant input velocity W u and temperature T u = 500 K. At the output, a non-reflecting condition for the acoustic waves is imposed with constant pressure at atmospheric value. On the sides, because of the non-periodic nature of the porous structure, we imposed symmetric boundary conditions on the fluid phase. At the interface between the two phases, the solid temperature is imposed on the fluid phase boundary, and the gas heat flux is imposed on the solid phase boundary. For the external sides of the solid phase, adiabatic boundary conditions were set. This choice leads to a convergence of the gas and solid temperatures, T g and T s respectively, toward the adiabatic flame temperature T ad . The SiC conductivity was given by the ceramic constructor and is 4.6 W/mK.

Radiation was not considered. This heat transfer modifies the solid temperature profile by smoothing the overall gradients and increasing the boundary temperature gradient by radiative losses. In this study, we only seek to investigate the pore scale flame anchoring mechanisms. Therefore, we assumed that reciprocating heat transfer was sufficient to obtain a realistic coupling between the solid temperature gradient and the flame position. Volume averaged models are more adapted to investigate the influence of the different heat transfer mechanisms on the solid temperature profile and so the flame stabilisation at the macroscale. Besides, Yakovlev et al [18] obtained very similar behaviours, in their (DPLS) with radiation, as precedent studies [15,16,17].

Pore scale flame structure

In Fig. 3 are shown averaged and normalised profiles with minimum and maximum values for u = 7 versus the axial position normalised by the thermal flame thickness δ 0 l . One can see in Fig. 3(a) that the minimum mass fraction of hydrogen starts to decrease steeply at the entry of the porous media, while the maximum mass fraction starts to decrease more downstream. Hence it seems that while hydrogen is flowing within the porous media, some molecules start to burn close to the input edge, while some others start to burn later at a position closer to the output edge. The average profile y H 2 lends consequently between those two profiles with a small gradient compared to free flames.

The averaged and normalised temperature profiles of the gas phase θ g and of the solid phase θ s are plotted in Fig. 3(b) with the corresponding minimal and maximal boundaries of the slices. Despite the superadiabatic behaviours predicted by volume averaged equations [6,13], θ g is monotonically increasing toward unity. Nevertheless, as for the hydrogen mass fraction, the deviations from the average profile are very high. Hence, the maximum normalised temperature peaks over unity, close to the input edge and relaxes toward unity in the downstream direction. The minimum temperature starts to increase in the middle of the burner. Similarly to the hydrogen mass fraction, some molecules start to be warmed at the porous media entry while others are warmed more downstream. The normalised solid temperature θ s is also monotonically increasing toward unity as predicted by VAM. At the porous media entry, the solid temperature is above the gas temperature, which leads to the preheating of the fresh mixture. Nevertheless, θ s became rapidly close to θ g as we move downstream.

The peak of averaged heat release rate q is higher than the maximum heat released rate q * obtained on the equivalent free flame, as can be seen in Fig. 3(c). Besides his profile is broader than the peak currently obtained for free flames. Here, the reactive area expends on a length much higher than the laminar flame thickness δ 0 l . The broader heat release rate profile, and the high hydrogen mass fraction and gas temperature deviations can be a consequence of a wrinkled flame front, as shown by (DPLS) [15,16,17,18].

In Fig. 4 are shown slices of different normalised fields for u = 7. The normalised hydrogen mass fraction y H 2 is plotted in Fig. 4(a) with an isocontour at y H 2 = 0.95 representing the flame leading edge. One can clearly see that the flame front is highly corrugated, as expected. The progress variable C was estimated from this field as follow :

C = 1 -y H 2 (1) 
Thus, the norm of the progress variable gradient ||∇C|| is equal to ||∇y H 2 ||, and so the fuel flame thickness can be defined with this gradient as follow: δ c = 1/max(||∇C||). Hence, for investigating the influence of the porous structure on the local flame thickness, ||∇C|| was normalised by his maximum value on a free flame. The result is shown in Fig. 4(b) with an isocontour at unity. This ratio is higher than unity, all along the flame front, with a peak value higher than 3. Hence at the pore scale, the flame front is up to three times thinner than a free adiabatic flame front. Thus, the smaller gradient of the y H 2 profile compared to free flames, is not due to a flame thickening at the pore scale. Furthermore, as in precedent investigations [18,23,26] we computed the ratio of the atomic mass fraction of H and O, in order to quantify the preferential diffusion effects. The corresponding field ζ was normalised by his input value and is shown in Fig. 4(c). One can see that this ratio is above unity, on the wake of the struts with maximum values higher than 1.4. Hence, as explained by Kedia et al [23], the flame is anchored on the H rich and lowvelocity region behind the struts. The same fields are shown in Fig. 4 for a higher flow rate, at u = 14. The comparison between the two cases is presented in Section 4. The normalised gas and solid temperatures are shown in Fig. 4(d). The white and black lines represent the adiabatic temperature and the solid boundaries respectively. The superadiabatic areas are located in pockets downstream of the H rich regions behind the struts. Hence, in addition to heat recirculation, the superadiabatic temperatures are increased by the preferential diffusion effects. The flame front is anchored on four leading struts named s 1 , s 2 , s 3 and s 4 with three different temperatures. As shown by Miguel-Brebion et al [24], the highest the solid temperature is, the more upstream the flame front is anchored. The gas temperature field is well correlated with the hydrogen mass fraction field and thus shows also a corrugated shape.

The normalised heat release rate ω is represented in Fig. 4(e) with the isocontour corresponding to unity. This ratio is mostly over unity with a peak value higher than 6. This heat release rate enhancement is partially due to preheating of the input fresh mixture as obtained by Miguel-Brebion et al [24], but also to effect resulting from the pore scale velocity gradients like flame stretching and preferential diffusion effects. The flow velocity is shown in Fig. 4(f). The flame front is represented with the same isocontour as in Fig. 4(e) in white, while the recirculation zones are represented with the isocontours at W = 0 in black. One can see that, because of the rounded geometry of the struts and the relatively small velocities, the recirculation zones are mostly located on the burned gas side where the flow velocity is increased. Although some small recirculation zones can be identified on the flame front, the flame anchoring points are mostly located in regions with small velocities but positive W. As the strut's diameters are smaller than 1mm, this result is consistent with the behaviour obtained by Kedia et al [22] behind perforated plates.

Influence of the flow velocity

The normalised hydrogen mass fraction, gas temperature and heat release rate are plotted, in Fig. 6(a),(b) and (c) respectively, for several input flow velocities between u = 7 and u = 14. For smaller velocities, the flame starts to burn upstream of the input porous edge at z = z 0 s . Hence we considered those cases as flashbacks and they would not be taken into account in the rest of the investigation. On the other hand, for normalised input velocities higher than u = 14, the solutions weren't fully stationary. Thus, they were not taken into account, in order to focus on steady anchoring mechanisms and avoid any doubt concerning the influence of turbulence.

For the stabilised cases, the minimum hydrogen mass fraction isn't influenced by the flow rate as can be observed in Fig. 6(a). Hence the hydrogen molecules start to react at the same axial position. However, the maximum hydrogen mass fraction is pushed downstream for higher flow rates. More distance is needed for those molecules to react as the flow velocity is increased. In consequence, the average profile exhibit a lower gradient as for the mean gas temperature profile in Fig. 6(b). The maximum gas temperature is slightly increased by the flow rate, very locally, while the minimum is also pushed downstream. The peak value of the normalised and averaged heat release rate ω increases with the flow velocity and is always above unity. The pioneering work on heat recirculating burners, predicted an enhanced reactivity proportional to the peak of gas temperature above the adiabatic flame temperature [4,5,6], but no super-adiabatic peak is observed in Fig. 6(b) for the mean gas temperature profile. As for the y H 2 and θ g minimum, the upstream side of the ω profile is not highly influenced by the flow rate, while the downstream side is pushed downstream leading to a broadening of the reactive area.

