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LeF Fuel Lewis number

Leeff

Effective Lewis number as defined in [START_REF] Park | Effects of Lewis number and preferential diffusion on flame characteristics in 80%H2/20%CO syngas counterflow diffusion flames diluted with He and Ar[END_REF] for diffusion flames

Zst

Stochiometric mixing fraction

MR

Momentum Ratio

ReJ

Jet Reynolds number

Relip

Local Reynolds number in the wake of the burner lip

Introduction

Ammonia has attracted recent attention for its use as a carbon-free energy carrier [START_REF] Iea | The Future of Hydrogen[END_REF][START_REF] Kobayashi | Science and technology of ammonia combustion[END_REF]. Indeed, ammonia presents interesting features that make it both cost-effective and fastly and broadly deployable for the energy industry [START_REF] Valera-Medina | Ammonia for power[END_REF][START_REF] Vezina | Key Life Cycle Assessment Numbers for NH3, Green and Brown Energy[END_REF]. Though its production is for now mainly carbon-based, green-ammonia production is possible using water and nitrogen, employing water electrolysis and Haber-Bosh process as a way to store energy from renewable resources. This green ammonia can be later used as a fuel in various combustion situations ranging from SI engines to gas turbine applications [START_REF] Mounaïm-Rousselle | Ammonia as Fuel for Low-Carbon Spark-Ignition Engines of Tomorrow's Passenger Cars[END_REF][START_REF] Kurata | Development of a wide range-operable, rich-lean low-NOx combustor for NH3 fuel gas-turbine power generation[END_REF][START_REF] Lesmana | NH3 as a transport fuel in internal combustion engines: A technical review[END_REF]. However, some major challenges remain including the NOx emission and flame stabilization issues. Regarding the stabilization issue, the use of fuel blends can be considered, such as ammonia/hydrogen mixtures or ammonia/hydrocarbons mixtures, with a greater reactivity than the pure ammonia, therefore easing stabilization. Among those blends, ammonia/hydrocarbons mixing are essential for short-term CO2 emission mitigation strategy through the addition of ammonia in existing facilities currently running on hydrocarbons. The combustion properties of those blends had thus recently attracted attention [START_REF] Okafor | Experimental and numerical study of the laminar burning velocity of CH4-NH3-air premixed flames[END_REF][START_REF] Ichikawa | Burning velocity and flame structure of CH4 /NH3 /air turbulent premixed flames at high pressure[END_REF][START_REF] Han | Experimental and kinetic modeling study of laminar burning velocities of NH3/air, NH3/H2/air, NH3/CO/air and NH3/CH4/air premixed flames[END_REF][START_REF] Colson | Experimental and Numerical Study of NH3/CH4 Counterflow Premixed and Non-premixed Flames for Various NH3 Mixing Ratios[END_REF]. However, studies on those blend fuel flame stabilization mechanisms remain scarce.

Among them, Hayakawa et al. [START_REF] Hayakawa | Experimental investigation of stabilization and emission characteristics of ammonia/air premixed flames in a swirl combustor[END_REF] studied the flame stabilization domain in a swirl burner for premixed ammonia flame. A more fundamental approach was taken by Rohdes et al. [START_REF] Rohde | The stabilization of turbulent ammonia-air flames on flameholders[END_REF] observing a premixed ammonia turbulent flame stabilized on a flame holder, doped with O2.
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This work focuses on the stabilization mechanisms of a non-premixed ammonia/methane flame using a jet flame configuration in air coflow. The non-premixed jet flame configuration has been used in many fundamental studies on flame stabilization as reviewed by Lyons or Lawn [START_REF] Lyons | Toward an understanding of the stabilization mechanisms of lifted turbulent jet flames: Experiments[END_REF][START_REF] Lawn | Lifted flames on fuel jets in co-flowing air[END_REF].