One can observe the pore scale influence of the flow rate increase, by comparing Figs. 4 and5. The surface of the leading edge (white line in Fig 4(a) and 5(a)) is clearly increased, while the local flame thickness is thinner for higher flow rates. Besides, as seen in Fig 6, the heat release rate area is broader for higher flow rates while the maximum value is also increased. Hence, the overall consumption speed increase is due to the highest flame surface and local burning rate enhancement. The preferential diffusion effects increase with the flow velocity, as can be seen in Fig. 4(c) and 5(c) with peak values of 1.4 and 1.8 respectively. On the other hand, the temperatures of the leading struts s 1 , s 2 , s 3 and s 4 are lower, while the maximum gas temperatures on the superadiabatic pockets are increased for higher flow velocities. Those three parameters are plotted in Fig. 7. Hence one can observe that on the four leading struts, as the flow rate is increased, the lowest preheating of the fresh gases is compensated by the preferential diffusion effects, leading consequently to a strong anchoring of the flame front at the porous media entry. Therefore, the flame position is highly influenced by pore-scale flame Furthermore, along the flame fronts of the two cases, one can only observe recirculation zones on the wake of the struts s 2 and s 3 . Hence, even at higher flow velocities, recirculation zones don't seem to be necessary to stabilise the flame front. The low velocities and the highest concentration of hydrogen atoms, in the wake of the struts, seem to be sufficient to do so.

The flame leading edge is shown in 3D, for u = 7 and u = 14, in Fig. 8(a) and (d) respectively, with an isosurface of progress variable at C = 0.05 coloured by the flame stretch k, expressed as follow :

k = 1 A dA dt (2) 
with A a flame surface element. One can observe the flame surface increase, with the flow velocity, and the positive and negative stretch of the flame foot and tip respectively. The influence of the flame stretch on the burning rate is currently expressed in term of the displacement speed S d , with the Marstein length L d M , as follow :

S d = S 0 L -L d M k (3) 
As the flame is steady, S d corresponds to the projection of the velocity on the flame front's normal. Hence, S d is zero at the flame foot, because of the nonslip condition, while it is high at the flame tip. As the Markstein length of lean hydrogen-air mixtures is negative, the influence of the stretch on the displacement speed predicted by Eq. 3 is the opposite of the one observed in Fig. 8(a) and (d). Hence, consistently with the remark of Kedia et al [23], the displacement speed is not primarily controlled by the flame stretch. Furthermore, the isosurface at C = 0.40 is shown, coloured by the gas temperature in Fig. 8 (b) and (e) and by the heat release rate in Fig. 8 (c) and (f). The gas temperature is not constant on the isosurface. Higher values are obtained near the solid phase due to heat recirculation. The heat release rate is not constant either but is not fully correlated with the temperature field.

Hence, the flame structure at the pore scale is rather complicated. Therefore, we choose to start from the first principle of thermodynamics in order to investigate the burning rate enhancement observed in our simulations. As all the fuel is consumed in the porous media, the overall heat release increase linearly with the flow rate. For a 1D adiabatic flame of surface S 0 , the overall heat release Q 0 t can be estimated as follow :

Q 0 t = S 0 +∞ -∞ q 0 (x)dx (4) 
while in a porous media, the overall heat release Q t can be estimated as follow :

Q t = Ω g q(x, y, z)dv (5) 
Hence, the burning rate increase can be expressed as follow :

u = Q t Q 0 t (6) 
and so can be decomposed into three contributions: a characteristic heat release rate enhancement q, a flame surface increase s and a fuel flame thickness reduction δ c . Thus we have :

γ = q s δ c (7) 
with

q = 1 0 q(C) q 0 dC (8) s = 1 0 S c (C) S 0 dC (9) 
δ c = 1 0 δ c (C) δ 0 c dC (10) 
For obtaining the averaged heat release rate q(C), the flame surface S c (C) and the fuel flame thickness δc (C), The discrepancies between u and γ are less than 5%, so Eq. 7 is a good estimation of the burning rate en-hancement. The relationships between the three terms q, s and δ c and the normalised input flow velocity, are plotted in Fig. 9(a), (b) and (c) respectively. The ratio between s and u is plotted in Fig. 9(b). The flame surface was also estimated with the relation :

s = 1 S 0 V ∥∇C∥dv (15) 
what gave similar results. The average heat release rate increases almost continuously with u. The increase is relatively steep for the smallest u and then became smaller. The flame surface dependence on u is almost linear with a slight decrease of the gradient for the smallest u, consistent with the higher gradient of q. A similar dependence of the flame surface on u was obtained by Kedia et al [22]. Nevertheless, the heat release rate enhancement q is much higher than the flame surface increase s, but relatively constant for the highest u, while the normalised flame thickness δ c is smaller than one but also relatively constant. Hence, for the flow rate range investigated, the highest overall burning rate u is mostly due to the highest local burning rate q, while the increase with the flow velocity is mainly due to the flame surface linear increase s ≈ 0.22u.

Flame structure

For understanding the local burning rate enhancement q, we choose to compare the flame structure, in terms of the progress variable C, with the corresponding adiabatic free flame at the same equivalence ratio and fresh gas temperature. Hence we computed several isosurfaces of hydrogen mass fraction on a 3D solution at u = 14 and plotted the averaged and normalised heat release rate ω, gas temperature θ and local equivalence ratio ζ, versus the progress variable C on Fig. 10 (a),(b) and (c) respectively. The maximal and minimal gas temperatures and local equivalence ratio, of the isosurfaces, are also plotted in Fig. 10 (b) and (c), thus showing the high deviations already observed in Fig. 8 (b) and (e). The profiles of the equivalent free flame are also plotted with blue curves. In Fig. 10 (a), one can see that the peak of ω is above unity while his position is shifted toward smaller progress variables. Those differences are partially due to the highest gas temperature resulting from heat recirculation as one can see in Fig. 10 (b), but also to highest local equivalence ratios as one can see in Fig. 10 (c). The influence of ζ on the heat release rate is not trivial, hence for investigating the burning rate increase, we computed the heat release rate and with the heat release rate profiles obtained from : complex chemistry applied on the averaged fields , averaged of the complex chemistry applied on the local fields with Cantera [40] and with the same chemical scheme [38] as our DPLS. The red curve was computed from the averaged values of temperature θ g and mass fractions of each species y k , while the green curve is the average of the heat release rate estimated on each point of the isosurfaces. As the discrepancies between the two curves are small, we deduced that it was possible to study the flame structure by studying the averaged profiles.

Hence, we plotted in Fig. 11 the averaged mass frac-tions of the radicals HO 2 , H and OH normalised by the maximum values of the equivalent free flame. The blue curve corresponds to the equivalent free flame, while the black curves correspond to the (DPLS) with u = 14. As shown by Tseng et al [14], those concentrations are higher compared to the free flame. One can observe in Fig. 11(a) that the peak of H radicals is more than four times higher. As this radical is mainly produced by the shuffle reactions, this peak is a first consequence of the highest temperatures resulting from preheating.

Besides, the H radical profile is also broader. Hence, his concentration is enhanced on the smaller progress variable area. This broadening results from two mechanisms : the highest production rate due to heat recirculation, and the stronger radical transport due to the pore scale velocity gradients leading to dispersion and flame wrinkling. The local equivalence ratios ζ is increased by the highest concentrations of H radicals. Furthermore,the hydroperoxyl reactions are also enhanced by those highest concentrations.

For hydrogen-air mixtures, the first radicals are pro-duced by the endothermic reaction [38] :

H 2 + O 2 ↔ HO 2 + H (16) 
The H atoms, so produced, are then consumed by two exothermic reactions

O 2 + H ↔ OH + O (17) 
H + O 2 + (M) → HO 2 + (M) (18) 
in which (M) is a third body. The reaction 17 has a relatively high activation temperature (T a = 8590 K), while the reaction 18 has a zero activation temperature. Therefore, as the fresh incoming gas temperature is be- 19 , 20 normalised by the total heat release rate maximum of the equivalent free flame : ωk = q k /q * k , versus the progress variable C, at u = 14. total heat release rate, sum of the the heat release rate of the reactions 18, 19 and 20 low the crossover temperature [9], the H radicals are mainly consumed by the reaction 18.

In Fig. 12, are plotted the three most exothermic reactions of the chemical scheme employed in our simulations [38]. Fig. 12(a) was computed from the DPLS solution at u = 14 while Fig. 12(b) was computed with Cantera [40]. The sum of those three contributions is represented with the dotted line and produces more than 90% of the total heat release rate, represented with a solid line. The reaction 18 is the most exothermic one. Hence the high heat release rate and HO 2 concentrations at small progress variables are both consequences of the high activity of this reaction. The two other reactions are the following :

H + HO 2 → 2OH (19) 
H 2 + OH ↔ H + H 2 O (20) 
The reaction 19 also belongs to the hydroperoxyl group [9]. His rate of progress depends on the H and HO 2 radicals concentrations, while his activation temperature is small T a = 148 K. Hence this reaction also produces heat at small temperatures and so, small progress variables either. However, the reaction 20 belongs to the shuffle reactions group. His rate of progress depends on the OH radicals, which concentration is high at high progress variables. Besides, his activation temperature is relatively high T a = 1830 K. Thus this reaction is mainly active at high progress variables as can be seen in Fig. 12(a).

Hence the porous matrix has two major impacts on the hydrogen oxidation process. The heat recirculation enhances the shuffle reactions producing, though, more H radicals. The transport of those radicals is enhanced by the pore scale velocity gradients. Consequently, the reactivity of the hydroperoxyl reactions is enhanced because of the highest radical concentrations, especially at small progress variables. More heat is thus produced by those highly exothermic reactions effective at small gas temperatures. Hence both modes of transportation ( Diffusion of heat and radicals ), controlling flame burning rates, are increased by the porous media.

Conclusion

Direct pore-level simulations of a lean hydrogen-air mixture were conducted with complex chemistry. The flame anchoring mechanisms and the burning rate enhancement were investigated in detail. The following conclusions can be drawn :

• At the macro-scale, the flame thickness is higher compared to free adiabatic flames.

• At the pore scale, the flame front is thinner compared to free adiabatic flames.

• The flame front is highly corrugated which leads to higher flame surfaces, stretching and curvature.

• For increasing flow velocities, the high preferential diffusion effects on the wake of the struts compensate for the decrease of the solid temperature at the porous media entry, leading consequently to a strong anchoring of the flame front close to the input edge.

• The superadiabatic temperatures are located in pockets, behind the struts holding the flame front, and are enhanced by the preferential diffusion effects.

• No superadiabaticity is observed on the mean gas temperature profile.

• The overall burning rate enhancement is partially due to the flame surface increase, but mostly to the increase of the local burning rate.

• The local burning rate is enhanced by heat recirculation, but also by the increased radical transport due to the pore scale velocity gradients leading to dispersion and flame wrinkling.

Chapter 8

Heat harvesting 8.1 Introduction

Combustion produces heat that needs to be conveyed to the desired final use. For domestic equipments like house heating and sanitary water, the heat generated by combustion needs to be transferred into water. Actual boilers comport a heat exchanger, set in the burned gases for this purpose. However, due to the high activation temperature of the Zeldovich mechanism, thermal NOx are produced slowly in the burned gases. The only pollutant generated significantly by hydrogen combustion is thermal NOx. Therefore, it can be interesting to burn lean hydrogen-air mixtures inside a porous burner and extract heat directly within the combustion chamber in order to reduce the burned gas temperature. Nevertheless, the flame stability limits are reduced by heat losses [START_REF] Takeno | Effects of Solid Length and Heat Loss on an Excess Enthalpy Flame[END_REF]. Therefore, in this study, the influence of heat losses on lean hydrogen-air flame stability, thermal efficiency and pollutant emissions is considered. To do so a heat harvester is built with a porous burner surrounded by a water flow embedded in copper pipes. The main objectives of this prototype device are the following: maximising the thermal efficiency η and minimising pollutant emissions while maintaining stable combustion. Three parameters are varied: the equivalence ratio ϕ, the thermal power P and the water flow rate Q eau through the heat exchanger.

Setup

A diagram of the heat harvester is shown in Fig. 8.1. As the burned gases are cooled down by a water flow, liquid water is generated by steam condensation and needs to be evacuated. Therefore, the burner is reversed and the combustible mixture is supplied from the top by the same unit as the one presented in Chap. 1 and through the same divergent oriented downward. A new cooling system is added at the inlet, to reduce the temperature increase of the divergent due to radiative heat exchange with the hot ceramics. A 30 cm long quartz pipe, with an inner diameter of 10 cm, is set just downstream of the cooling system and filled with five alumina foams. We showed in Chapter 3 that for increasing equivalence ratio, the flame position is shifted toward the upstream direction. Besides, smaller pores are necessary for stabilising flame with higher equivalence ratio. Therefore, in order to increase the operability range, the pore size of the foams increases toward the downstream direction, as currently done in step burner configuration [START_REF] Su | On a porous medium combustor for hydrogen flame stabilization and operation[END_REF][START_REF] Su | Experimental study of the heat recovery rate in a porous medium combustor under different hydrogen combustion modes[END_REF]. Pictures of the foams are shown in Fig. 8.2. The height and pore size of the two first foams CF 0 and CF 1 are 2 cm and 100 ppi. The height of the three others CF 2 , CF 3 and CF 4 is 8 cm, while their pore sizes are 90, 60 and 30 ppi respectively. The quartz tube is surrounded by a copper pipe containing a water flow and is maintained by a metallic disk fixed with threaded rods. A steel pipe is set around the entire burner and is fixed on a cooling plate which also contains a water flow. Two bent stainless steel pipes are slipped between the steel pipe and the quartz tube to sample the burned gases. The water flow enters the input cooling system, then goes to the cooling plate and finishes in the copper pipe that encircles the quartz tube. The flow rate is measured with a rotameter at a precision of 0.03 L/min. The water temperature is measured at the inlet and outlet of each cooling unit with type K thermocouples, plunged into the water circuit. The temperature difference ∆T w between the inlet and outlet of the entire cooling circuit is used to calculate the heat transferred to water. Each temperature measured by a thermocouple has an uncertainty of 1 K, hence the uncertainty on ∆T w is 2 K.