This academic configuration is relatively simple and allows to look at the detail of the mechanisms of flame stabilization, from a global approach [START_REF] Takahashi | Lifting criteria of jet diffusion flames[END_REF][START_REF] Takahashi | Lifting mechanism of free jet diffusion flames[END_REF] to a more local approach close to flame tip [START_REF] Takahashi | Near-field turbulent structures and the local extinction of jet diffusion flames[END_REF][START_REF] Takahashi | Attachment mechanisms of diffusion flames[END_REF][START_REF] Lamige | On preheating and dilution effects in non-premixed jet flame stabilization[END_REF][START_REF] Otakeyama | Stability of CH4-N2/air jet diffusion flame for 11 various burner rim thicknesses[END_REF][START_REF] Marin | Experimental study of the lifting characteristics of the leading-edge of an attached non-premixed jet-flame: Air-side or fuel-side dilution[END_REF]. From these studies, it was shown that different stabilization regimes can be observed depending on several parameters including the aerodynamics of the jet, the geometry of the burner or the fuel used and the presence of diluents. The prediction of the flame behavior in these regimes and the transitions between each regime has been subject to several studies combining theoretical approach and empirical one. In the following, we will refer to "liftoff" as the transition between attached and lifted flames, "blowout" as the transition from lifted flames to extinction, "re-attachment" as the transition from lifted flames to attached flames and finally "blowoff" as direct extinction from attached flames. Two main liftoff mechanisms were observed and described by Takahashi and Schmoll [START_REF] Takahashi | Lifting criteria of jet diffusion flames[END_REF] depending mainly on the burner lip thickness and the coflow velocity: flame base controlled liftoff (or type I), for which the flame base lifted abruptly when increasing the jet velocity at a fixed coflow velocity, and extinction liftoff (or type II) for which extinction occurred at the jet breakpoint, eventually splitting the flame until liftoff.
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In the present configuration, the evolution of the stabilization domain of a methane flame with ammonia addition was first described in our previous work [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF], with a focus on liftoff and re-attachment. For the limited range of coflow velocity investigated in the study, Uco = 0.1 -0.3 m/s, direct flame liftoff from the base was observed, corresponding to "Type I" liftoff as described by Takahashi and Schmoll [START_REF] Takahashi | Lifting criteria of jet diffusion flames[END_REF], and usually associated to "thin" burner lip. The liftoff velocity in that range of coflow did not vary significantly and is consistent with the observations of Takahashi and Schmoll [START_REF] Takahashi | Lifting criteria of jet diffusion flames[END_REF] for the present burner lip thickness of 2 mm. A high-speed image history of a typical liftoff event for a methane flame in the present configuration is included in the supplementary material. Similar base flame liftoff was observed with ammonia addition as could be expected from the larger flame thickness with ammonia addition [START_REF] Guiberti | Detachment mechanisms of turbulent non-premixed jet flames at atmospheric and elevated pressures[END_REF].

Moreover, in our previous work [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF], ammonia addition led to a particularly large decrease of the liftoff limit, with direct blowoff observed close to 50% of ammonia in terms of mole fraction in the fuel mixture. This decrease might be mostly attributed to chemical change brought by ammonia addition and the large decrease in the mixture burning velocity as ammonia is introduced. Indeed, in the case of flame base liftoff, the liftoff velocity, ULO, was previously reported to scale with the laminar burning velocity of the mixture, SL0 [START_REF] Guiberti | Detachment mechanisms of turbulent non-premixed jet flames at atmospheric and elevated pressures[END_REF][START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF][START_REF] Kim | Characteristics of laminar lifted flames in coflow jets with initial temperature variation[END_REF]. However, the variation of the ratio of the liftoff velocity on the laminar burning velocity CL = ULO/ SL0, obtained in [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF] and recalled in Fig. 1 presented a decreasing trend, independently of the drop 1 corresponding to the laminar-turbulent transition of the jet, suggesting that the impact of ammonia addition on the attached flame stabilization up to liftoff should be further investigated to fully apprehend the decrease observed in the liftoff velocity. Thus, a local approach, focusing on the attached flame tip and its interaction with the burner, is considered in the present work to observe the evolution with ammonia addition of the aero-thermo-chemical coupling at the burner lip up to liftoff.

Local study of the flame stabilization in the present configuration was done in previous work [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF] in the case of a methane flame with a focus on thermal aspects, with preheating of the Regime I: the flame moves toward the oxidizer and downward as the jet velocity is increased up to an extremum position (RE, HE). This first regime corresponds to the gradual expansion of the jet as UJ is increased up to a momentum ratio, MR, in the range 3-7, corresponding to the extremum position.

Regime II: From the extremum position (RE, HE), if UJ is further increased, the flame will move back toward the fuel jet, as an increased jet velocity drags air in the wake of the burner lip, changing the local fuel and oxidizer concentration, and moving the stoichiometric line Z = Zst closer to the jet centreline. In this regime, the temperature at the burner lip keeps decreasing due to enhanced heat transfer.

Regime III: The last regime observed before liftoff corresponds to laminar to turbulent transition in the pipe, ReJ = UJ • Di / ν, with ν the kinematic viscosity of the fuel mixture.

From that transition point (RL-T, HL-T), the flame tip keeps moving toward the centreline as more air is dragged in the wake of the burner lip, but flame attachment height slightly decreases. The temperature at the burner lip further drops as convection is emphasized. The regime I can be further subdivided into two regimes Ia and Ib, corresponding to a change in the thermal interaction with the burner lip. In region Ia, the flow is assumed to be purely viscous in the wake of the burner lip and heat transfer dominated by conduction. As the jet velocity, UJ, is increased, heat transfer by convection becomes more important, corresponding to regime Ib.