Type N thermocouples are inserted to monitor the flame position. Eight are set between the quartz and the porous media, at the interface between the ceramic foams (T l,r ). One is put at the centre of the CF 0 upstream edge (T c,0 ). Two are pinched between the quartz pipe and the alumina disk which hold it T b,l,r . One is set between the quartz and the cooling plate T b,0 and one is set inside the divergent T c,0 . The double thermocouple with two bead sizes presented in Chap. 1, is set at the outlet of the steel pipe to measure the exhaust gas temperature T b . 

Characteristic numbers

The thermal efficiency is estimated as follows: 

η = P
P = P CIρ H 2 Q H 2 (8.3)
In these expressions, P w is the power received by the water flow. It is estimated with the water mass flow rate Q w , the temperature difference between the inlet and the outlet of the cooling circuit ∆T w and the heat capacity of water c w p , which flows in the heat exchanger at ambient pressure.

The diminution of the exhaust gas temperature T b compared to T ad is partially due to the heat transferred into the water circuit, but also to the heat losses toward the exterior through the steel pipe. Hence, the efficiency η is lower than the upper limit η m which is estimated with the burned gas temperature T b as follow :

η m = 1 -(T b -T u )/(T ad -T u ) (8.4)
Uncertainties on η are estimated as follows:

dη/η = dQ w /Q w + 2dT /∆T w + dQ H 2 /Q H 2 (8.5)
where other sources of uncertainty are negligible. Pollutant emissions are reported by examining the ratio between the mass flow rate of pollutants ṁNOx divided by the power received by water: The exhaust gases are dried before analysis, hence the nitric oxide concentrations are measured in dry air. The gas analyser measures molar fractions X k , hence the mass fractions Y k needs to be reconstructed as follows Then the molar mass of the mixture W t can be evaluated with Eq. 8.11 and so the mass fraction of the species can be evaluated with Eq. 8.10.

Y k = X k W k /

Flame stabilisation

To study the flame stabilisation inside the burner, a preliminary study is realised in the open setup, shown in Fig. 8.3(c). This setup is similar to the setup presented in Section 8.1, without the copper pipe and with a smaller steel pipe. The flame is ignited downstream of the burner for the leanest mixture possible with the 8.5. Impact of the equivalence ratio 159 mass flow controllers, which is ϕ = 0.21. Then the equivalence ratio is increased by 0.01 steps and at least 30 min are waited at each step for reaching the thermal equilibrium. Pictures of the flames for ϕ ≥ 0.26 are shown in Fig. 8.4. One can see the flame moving upstream for increasing equivalence ratios. The range of equivalence ratio leading to stable submerged combustion is widened by the succession of foams with decreasing pore size in the upstream direction. Nevertheless, despite the very small pore size of CF 0 and CF 1 (δ p = 0.24 mm), the highest achievable equivalence ratio, before flashback, remains small ϕ = 0.31.

From the solution shown in Fig. 8.4(f), increasing the equivalence ratio to ϕ = 0.32 leads to a transition of the flame inside CF 1 and then CF 0 . The temperatures of the convergent and CF 0 are, in this case, continuously increasing, until the flashback limit is reached. The fuel flow rate is shut off and then rapidly opened to reignite the flame inside the porous burner at ϕ = 0.31. The resulting flame is shown in Fig. 8.5(f). In Figs. 8.4(f) and 8.5(f), the flames have the same equivalence ratio but they are stabilised at two different positions. In CF 2 and CF 0 respectively. From the flame shown in Fig. 8.5(f), the equivalence ratio is decreased down to 0. 

Impact of the equivalence ratio

The equivalence ratio influences on the efficiency η, on the exhaust gas temperature T b , and on the pollutant emissions ζ are shown in Fig. 8.6. Figure 8.6(a) indicates that the efficiency is well below the maximal efficiency η m . Hence a consequent amount of heat is lost through the steel pipe. To improve the burner, another copper pipe, with a water flow, could be inserted inside the steel pipe, in contact with its internal surface. The efficiency increases with the equivalence ratio because of two main reasons. Firstly, for increasing equivalence ratios, the flame is stabilised more upstream, which increases the porous media length in contact with burned gases. Furthermore, less heat is advected by the airflow in excess. The efficiency reaches a peak at ϕ = 0.30 before decreasing again. However the decrease is below the uncertainty, hence it can be an artefact, but this result is consistent with the burned gas temperature in Fig. 8.6(b), which reaches a minimum at ϕ = 0.30. Surprisingly, pollutant emissions ζ decrease with ϕ, but as measurements are well below the precision of the analyser this result is questionable. Nevertheless, the variations are of the order of the gas analyser resolution, thus they are not necessarily artefacts. A possible reason for this result could be the increase of the hot region length for decreasing ϕ, which increases the residence time of the gas molecule in a hot region. however, for 0.28 < ϕ < 0. The relationships between efficiency and pollutant emissions on the water flow rate are shown in Fig. 8.8(a) and (b) respectively, for different power. For a given water flow rate, the efficiency decreases with the power. Therefore, in Fig. 8.8(a) Q w is divided by the power P . Consequently, all results merge along a unique curve. Indeed for increasing power, an increasing water flow rate is necessary to evacuate the heat generated by the flame. As the lower heating value is used, the efficiency can even peak over 100 % due to steam condensation. Concerning pollutant emissions, one can see in Fig. 8.8(b) that both X N Ox and ζ decrease with the power. Due to the higher flow velocity at higher power, the residence time of the gas molecules is reduced which also reduces the concentration of pollutants. Depending on the thermal power, different relations are observed between ζ and Q w . For P = 1 kW the dependence of ζ on Q w is a concave relation. For P = 2 kW the dependence of ζ on Q w is a convex relation. For P = 3 kW the dependence of ζ on Q w is monotonically increasing.

Conclusion

A heat harvester composed of a porous burner surrounded by a water circuit has been built and its performance analysed. The equivalence ratios should be kept below ϕ = 0.32 to avoid flashback. This setup was shown to produce very small nitrous oxide emissions below 6 mg/kWh, for all the operating points investigated and thermal powers below 3 kW. It has been found that the thermal efficiency increases with the equivalence ratio and with the water flow rate but it decreases when the power increases. Higher water flow rates are necessary to extract heat at higher power. For water flow rates divided by the power at 40 L/MJ, efficiency up to 100 % can be reached if calculated with the lower heating value.

Conclusion

Hydrogen combustion could play an essential role in the energy transition, if produced from renewable energy sources, or from methane steam reforming, with carbon capture utilisation and storage. Nevertheless, stabilisation of premixed hydrogen-air flames is challenging due to the high reactivity and diffusivity of hydrogen. Furthermore, the formation of nitric oxides has to be reduced to comply with stringent regulations. Submerged combustion of hydrogen-air mixtures, in porous structures has been investigated in this work, as an alternative to power cookers, domestic boilers and all other devices operating with limited power. In porous burners, use is made of heat recirculation to decrease the lean flammability limit and burn ultra-lean mixtures, to limit NOx emissions. Therefore, the stabilisation of hydrogen flames within porous structures was investigated, at the macro scale with experimentations and at the pore scale with direct pore-level simulations, in order to better understand the basic mechanisms controlling the transitions from one stabilisation mode to the others.

Methane and hydrogen flame stabilisation mechanisms were first compared with a set of experiments. The macroscopic flame stabilisation mechanisms, predicted by one dimensional models, were confirmed for methane. For increasing flow rates, the flame position shifts from the porous burner inlet toward the middle, where the blow-off limit is reached. However, steady flames could also be stabilised on the downstream half of the burner, despite the unstable behaviour predicted by those models. The downstream stabilisation mode is, though, metastable for a small range of flow velocities close to the blow-off limit. If the flow rate was varied slowly, several steady solutions could be obtained. The transition limit between surface and submerged combustion regime were also characterised, for both fuels, with the flashback and blow-off limits of the submerged combustion regimes. For methane flames, at the transition from surface to submerged combustion and at the flash back limit, the ratio u = U/S 0 l between the flow velocity U and the adiabatic burning velocity S 0 l highly depends on the pore size and weekly depends on the power and equivalence ratio. This ratio decreases for decreasing pore size. For the three limits, the critical equivalence ratio increases for smaller pore sizes, which has been shown to be consistent the dependence of the quenching diameter on the equivalence ratio. If the pore size is decreased, higher equivalence ratios, and consequently also higher solid temperatures, are necessary for the flame (i) to penetrate within the porous burner, (ii) to stay inside it and (iii) to cross the upstream boundary of the porous burner. When the pore size is decreased, the equivalence ratio leading to blow-off increase in the experiments, while 1D volume averaged models predict the opposite. This observation led to consider that flame stretch generated at the pore scale, radiative heat transfer and hydrodynamic dispersion are of first order concerning blow-off and should be better modelled in 1D theories, for obtaining accurate predictions of the porous burners stability limits.

The behaviour of the porous burner, when fuelled with hydrogen, is different on several points compared to methane. For pores wider than the minimal hydrogen flame quenching diameter (≈ 0.6 mm), hydrogen flames succeed to penetrate rapidly, without substantial heating of the solid phase. On the other hand, due to their larger quenching diameters, methane flames, for the same pore sizes, need to increase the solid temperature first, leading to slow transitions from surface to submerged combustion, controlled by heat transfer within the solid phase. For high flow rates, hydrogen flames remain strongly anchored at the porous burner inlet, but long flamelets could be observed above the outlet of the ceramic. Consequently, submerged flames could be stabilised at very lean equivalence ratios, as lean as 0.21. This strong anchoring phenomenon was observed for porous matrices with pore sizes above 60 ppi. For pore sizes equal to 60 ppi, a similar behaviour is observed, but the blow-off limit was above ϕ = 0.21. For smaller pore sizes, no flamelets could be observed above the porous burner. As for methane flames, the lowest equivalence ratio of the hydrogen-air mixture leading to blow-off increases for decreasing pore sizes.

To understand the behaviour observed for hydrogen flames, direct pore-level simulations were performed. First, the transition from surface to submerged combustion regime was studied with two-dimensional simulations of isothermal porous structure, composed of staggered cylinders. For surface solutions, the convex dependence of the flame stand-off distance with the flow rate, predicted by asymptotic studies, was obtained. Surface solutions are stabilised such that the energy balance leads to an equilibrium between the consumption speed and the flow velocity. Stable solutions were also obtained for flow velocities above the adiabatic burning velocity due to flame wrinkling. The solid temperature leading to submerged solutions decreases with the pore size, which is consistent with the experimental observations. For large pore sizes, the transition to submerged combustion was observed to be mainly controlled by the velocity field, while for smaller pore sizes, the heat transfer between the flame and the solid phase is predominant. Hence, two branches of solutions were obtained for high pore sizes. One corresponding to the surface combustion regime and one very similar to the submerged combustion regime, with flame stabilised inside the porous media just upstream of the porous outlet. Both solutions are stable for high flow rates, which leads to hysteresis. These solutions were found to be unstable for a range of small velocities, which leads to oscillations between both solutions. For small pore sizes, a continuous branch was obtained.

The submerged combustion regime was also investigated for the 2D staggered 8.8. Conclusion 165 geometrical configuration. For isothermal solid temperature profiles, the hydrogen flames could be stabilised indifferently in any cell of the geometrical configuration. For large pores, due to preferential diffusion effects, the flame can remain anchored, without heat recirculation, in the wake of the struts, for flow velocities much above the adiabatic burning velocity. Consequently, the flame surface was highly increased which can be an explication of the flamelets that were observed above the porous burner in the experiment. Above T u = 500 K, the thermal flame thickness is not highly influenced by the fresh gas temperature T u . Hence for smaller pores, the flame cannot bend, even if the solid temperature is increased. Simulations were also carried out by imposing a temperature gradient in the solid phase. Depending on the flow rate and solid temperature gradient, several combustion regimes could be obtained. For high flow rates, steady submerged solutions can be stabilised at a macroscopic position that shifts downstream for increasing flow rates. For smaller flow rates, the flames execute periodically a succession of extinction and reignition, due to heat losses which surpass heat production.

Simulations in a more realistic 3D mesh obtained, from an X-ray Tomography of a real ceramic foam, were also conducted with conjugated heat transfer. The strong hydrogen flame anchoring at the porous burner inlet could be retrieved, in the simulations, and was found to be mainly generated by preferential diffusion effects. For increasing flow rate, the solid temperature at the porous burner inlet decrease. However, preferential diffusion effects are enhanced for increasing flow rate, leading to higher peaks of superadiabaticity, despite the reduced preheating of the reactant. Therefore, hydrogen flames remain strongly anchored in the wake of the struts, where the local equivalence ratio is increased by preferential diffusion effects and where the flow velocity is small. Furthermore, the complex pore-scale velocity field leads to flame wrinkling. Consequently, the flame surface area was a linearly increasing function of the flow rate while the averaged heat release rates remained relatively constant but highly enhanced compared to free flames. This burning rate enhancement is partially due to preheating, but also to enhanced transport of radicals, mainly H, which increase the local equivalence ratio, and promote hydroperoxyl reactions which are highly exothermic and have small activation temperatures.

To conclude a prototype of heat harvester powered by hydrogen was built and investigated. Its efficiency was shown to be increased by the equivalence ratio and water flow rate, while it decreased when the power was increased. The water flow rate had to be increased proportionately to the power for maintaining the same efficiency. Lean equivalence ratio below ϕ = 0.32 has to be maintained to avoid flashbacks, despite the small pore size used on the upstream part of the burner (δ p = 0.25 mm). Very small pollutant emissions, below 6 mg/kWh were obtained for all the points investigated, while efficiencies up to 100 % could be measured by 166 Chapter 8. Heat harvesting considering the fuel low heating value.

As a general conclusion, it has been shown that submerged combustion in porous matrices can be used to develop efficient burners, for hydrogen combustion, with low pollutant emissions. Very lean hydrogen mixtures have to be used to avoid flashbacks. Preferential diffusion effects can promote the stabilisation of hydrogenair flames, if the pores are large enough. Nevertheless, small pore sizes need to be set upstream of the flow to avoid flashbacks. Furthermore, the efficiency of the burner increases with the equivalence ratio, while nitrous oxide emissions were shown to be very limited.
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 1 Figure 1: CO 2 concentration measured at the Mauna Loa's top. From [83].
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 2 emissions. (b) Global surface temperature change.
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 2 Figure 2: (a) CO 2 emission scenarios for the representative concentration pathways (b) Predicted evolution of the global Earth surface temperature change compared to 1986-2005 from coupled model intercomparison. The lines represent the multi model mean, the shaded area represent the 5 to 95% range across the distribution of individual models and the number of model employed is specified. From AR5 [51].
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 6 Figure 6: Summary of production costs of H 2 & CH 4 paths and sale prices according to uses. (Heat + O2) Heat and oxygen recovery. From [1].
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 7 Figure 7: Schematic diagram of hydrogen production, storage and consumption.
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 8 Figure 8: Flame properties comparison between hydrogen/airand methane/air flames for T u = 300 K and atmospheric pressure. Computed on Cantera[25] with the Boivin kinetic mechanism[8]. Comparison of the hydrogen laminar burning velocity with the experimental data of •[3] , ♦[37] , ■[27].
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 9 Figure 9: Interaction between flame stretch and nonequidiffusion effects for hydrogen flames.