This change is observable in the evolution of the temperature at the burner lip, Tlip, and the conductive heat flux in the burner lip, Φ [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF]. When UJ is increased, Tlip increases and reaches a maximum before decreasing. This maximum corresponds to the transition from Ia to Ib. The conductive heat flux Φ in the burner calculated from the thermocouples measurements confirms this analysis with an increase in Φ in regime Ia, stabilizing in region Ib before decreasing in regime II, for which air recirculation appears, and further decreasing when entering regime III,
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Burner lip as the jet becomes turbulent. A local Reynolds number, Relip = 11 • e / νlip, was thus introduced, characterizing the transition Ia to Ib, with UJ, the jet velocity, e, the burner lip thickness and νlip the local viscosity calculated for a stoichiometric mixture at Tlip. In the case of methane, the transition from Ia to Ib was shown to be close to 10 [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF].

The introduction of ammonia in the jet leads to several changes in terms of thermal properties, diffusive properties and fundamental combustion characteristics as introduced in Table 1, where ammonia mixing ratio, E, and ammonia mole fraction in fuel mixture, XNH3, are first recalled.

It could be observed in previous work that, though the attached flame is considered as mostly diffusive, partial premixing is assumed to occur in the dark region close to the burner, enabling the leading edge of the flame to develop in the vicinity of the burner, with higher heat release rates and supporting the diffusion trail [START_REF] Takahashi | Attachment mechanisms of diffusion flames[END_REF][START_REF] Otakeyama | Stability of CH4-N2/air jet diffusion flame for 11 various burner rim thicknesses[END_REF][START_REF] Marin | Experimental study of the lifting characteristics of the leading-edge of an attached non-premixed jet-flame: Air-side or fuel-side dilution[END_REF]. As a first approach, the laminar burning velocity of a stoichiometric ammonia/methane/air premixed flame, SL0, is reported in Table 1.

As ammonia is added SL0 decreases, reflecting the lower reactivity of the mixture observed for larger ammonia content. This decrease is expected to play an important role in flame destabilization [START_REF] Marin | Experimental study of the lifting characteristics of the leading-edge of an attached non-premixed jet-flame: Air-side or fuel-side dilution[END_REF] and the diminution of the liftoff velocity, ULO, as already mentioned above.

Other parameters are also expected to affect the local flame stabilization and prompt liftoff. The flame adiabatic temperature decreases by close to 70 K when ammonia is introduced up to E = 0.3, while the maximum heat released by the flame is divided by 3. This might drive changes in the thermal interaction with the burner, affecting in turn flame stabilization. The thermo/diffusive balance is also introduced in Table 1 with the effective Lewis number, Leeff = (LeF + Af • LeO2) / (1+Af), calculated as in [START_REF] Park | Effects of Lewis number and preferential diffusion on flame characteristics in 80%H2/20%CO syngas counterflow diffusion flames diluted with He and Ar[END_REF], taking into account both the effective Lewis number of the fuel, LeF, and oxidizer, LeO2, and the parameter Af = aYF/YO with a the stoichiometric oxidizer-to-fuel mass ratio, and YF and YO the fuel and oxidizer mass fractions.

The variation of Leeff in the range of mixture investigated remains moderated and close to unity and this effect is not further investigated here. Finally, the change in the fuel also leads to a change in the stoichiometric mixing fraction, Zst, which is expected to influence the flame position and in turn the local stabilization balance. To investigate how those changes will affect the flame-burner interaction and contribute to a prompt liftoff, the evolution of the local stabilization dynamic of the flame (flame position, burner temperature and heat transfer to the burner) was observed with progressive addition of ammonia, taking the regimes detailed earlier for pure methane flame as a reference. The objective of the present work is to clarify how flame stabilization is impacted by the addition of ammonia in the fuel mixture by looking at the evolution of the flame local stabilization up to liftoff and its interaction with the burner when adding ammonia, completing our previous global approach [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF].

Experimental setup

2.1.Setup Overview

The flame stabilization was studied using a non-premixed jet flame configuration as represented in Fig. 3. The setup is constituted of a pipe for fuel injection of inner diameter, Di, 6 mm, and lip thickness, 1, of 2 mm. Pipe length, L, is 950 mm, ensuring a ratio L/Di > 150. This pipe exits in a closed squared chamber of 250 x 250 mm 2 . The oxidizer, air in this study, is going through perforated plates and a convergent to insure a well-relaminarized profile at the burner outlet.

Velocity profiles at the burner outlet were observed using laser doppler anemometry measurements in previous work [START_REF] Lamige | On preheating and dilution effects in non-premixed jet flame stabilization[END_REF] and the mean jet velocity, UJ, obtained from the mass flow rate was shown to be in satisfactory agreement with those measurements (within 6 % error). In the present work the coflow velocity, Uco, was set to 0.2 m s -1 , corresponding to the largest stabilization domain up to blowoff in the range of Uco = 0.1 -0.3 m s -1 accessible [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF].

Methane and ammonia are mixed before injection in the setup. The ratio of ammonia to methane in the fuel mixture is defined in Eq. ( 1) using the ammonia mixing ratio, E, as in previous work [START_REF] Okafor | Experimental and numerical study of the laminar burning velocity of CH4-NH3-air premixed flames[END_REF][START_REF] Ichikawa | Burning velocity and flame structure of CH4 /NH3 /air turbulent premixed flames at high pressure[END_REF],

= ( 1 
)
where Xi is the mole fraction of fuel i in the fuel mixture and LHVi is the lower heating value of i, with LHVCH4 = 802.3 kJ mol -1 and LHVNH3 = 316.8 kJ mol -1 .

The flow rate of each gas is controlled and monitored by thermal mass flow controllers (SLA5850 series, Brooks Instrument Co., Hatfield, PA, USA) with a precision of 0.7 % of the mass flow rate, more 0.2 % of the full range, leading by propagation to a maximal uncertainty of 2 % on the velocities and 3 % on the ammonia mixing ratio, E. In this study, the dynamics of the attached flame up to liftoff was observed for E varying between 0 and 0.3, near the direct blowoff case as developed in previous work [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF]. Four mixing conditions, E = 0, 0.1, 0.2 and 0.3 were selected for the observations. For each selected mixture, the jet velocity, UJ, was increased gradually, keeping the coflow velocity, Uco = 0.2 m/s, constant. Flame position and temperature were taken at selected jet velocity, UJ, ranging between 0.005 m/s and the liftoff velocity for each mixture. A table of the conditions investigated is recalled in the Supplementary Material. The range of jet velocity, UJ, explored thus cover values from 0.05 m s -1 to 16 m s -1 . The CH* chemiluminescence was collected using an intensified camera (Teledyne Princeton Instruments PI-MAX 2) with an exposure time of 7 ms and a gain of 120. Series of 300 images were collected for each condition.

Observations at the burner lip.

When introducing ammonia in the flame, the CH* chemiluminescence intensity is expected to decrease due to the smaller amount of CH* in the reaction region. Thus, the intensity was normalized by its maximum value on each image before post-processing. The 2D image of the front was retrieved from the 3D CH* chemiluminescence using Abel deconvolution [START_REF] Giassi | Analysis of CH* concentration and flame heat release rate in laminar coflow diffusion flames under microgravity and normal gravity[END_REF]. In addition to the attached flame position dynamics, the thermal interactions with the burner were monitored by the mean of two K-thermocouples (Chromel -Alumel, 75 μm diameter in a sleeve of 0.5 mm) inside the burner lip as represented in Fig. 5. Those thermocouples enable to monitor the temperature at the lip surface, Tlip, and the one 6 mm under the lip surface, T6mm, and the calculation of the conductive heat flux in the burner, Φ. Assuming unidirectional conduction, this heat flux, Φ, is obtained using the following Eq. ( 2)

= ( 2 
)
Where λ is the conductivity of the burner lip (Al2O3) at (Tlip + T6mm)/2 and Δz = 6 mm is the distance between the hot junctions of the two thermocouples. Finally, a temperature mapping of the flame was performed using an R-type thermocouple (Pt-Pt/Rh13%, 50 μm diameter). This temperature mapping was performed in the direct vicinity of the burner lip at a height, z, between 2 mm and 8 mm above the burner lip, and a radius, r, between 0 and 15 mm. This mapping was used to observe the flame temperature variations and temperature distribution near the burner and how they varied with ammonia addition and jet velocity change. Radiative heat losses and heat losses by conduction to the thermocouple were not considered in the present work as only relative evolution was considered for qualitative analysis and not for absolute measurement. Details on the thermocouple and its interactions with the flame are available in the supplementary material section. The direct, uncorrected, temperature measurement gave maximum temperature for the velocity range investigated between 1850 K and 1950 K for E = 0, and 1840 K and 1870 K for E = 0.3, and are in agreement with previous work [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF][START_REF] Lamige | Analysis of the influence of thermal boundary conditions on nonpremixed flame stabilization[END_REF] 

Results and discussion

Effect of ammonia addition on flame position

The effect of ammonia addition on flame stabilization is first observed looking at the attached flame position evolution with ammonia addition. The attachment radius, Ra, and the attachment height, Ha, are represented in Fig. 6 for ammonia methane mixing ratio from E = 0 to E = 0.3 as a function of MR, the momentum ratio of fuel and air defined as criteria for the transition from the regime I to regime II as previously developed in the case of a methane flame. From Figure 6, it can be observed that the global evolution of the attached flame as described in the introduction of this work is still valid for this type of mixture, with the simultaneous observation of maximum of Ra and minimum of Ha corresponding to the transition from I to II and the position (RE, HE). For low ammonia content (E < 0.2), the transition II to III is still 
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observed with a change in the variation of Ha and a larger decreasing slope for Ra is observed for jet velocity such as ReJ > 2300. For larger ammonia content though, the liftoff occurred before the jet laminar to turbulence transition occurred at ReJ = 2300.