Fig. 5 .

 5 Fig. 5. Emission spectra in typical hydrogen-air flames: (a) premixed H2-air jet flame showing measured spectral peaks from ultraviolet to near infrared; (b) diffusion H2-air jet flame showing calculated spectral features in infrared range of wavelengths[12]. Note that the visible spectra extending from 350 nm to 850 nm in (a) was scaled by a factor of 6.5 with respect to the OH spectra in the ultraviolet.
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 10 Figure 10: Chemiluminescence from (a) CO 2 diluted CH 4 /air premixed flames [26], (b) premixed H 2 /air jet flame [70] .
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 511 Figure 11: Gas temperature and NO formation profiles in a stoechimotric (a) and lean hydrogen flame (b).
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 12 Figure 12: Heat recirculation within porous burners
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 13 Figure 13: Normalised temperature τ and reaction rate (RR) profiles for several normalised input velocities u = U/S 0L , whith ξ = x/δ 0 h . From[START_REF] Takeno | A theoretical study on an excess enthalpy flame[END_REF] 
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 14 Figure 14: (a) Typical normalised temperature θ, fuel mass fraction y, steady flame stand off distance ξ and displacement Φ obtained with the model of [33]. (b) Stableand unstable flame stand off distance L with minimal (L min ), maximal (L max ) and time averaged (L av ) of the unsteady solutions. From[33].
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 15 Figure 15: Structure of a reticulated Si-SiC ceramic foam. From [6].
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 a Optical thickness influence τ . (b) Scattering Albedo influence ω.

Figure 16 :

 16 Figure 16: Influence of the optical thickness τ (a) and scattering albedo ω (b) on the relationship between the normalised burning velocity and the dimensionless flame location. The scattering albedo is fixed at ω = 0.5 in (a) and the optical thickness is fixed at τ = 1 in (b). From [69].

Figure 18 :

 18 Figure 18: Dependence of the flame speed on (a) the pore scale flame position in the discrete geometry, (b) the pore scale flame position on the connected geometry and (c) the arrangement of the solid inclusions. From [67].
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 22 Figure 22: Flame stabilised downstream of a pipe.
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 25 Figure 25: Experimental results obtained by Maruta et al [50], for propane/air mixtures (a) at an average mixture velocity of 30 cm/s and an equivalence ratio of 0.5, (A) stable flame in the case of maximum wall temperature, T c = 1320 K, (B) flame with repetitive extinction and ignition, T c = 1130 K, (C) pulsating flame, T c = 1270 K, and (D) flame with a combination of pulsating flame and FREI, T c = 1200 K. (b) Position of reaction zone and averaged mixture velocity.

  (a) Burning velocity (b) High and low velocity regimes
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 26 Figure 26: Numerical results obtained by Ju et Xu [35] for propane/air mixtures. (a) Dependence of the burning velocity on normalized heat transfer rate for various wall thermal diffusivities. (b) Comparison of temperature profiles at different flame regimes for propane/air flames.
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 11 Figure 1.1:Diagram of (a) the mixture supply unit, (b) the burner with: the distribution unit (0), the divergent (1), the tranquillizing chamber (2), the combustion chamber (3), the convergent (4), the Flash Back Arrestor (FBA), the Photomultiplier (PM), the Pyrometer and the thermocouples (T). The main dimensions are indicated in the figure.
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 12 Figure 1.2: Pictures of the experimental benchmark
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 1314 Figure 1.3: Porous burner configurations with thermocouples. δ p = 30 ppi.

Figure 1 . 6 :

 16 Figure 1.6: Influence of the velocity U (a) and solid temperature T s (b) on the deviation of

Figure 1 . 7 :

 17 Figure 1.7: Velocity distribution at the porous burner inlet, for an air flow at Q a = 130 nL/min

Figure 1 . 8 :

 18 Figure 1.8: Temperature distribution in the burned gases for P = 2 kW and ϕ = 0.55

Figure 1 . 9 :

 19 Figure 1.9: Picture of the combustion chamber for δ p = 30 ppi with (a) and (b) an upstream solution at P = 2 kW and ϕ = 0.55 in the continuous configuration, (c) a downstream solution at P = 2 kW and ϕ = 0.51 in the stepped configuration

•

  Ev1, Ev2 : Solenoid valve, closed by (R) • Ev3 : Solenoid valve, Opened by (R) Gas system • Db0 : Air mass flow controller (130 Nl/min ) • Db1 : H 2 mass flow controller ( 20 Nl/min ) • Db2 : CH 4 mass flow controller (19.05 Nl/min ) • FBA : Flash back arrestor • Ht : Hood • MHt : Hood motor Thermocouple • Th1,Th2,Th3 : Thermocouple, Type N Automaton • Rw1,Rw2,Rw3 : Signal processor • Rw4 : Gaz analyser ( 15% of the LEL ) • R : logic gate "or" • ShutD in : Emergency shut down, in the room • ShutD out : Emergency shut down, out of the room • O : Push-button switch • Ac : Alimentation of the automaton, on/off Gas detector • DgH : High gas detector • DgL : Low gas detector Hood control • Ah : Hood alimentation, controlled by Ac • Cpd : Differential pressure sensor
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 71 Figure 1. Experimental setup: (1) Injection unit, (2) Homogenization chamber , (3) Combustion chamber, (4) Exhaust nozzle, CF i Ceramic foams, T i s : Temperatures on the burner side, T u : Fresh reactants temperature, T 0,1 b : Burnt gases temperature measured by a small (T 0 b ) and large (T 1 b ) bead thermocouples, T h : Nozzle exhaust temperature.

Figure 2 .

 2 Figure 2. Picture of the combustion chamber (3) with a ceramic burner wrapped by a thin glass fibre layer and the exhaust nozzle (4).
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 3 Figure 3. (a-b) Stack of 4 porous cylinders with the location of the thermocouples. (c-d) Continuous matrix burner with the location of the thermocouples. T i c : Temperatures on the burner axis. T i s : Temperature on the burner side.
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 4 Figure 4. Normalised flow velocity for partial u 1t and total u 0 t transition, with u 1 t ≥ u 0 t .

  Upstream solution, ϕ = 0.51.

Figure 5 .

 5 Figure 5. Evolution of the temperature in the center and along the side while transition from surface to submerged combustion regime for P = 1 kW.
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 678 Figure 6. Pictures of upstream and downstream submerged solutions for the stacked burner (a,b,c,e,f,g,i,j,k) and continuous burner (d,h,l).
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 9 Figure 9. Upstream and downstream solutions at blow off and flash back limits for P = 1 kW . Brightness profile . smoothed brightness profile . Central temperature profile T c • . Side temperature profile T s . Left side thermocouples ■. Right side thermocouples ♦ .

Figure 10 .

 10 Figure 10. Upstream solutions for P = 1, 2, 2.5, 3 kW from bottom to top profiles. Brightness profile . smoothed brightness profile . Central temperature profile T c • . Side temperature profile T s . Left side thermocouples ■. Right side thermocouples ♦ .