In addition, the introduction of ammonia lead to a decrease in Ra, and an increase in Ha for all the jet velocity condition UJ explored (respectively MR, ReJ).

Looking further in the evolution of Ra and Ha, it is worth noticing in Fig. 6 To understand this increase in MRE, it is necessary to go back to the physical change corresponding to this transition. The transition from regime I to II corresponds to the motion of the stoichiometric line toward the jet due to the air dragged in the wake of the lip by larger jet velocity. This transition has been associated with a momentum ratio of 3 -7 in a previous study on methane flame [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF]. Nonetheless, this parameter remains global and does not take into account the eventual local variations of the stoichiometric mixture line due to air drag. One explanation for the increase of MRE when ammonia is introduced is to relate to the higher flame position, as represented in the sketch in Fig 7 . The impact of the air dragged on the Z contour is expected to gradually become more important as the velocity is increased, with at first small impact relatively close to the burner, and then gradually more pronounced, with streamlines gradually going further toward the jet axis. The difference in MRE observed for the point of transition might be attributed to the fact that for greater ammonia content, larger jet velocity is Taking this extremum position as a reference, as represented in Fig. 8, it can be seen that the flame positions for different mixtures are overlapping, except for some particularly low-velocity
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conditions. The complete evolution of the flame position for increasing UJ can then be described referring to the methane flame case, and the evolution on Ra and Ha with ammonia addition limited to the observation of the evolution of the extremum (RE, HE). The decrease of RE can be attributed to the change in the Zst with ammonia addition. Indeed, when ammonia is added Zst is increased as recalled in Table 1. Thus, for a similar jet/coflow momentum ratio MR, the location of the mixture contour, Z = Zst, called in the following stoichiometric line, is moving toward the jet. For the same MR value, an ammonia/methane flame is thus closer to the jet centerline and RE is reduced as ammonia is added. A strong correlation between RE and Zst is thus observed in the present data as shown in Fig. 9 
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stoichiometric mixing fraction Zst. Extrapolation of this relation for other jet configurations is however subject to caution, as the geometry of the burner outlet, particularly the lip, might greatly affect the local velocity flow field and the distribution of the Z-contours. Generalization of such relation would require the actual measurement of mixing fraction Z in the wake of the burner lip and its direct surrounding, to derive a more accurate relationship. Such type of measurement is however extremely complex in practice, considering the fuel involved and the burner dimension. Several interpretations of the evolution of HE with ammonia addition can be done. Following the leading-edge theory and considering partial premixing at the flame tip, the reduction of the local flame speed, due to the lower reactivity of ammonia as observed from its lower laminar burning velocity in Table 1, is expected to be one of the reasons of the higher attachment 
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position. For a constant MR, the flame is thus expected to move toward a region of lower local velocities where its speed can balance the local velocity. Thus, it moves further away from the jet, toward the oxidizer side, in the upper direction.

In addition, the higher Zst with ammonia addition, will also lead the flame to stabilize higher above the burner lip. Indeed, with ammonia addition, the flame will move toward a new stoichiometric contour Zst, E>0 > Zst, E=0, located closer to the jet, in a higher-velocity region. It will thus need to move higher up along this line, in a lower-velocity region, allowing sufficient time for the diffusion of radicals and reactions to occur. Similar observations were done in the case of the fuel-side dilution of a methane jet with inert gas (CO2, Ar, N2) for which attached flame stabilization was observed closer to the jet centre and higher above the burner lip [START_REF] Marin | Experimental study of the lifting characteristics of the leading-edge of an attached non-premixed jet-flame: Air-side or fuel-side dilution[END_REF].

The present interpretation relies essentially on the aero-chemical couplings and their evolution with ammonia addition, which are expected to be dominant in the flame stabilization mechanism. This analysis should be however further developed, considering the evolution of thermo-diffusive properties of the gas in addition to their reactive properties. More specifically, the thermal and chemical interactions between the flame and burner and their evolution with ammonia addition should be considered.

The thermal interaction with the burner and their evolution with ammonia addition are thus further detailed in the next section 3.2. Chemical quenching to the burner lip, though not investigated in the present study, might also contribute to some minor extent to the changes observed with ammonia addition. Indeed, the changes in the combustion chemistry induced by ammonia addition lead to a greater dependency in the presence of OH radicals relative to the larger dependency in H radicals in the methane flame [START_REF] Kobayashi | Science and technology of ammonia combustion[END_REF][START_REF] Colson | Extinction characteristics of ammonia/air counterflow premixed flames at various pressures[END_REF]. This difference might trigger a different flame response in terms of chemical quenching to the burner lip. This effect is however expected to remain neglectable compared to the aero-chemical coupling or thermal interactions, particularly when considering that the mixtures investigated remains under E = 0.3 (XNH3 = 0.52), that the burner lip material employed is merely reactive (Al2O3) and the burner surface temperature is relatively low [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF][START_REF] Prakash | OH concentration profiles over alumina, quartz, and platinum surfaces using laser-induced fluorescence spectroscopy in low-pressure hydrogen/oxygen flames[END_REF][START_REF] Kim | Effects of thermal and chemical surface-flame interaction on flame quenching[END_REF].

Effect of ammonia addition to heat transfer to the burner

It was observed that flame stabilization is particularly influenced by the modification in the aero-chemical coupling with ammonia addition. With the attached flame being in close contact with the burner, the thermal interactions of the flame with the burner should also be carefully investigated. More specifically, and as recalled in introduction, regime I can be subdivided into two considering the evolution of the temperature at the burner lip, Tlip, and the conductive heat flux in the burner lip from the surface, Φ, as shown in Fig. 10. A clear decrease of both Tlip and Φ is observed as ammonia is introduced whatever the jet velocity. However, the trends observed in the present work when increasing the jet velocity for the different E are similar to those observed in previous work on methane [START_REF] Lamige | Burner lip temperature and stabilization of a non-premixed jet flame[END_REF]. The large decrease of temperature observed at the burner lip can be explained by the decrease in the flame temperature with ammonia addition, as recalled in Table 1, and the increase in the flame-burner distance, da.

As a first approach, and to understand the relative importance of those parameters on the burner lip temperature variations, the variations with E of the adiabatic flame temperature, Tad, obtained from 1D calculations [START_REF] Ansys | Chemistry Simulation Software[END_REF], the maximum flame temperature, Tmax, observed from experimental temperature mapping, and the burner lip temperature, Tlip, are introduced in Fig. 11.

It can be seen that the adiabatic flame temperature variation, ΔTad, remains under 5 % in the Re lip
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range E = 0 -0.3. Similarly, the temperature mapping of the flame in the four different regimes (Ia, Ib, II, III) gives similar variation order (3 -4 %). However, the variation of the maximum burner temperature, ΔTmax, lip, is more than 20 % and the flame temperature variations alone seem insufficient to explain this drop. As observed in the previous section, the flame tip position varies with ammonia addition and the changes in the local aero-chemical coupling. This change in position is expected to affect the thermal interaction with the burner. The relationship between the burner lip temperature, Tlip, and the distance flame-burner, da, is introduced in Fig. 12a for regime I and Fig. 12b for regime II and III, for various E and UJ. It can be observed in Fig. 12a that in regime I, Tlip is well-correlated to da, with a temperature decreasing gradually as the flame gets more distant. In regime II and III, as shown in Fig. 12b, the relationship is more complex. For each E, a large decrease of the temperature is observed as UJ is increased whereas da remains close to constant.

This important decrease in temperature corresponds to the larger transfer by convection as jet velocity is increased. Nonetheless, for a constant UJ, a decreasing trend is observed with an increasing da, also corresponding to the increase E. Flame-burner distance plays thus an important role in those regimes too. Figure 13. Flame-burner distance evolution along with the three aerodynamic regimes. The position just before liftoff is highlighted by black symbol.

Effect of ammonia on liftoff

After investigating the evolution of the stabilization of a methane attached flame with ammonia addition, we will now focus more specifically on the case of the liftoff, corresponding to the rupture of stabilization balance as described in the previous section 3.1 to 3.2. The extremum position, (RE, HE), and the position of the flame tip before liftoff, (RLO, HLO), are shown in the normalized 1 x 1 Re lip
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domain above the burner lip in Fig. 14.

Figure 14. Evolution of the extremum position (red) and the position just before liftoff (black)

for various E.

As developed in section 3.1, when ammonia is introduced in the mixture, the extremum position moves toward the jet, due to changes in the stoichiometric mixture fraction Zst. For each E, when the jet velocity is increased from the extremum position (RE, HE), the Z-contours are pushed toward the jet side where local velocities are higher, up to local extinction and liftoff.