20 PFigure 11 .

 2011 Figure 11. Equivalence ratio ϕ and normalised flow velocity u b , u f at blow-off ■ and flashback ♦ boundaries, compared to Masset et al[9] 

Figure 12 .

 12 Figure 12. Flame positions toward normalised flow velocity, for ϕ = 0.51 z c • , z p, z s , Masset et al theory[9] 

  H 2 is controlled by a Voegtlin red-y smart flow meter with o m e t e r
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 13 Figure 1. Experimental setup: (1) Injection unit, (2) Homogenization chamber, (3) Combustion chamber, (4) Exhaust nozzle, CF i : Ceramic foams, T i s : Temperature on the burner side, T u : Fresh reactants temperature, T 0,1 b : Burnt gases temperature measured by a small (T 0 b ) and large (T 1 b ) bead thermocouples, T h : Nozzle exhaust temperature.
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 4 Figure 4. Adiabatic flame characteristics at T u = 300 K, Hydrogen, Hybrid, Methane.
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 5 Figure 5. Temperature profiles for the 10 ppi ▲ and 30 ppi ♦ stacked ceramics configurations for methane air mixtures at P = 2 kW
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 266 Figure 6. Normalised photomultiplier signal and solid temperature while transition for 10 ppi ceramics and 2 kW.
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 367 Figure 7. Normalised photomultiplier signal and solid temperature while transition for 60 ppi ceramics and 2 kW.
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 89 Figure 8. Pictures of the burner during the transition to submerged combustion, of a methane air flame at 2 kW in the 10 ppi porous burner. The white balance is set to enhance the blue colour of the flame.

Figure 10 .

 10 Figure 10. Critical equivalence ratio ϕ t and normalised flow velocity u t , versus power P, at transition from surface to submerged combustion, for methane (a) and hydrogen flames (b) within the 30 ppi geometry.

Figure 11 .

 11 Figure 11. Solid temperature T s versus normalised inlet velocity u = U/S 0 L for flames stabilised at P = 2 kW, at the top of the four porous burners, with richest steady solutions: 10 ppi ▲ , 30 ppi ♦ , 60 ppi ■ , 90 ppi • , : u = 1
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 12 Figure 12. Critical equivalence ratio ϕ t and normalised flow speed u t , with error bars, versus the Peclet number Pe p , at transition from surface to submerged solutions, for methane (a) and hydrogen flames (b) 10 ppi ▲ , 30 ppi ♦ , 60 ppi ■ , 90 ppi •

Figure 13 .

 13 Figure 13. Critical equivalence ratios ϕ f and normalised flow velocity u f , with error bars, versus firing rate, at flash back, for methane (a) and hydrogen flames (b) within the 30 ppi geometry

Figure 14 .

 14 Figure 14. Critical equivalence ratio ϕ f and normalised flow velocity u f , with error bars, versus the Peclet number Pe f p , at flash back boundary, for methane (a) and hydrogen flames (b) 10 ppi ▲ , 30 ppi ♦ , 60 ppi ■ , 90 ppi •

  b),12(b),13(b) and 14(b).
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 1054163017 Figure 16. Flame pictures near blow-off, methane, 2 kW.
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 18 Figure 18. Critical equivalence ratio ϕ b and normalised flow speed u b, versus power, at blow off, for methane flames and δ p = 30 ppi.Masset et al theory[51] 
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 19 Figure 19. Critical equivalence ratio ϕ b and normalised flow speed u b, versus Peclet number Pe b p , at the blow-off limit, for methane flames 10 ppi ▲ , 30 ppi ♦ , 60 ppi ■ , 90 ppi •
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 41 Figure 4.1: Geometry, boundary conditions and flame position x f (y)

Fig. 4 . 1 .

 41 The flame root x min f and tip x max f correspond to the minimal and maximal longitudinal points respectively, while the flame position x mean f corresponds to the arithmetic averaged of the point defining x f (y)
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 42 Figure 4.2: Magnitude v of the velocity field for δ p = 86 ppi, U u = 1 m/s and T u = T s = 800 K, with × the local speed maxima and • the neck points of the speed field

  u [m/s] (b) Ratio between the extrema magnitude and the input velocity
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 43 Figure 4.3: Evolutions of the velocity field extrema magnitude v 0 , v p and v c with the input flow velocity U u
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 344 Figure 4.4: Meshes compared to verify the mesh convergence of the simulations. Mesh 1: Triangular cells of 10 µm and quad cells of 5 µm, Mesh 2: Triangular cells of 20 µm and quad cells of 10 µm, Mesh 3: Only triangular cells of 20 µm

  q m [GW/m 3 ] (d) Maximal Heat release rate
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 45 Figure 4.5: Temporal evolution of the maximal temperature and heat release rate during the FREI regime for three meshes : Mesh 1, Mesh 2 and Mesh 3.
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 46 Figure 4.6: Adiabatique flame speed and flame thickness for ϕ = 0.3 [-], obtained with Cantera[25] and Boivin scheme[8] 

Figure 4 . 7 :

 47 Figure 4.7: Schematic diagram of the X-ray tomography

Figure 4 . 8 :

 48 Figure 4.8: Silicon carbide foam (a), horizontal slice of the 3D attenuation field obtained with the tomography (b), image after the algorithm of segmentation
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 49 Figure 4.9: Influence of the Gaussian filter radius γ.
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 410411 Figure 4.10: Surface mesh generation: (a) Mesh from iMorph, (b) Mesh after a first manual cleaning, extrusion and Laplacian smooth, (c) Mesh after an automatic cleaning with PyMesh and a remeshing with MMGS.

.
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 412 Figure 4.12: Numerical domain
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 1585152 Figure 5.1: Heat release rate and flame front position x f (y) for several u and L y , T s = 700 K, • ✕ G 0
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 53 Figure 5.3: (a), (b), (c) Combustion regime diagram, • Steady surface solutions, ■ Steady submerged solutions, • Pulsating flames, * Flash Back (d) Peclet numbers of the first submerged solution : P e sub ( see Eq. 5.6 ), Peclet numbers of the first flash back solution : P e f b ( see Eq. 5.7 )
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 51 sub P e f b δ c /δ sub q Dimensionless numbers at the smallest solid temperature leading to submerged solution T sub s or flash back T f b s the flame front. The pulsating flames are investigated in the next section.
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 5455 Figure 5.5: Averaged and normalised heat release rate Q= S 0 L Q/(U u Q 0 ) and heat losses Φ s = S 0 L Φ s /(U u Q 0 )versus the pore normalised position ξ p = (x -x 0 )/L y for T w = 830 K,
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 157 Figure 5.7: Heat release rate field, with the flame front x f (y), the flame foot and tip, • ✕ G 0 ,G p , • • G min

  Absolute flame speed : S a = -
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 5859 Figure 5.8: Time history of normalised variables on several period ∆t with τ = (t -t 0 )/∆t
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 1 Only the initial conditions are different. Consequently, the flames are stabilised in three different cells (
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 61 Figure 6.1: Heat release rate fields with the flame front in red, as defined in Chap. 4 for T w = 800 K, δ p = 57 ppi and u = 0.38
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 262 Figure 6.2: Heat release rate (left) and local equivalence ratio fields (right), with the flame fronts in red and the recirculation zones in blue, for T w = 800 K and δ p = 57 ppi
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 63 Figure 6.3: Heat release rate (left) and local equivalence ratio fields (right), with the flame fronts in red and the recirculation zones in blue, for T w = 830 K and δ p = 86 ppi

3 Figure 6 . 4 :

 364 Figure 6.4: Heat release rate (left) and local equivalence ratio fields (right), with the flame fronts in red and the recirculation zones in blue, for T w = 860 K and δ p = 114 ppi
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 65 Figure 6.5: Dependence of the minimal and maximal local and normalised equivalence ratio ζ on : (a) the normalised input velocity u, and (b) the Peclet number P e H estimated with the hydrogen mass diffusion coefficient (see Eq. 6.3) for • δ p = 57 ppi, ■ δ p = 86 ppi and ♦ δ p = 114 ppi. The markers correspond to the cases of Fig. 6.2, 6.3 and 6.4
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 166 Figure 6.6: Comparison of the heat release rate (left) and local equivalence ratio (right), between: (a) and (b) the 57 ppi geometry at T u = 800 K and (c) and (d) the 86 ppi geometry at T u = 900 K for similar normalised input velocities u and and Peclet numbers P e p . The recirculation zone are shown in blue with the isoline u = 0, while the flame front is in red.
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 67 Figure 6.7: (a), (b), (c) Normalised submerged flame position with the flame root and tip , (d) Maximum gas temperature
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 68 Figure 6.8: Combustion regime diagram, depending on the solid temperature gradient ∇T s and on the normalised input velocity u = ρ(T u )U u /ρ(T b s )S 0 L (T b s ). • Steady surface solutions, ■ Steady submerged solutions, • Pulsating flames, * Flash Back, × Extinction with no reignition (EXT), • FREI
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 69 Figure 6.9: Influence of the input normalised velocity u = ρ(T u )U u /ρ(T b s )S 0 L (T b s ) on the flame position of : • steady surface solutions, • steady submerged solutions, • • pulsating flames, • * FREI, × extinction without reignition for T b s = 870 K
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 610 Figure 6.10: Normalised heat release rate and gas temperature fields at several instant of the FREI solution with ∇T s = 24 K/mm and u = 0.10.
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 611 Figure 6.11: Time hystory of the main normalised variable in the solution with ∇T s = 24K/mm and u = 0.10. The time is normalised by the period of the oscillations τ = t×f , with f = 134 Hz.
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 612 Figure 6.12: Comparison between steady solutions •, pulsating flames •, FREI flames × and transient flame leading to a steady solution +. The point of the unsteady cases correspond to the instant when the the flame front stop and and go back in the downstream direction.
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 1 Figure 1. Computational domain with boundary conditions
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 2 Figure 2. Porosity ϵ and specific area S v versus the normalised axial location ξ = (zz 0 s )/δ 0 l
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 3 Figure 3. Averaged and normalised profiles with minimum and maximum values , for u = 7 versus the normalised axial location z. Porous media edges .
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 4 Figure 4. Normalised fields on a (Z, Y) slice for u = 7.
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 5 Figure 5. Normalised fields on a (Z, Y) slice for u = 14.
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 6 Figure 6. Averaged and normalised profiles with minimum and maximum values for u = 7, 9.5, 12, 14 versus the normalised longitudinal position ξ = (zz 0 s )/δ 0 l
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 7 Figure 7. Struts averaged temperature θ s , Maximum gas temperature on the superadiabatic pockets θ g and local equivalence ratio behind the struts ζ
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 811 Figure 8. Isosurface C = 0.05 and C = 0.65 colored by : (a),(d) the stretch rate k, (b),(e) the gas temperature θ g , (c),(f) the heat release rate ω, with the solid phase coloured by the solid temperature θ s

Figure 9 .

 9 Figure 9. Contributions of the burning rate enhancement • , normalised by u ■

Figure 10 .

 10 Figure 10. Flame structure comparison between a free 1D flame and a porous burner stabilised flame at u = 14 with minimum and maximum values and with the heat release rate profiles obtained from : complex chemistry applied on the averaged fields , averaged of the complex chemistry applied on the local fields

Figure 11 .

 11 Figure 11. Radicals mass fraction dependence on the progress variable C : averaged and normalised values of the DPLS, minimum and maximum values, equivalent free flame with the same normalisation.

Figure 12 .

 12 Figure 12. Heat release rates from the reactions 18,19 , 20 normalised by the total heat release rate maximum of the equivalent free flame : ωk = q k /q * k , versus the progress variable C, at u = 14. total heat release rate, sum of the the heat release rate of the reactions 18, 19 and 20

Figure 8 . 1 :

 81 Figure 8.1: Experimental setup.

Figure 8 . 2 :

 82 Figure 8.2: Pictures of the five ceramic foams flushed inside the burner.

  These pipes are connected to an Ecom J2KN pro gas analyser, which measures NO and NO 2 emissions with an accuracy of 5 ppm and a resolution of 0.1 ppm. The exhaust gases pass through big holes made in the support plate and are sucked by the hood. Pictures of the setup are shown in Fig. 8.3.

Figure 8 . 3 :

 83 Figure 8.3: Pictures of the setup

31 Figure 8 . 4 : 31 Figure 8 . 5 :

 31843185 Figure 8.4: Equivalence ratio increase from a surface solution at P = 2 kW

  21, which leads to a translation of the flame in the downstream direction. The solutions up to ϕ = 0.26 are shown in Fig. 8.4. By comparing Fig. 8.5 and 8.4 one can see the hysteresis between the two types of flame stabilisation.

Figure 8 . 6 : 8 . 6 Figure 8 . 7 :Figure 8 . 8 :

 86868788 Figure 8.6: Impact of equivalence ratio on efficiency, exhaust gas temperature and pollutant emissions for P = 2kW and Q w = 0.41 L/min

  

Table 1 :

 1 Projected change in global mean Earth surface temperature (

	1.1 to 2.6

• C) for the mid-and late 21st century, relative to the 1986-2005 period. From AR5

[51]

.

Figure 1.10: Diagram of the safety system.

  

	1.5. Safety system			45
			Cpd	
				MHt
			Th3		DgH
			Ht	
				Th2
			Th1	
				Ah	Rw1 000	Rw2 Rw3 000 000
					R	000
					Rw4
			FBA	Ac	O
	Db 2	Db 1	Db 0	
	Ev 2	Ev 1			Ev 3	DgL
	CH 4	H 2	Air		N 2

Table 1 .1: Key

 1 components of the safety system.

Table 4 . 1 :

 41 Numerical domains parameters 2L y . Therefore, only one period of the 57 and 86 ppi geometries is presented in this thesis, while two periods are presented for the 114 ppi geometry.

	8	1.270	0.817	0.445	57	0.226	1760
	0.8	0.847	0.545	0.297	86	0.151	2647
	0.8	0.635	0.408	0.222	114	0.113	3522

Table 5 . 2 :

 52 Flow characteristics of the three cases at the bifurcation of the high u surface branch

Table 6 . 1 :

 61 .1 and is 10.66. Blow off limit u bo an type of anchoring for several solid temperature T s and pore size δ p .

	This

  (8.11)ϕH 2 + 1/2(O 2 + aN 2 ) ⇔ ϕH 2 O + (1 -ϕ)/2O 2 + a/2N 2 (8.12)

						W t	(8.10)
			W t =	
		N H 2 O = ϕ, N O 2 =	1 -ϕ 2	, N N 2 =	a 2	(8.13)
	N w t =	1 + ϕ + a 2	, N d t =	1 -ϕ + a 2	(8.14)
		X w k =	N k N w t	, X d k =	N k t N d	(8.15)

k X k W k
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