When E increases, this region becomes eventually more restricted, as observed from the convergence of the extremum position (RE, HE) and the position just before liftoff (RLO, HLO) in Fig. 14. The fact that the region becomes gradually more restricted and flame position constrained is also observable from the temperature gradients across the flame as represented in 15. For UJ = 2 m s -1 , in regime II, between the extremum position and the position just before liftoff, the introduction of ammonia leads to narrower temperature profiles, as observed from the shorter distance between the rises of the gradient close r = 2 mm and 8 mm. The maximum gradient on the air side remains similar order for all E but is gradually positioned closer to the burner lip, whereas it increases with E on the fuel jet side and is also positioned closer to the lip, the flame region getting narrower. The earlier liftoff can thus be associated with the lower flame burning velocity due to ammonia addition, restricting the stabilization region on the jet side, as well as the change in the local stabilization balance, particularly associated with the change in Zst, which further restricts the domain on which flame can be stabilized on the oxidizer side. 
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The extremum and liftoff line eventually reach each other close to E = 0.3, at the corner of the normalized 1 x 1 region, corresponding to a height close to the burner lip size (2 mm) and a radius corresponding to the outer edge of the burner lip. This mixing ratio particularly close to the blowoff limit observed on this burner (E = 0.32) [START_REF] Colson | Study of the Combined Effect of Ammonia Addition and Air Coflow Velocity on a Non-premixed Methane Jet Flame Stabilization[END_REF]. When getting closer to this fuel mixing condition, if the jet velocity, UJ, is increased from the extremum position, the region in which flame can stabilize close to the burner is limited to a cornered point due to the higher velocities on the fuel side. The flame cannot stabilize anymore in the close-burner-region and it lifts from the burner. Besides, when the flame is in the extremum position, (RE, HE), the jet is laminar, and no air is yet dragged in the wake of the burner lip. The fuel-oxidizer mixing is thus expected to be particularly low in the shear layer above the burner lip. Those conditions will thus lead the flame to blowoff directly, as its base cannot stabilize, even at a higher position in the jet, with no region favorable in terms of both sufficiently low velocities and flammable mixtures.

Conclusions

The stabilization mechanisms of an ammonia/methane non-premixed jet flame were investigated experimentally in the present work using a local approach.

When compared to the methane non-premixed jet flame, it could be observed that the flame position moves toward the jet and downstream as ammonia is added. This phenomenon can be understood as the effect of the increase in stoichiometric fraction, Zst, leading the flame toward the fuel side, where mixing fraction is more favorable to its propagation; and the reduction of the mixture reactivity due to ammonia introduction, leading the flame to stabilizes further downstream where the local velocities are sufficiently low. Flame tip position for the four mixing cases overlapped when the extremum position (RE, HE) is taken as a reference.

Prediction of this extremum point is thus sufficient to predict the flame position evolution.

The transition from regimes I to II was shown to be shifted to larger MRE as ammonia is introduced into the mixture. This later transition could be associated with the higher fuel jet velocities that are necessary to drag sufficient air in the wake of the burner lip and cause a change in the position of the stoichiometric line Zst up to the higher flame position. The momentum ratio MR, though representative of the overall dynamics at stake, cannot fully apprehend the local dynamics.

The thermal interactions with the burner were shown to follow the same dynamics as defined in previous work [START_REF] Ansys | Chemistry Simulation Software[END_REF], but the temperature at the burner decreased drastically as ammonia was introduced in the fuel jet, under the combined effect of flame temperature decrease and higher attachment height. Moreover, similarly to the transitions between regimes I and II, the transitions between regimes Ia and Ib were observed for slightly larger local Reynolds numbers

Reδ. This could be associated with the evolution of the flame position with ammonia addition.

Finally, it could be observed that as ammonia is introduced, the domain, in terms of attached flame position, on which the attached flame can stabilize get gradually reduced under the effects of the lower flame reactivity (and lower burning velocity) and the modification of the the Zst contours. Both factor leading to earlier liftoff, variation of the laminar burning velocity as well as the stoichiometric contours should be considered for the prediction of the liftoff velocity.
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Figure 1 .

 1 Figure 1. Variation of liftoff velocity to laminar burning velocity ratio, CL, with ammonia

  low jet velocity in the laminar regime and up to liftoff. This previous work describes the evolution of the flame tip position, burner temperature and heat flux up to liftoff, and defined 3 main regimes of stabilization as briefly recalled in the following and summarized in Fig.2:

Figure 2 .

 2 Figure 2. Sketch representing the attached flame stabilization regimes as introduced by Lamige et al. [25].

Figure 3 .

 3 Figure 3. Experimental setup overview.

  local dynamics of the attached flame up to liftoff and how the aero-thermo-chemical balance is broken at liftoff, several local measurements were performed at the burner lip. The attached flame position was observed using CH* chemiluminescence imaging. CH* is known to be a good marker of the largest heat release rate region within the flame front and has been used in several works on methane/hydrocarbons flame[START_REF] Child | Spectrophotometric studies of laminar flames-I the decay of radical radiation[END_REF]. Besides, from 1D simulations on ammonia/methane non-premixed flames, shown in the supplementary material section of this work, it can be seen that CH radicals remain a good marker for the heat release zone for ammonia/methane mixtures. The spatial variation between the CH distribution peak and the heat release rate peak being smaller than the spatial resolution achievable in the present work, CH* was selected as a marker of the HRR region. Other markers, such as NH*, presented lower intensity in the range of ammonia mixing ratio, E, investigated and were thus not considered in the present study.

  Similar filtering was applied to all images. Detection of the flame attachment position was then performed by detection of a threshold of 45 % for the attachment height, Ha. Then at height Ha, the attachment radius, Ra, was detected with a threshold of and 40 %. These threshold values were selected to ensure proper detection of the attachment position for all the ammonia mixing ratio, E, and jet velocity, UJ, conditions investigated, including the cases of lower signal to noise ratio due to lower CH* emissions. An example of a raw image and a post-processed image is represented in Fig 4.Ra and Ha were determined for each image of the set of 300 images, and the value reported in the following corresponds to the maximum of the statistical distribution observed. The distribution span is represented by the mean of error bar in the following, including both flame position fluctuations due to physical flame instability and uncertainty due to the measurement (particularly a smaller signal to noise ratio might contribute to a larger distribution span). Further details on the post-processing can be found in the supplementary material section.

Figure 4 .

 4 Figure 4. Chemiluminescence imaging and post-processing: (a) raw image; (b) post-processed image.

Figure 5 .

 5 Figure 5. Burner lip and thermocouple positions.

Figure 6 .

 6 Figure 6. Evolution of flame tip height and radius with gradual ammonia addition: (a) Attachment radius, Ra; (b) Attachment height, Ha. The position just before liftoff is highlighted by black symbol.

  that, though the 3 regimes are still observed, the transition between regime I and II, corresponding to the flame extremum position (RE, HE), appears for a gradually higher MRE as ammonia is introduced, from MRE = 5 (UJE = 0.61 m/s) for E = 0 to MRE = 20 (UJE = 1.2 m/s) for E = 0.3. The evolution of the flame position and the transitions between the identified stabilization regime with MR (as well as UJ or ReJ) is varying with E.

  necessary to drag sufficient air to change the stoichiometric line Zst up to the position at which is stabilized the flame.

Figure. 7 .

 7 Figure. 7. Schematics explaining the evolution of the I to II transition (extremum position): (a) transition for E = 0; (b) Transition for E = 0.3.

Figure 8 .

 8 Figure 8. Flame position for various UJ relative to the extremum position (RE, HE) for E = 0, 0.1, 0.2 and 0.3.

  , relating the radius of the flame normalized by the burner lip thickness, [RE -(Di/2)]/1, with the

Figure 9 .

 9 Figure 9. Correlation flame radius -stoichiometric mixture fraction Zst for various E.
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Figure. 10 .

 10 Figure. 10. Tlip and Φ as a function of Reδ for gradual ammonia addition.

Figure 11 .

 11 Figure 11. Flame and burner lip temperature variations with ammonia addition. Maximum flame temperatures from temperature mapping were taken at constant velocity in regimes Ia, Ib, II and III.

Figure 12 .

 12 Figure 12. Burner lip temperature variations with the burner-flame distance for various E and UJ: (a) in regime I; (b) in regimes II and III.

Figure 15 .

 15 Figure 15. Radial temperature gradients across the flame at z = 2 mm, for various E in the regime II for UJ = 2 m s -1 . The burner lip is denoted by a thick black line on the abscissa.

Table 1 .

 1 Some fundamental combustion parameters for methane/ammonia mixtures.

	E Ammonia mixing ratio	0	0.1	0.2	0.3
	XNH3 Ammonia fuel mixing mole fraction	0	0.22	0.39	0.52
	SL0 [m.s -1 ]				
	Laminar burning velocity at stoichiometric condition	0.35	0.27	0.22	0.19
	from experiment [10]				
	CL = ULO/SL0				
	Tad [K]				
	Adiabatic temperature	2229	2194	2174	2157
	Stoichiometric, calculation from PREMIX code [8,28]				

HRRmax [J.m -3 .s

-1 ] 

Maximum heat release rate 4.31E9 2.71E9 1.94E9 1.43E9 Stoichiometric, calculation from PREMIX code

[START_REF] Ichikawa | Burning velocity and flame structure of CH4 /NH3 /air turbulent premixed flames at high pressure[END_REF][START_REF] Child | Spectrophotometric studies of laminar flames-I the decay of radical radiation[END_REF] 
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