Alessandro Stagni 
email: alessandro.stagni@polimi.it
  
Suphaporn Arunthanayothin 
  
Mathilde Dehue 
  
Olivier Herbinet 
  
Frédérique Battin-Leclerc 
  
Pierre Bréquigny 
  
Christine Mounaïm-Rousselle 
  
Tiziano Faravelli 
  
Subscripts C Compression 
  
  
Low-and intermediate-temperature ammonia/hydrogen oxidation in a flow reactor: experiments and a wide-range kinetic modeling
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Understanding the chemistry behind the oxidation of ammonia/hydrogen mixtures is crucial for ensuring the flexible use of such mixtures in several applications, related to propulsion systems and power generation. In this work, the oxidation of ammonia/hydrogen blends was investigated through an experimental and kinetic-modeling study, where the low-and intermediate-temperature conditions were considered. An experimental campaign was performed in a flow reactor, at stoichiometric conditions and near-atmospheric pressure (126.7 kPa). The mole fraction of fuels, oxidizer and final products was measured. At the same time, a comprehensive kinetic model was set up, following a modular and hierarchical approach, and implementing the recently-available elementary rates. Such a model was used to interpret the experimental results, and to extend the analysis to literature data, covering several oxidation features. The reactivity boost provided by H2 addition was found to be approximately linear with its mole fraction in both flow-and jet-stirred-reactor conditions (except for the smallest H2 amounts in the flow reactor), in contrast with the more-than-linear increase in the laminar flame speed. The key role of HO2 in regulating fuel conversion and autoignition at low temperature was confirmed for binary mixtures, with H2NO being the bottleneck to the lowtemperature oxidation of NH3-rich blends. On the other hand, the nitrogen fate was found to be mostly regulated by NHx+NO propagation and termination channels.

Introduction

As the energy infrastructure is being fed by increasing quotas of renewable sources, ensuring a continuous energy supply starting from intrinsically discontinuous sources, e.g. sun, wind or waves, has become a topical issue in the current energy transition. Reformulating the concept of energy storage is then a mandatory step to enable such a switch, and for this reason energy research has recently put the spotlight on chemical energy carriers [START_REF] Mazloomi | Hydrogen as an energy carrier: Prospects and challenges[END_REF][START_REF] Eppinger | Formic acid as a hydrogen energy carrier[END_REF][START_REF] Miura | A comparative study of ammonia energy systems as a future energy carrier, with particular reference to vehicle use in Japan[END_REF] to fulfill this task. Yet, in this scenario, one major constraint needs to be accounted for, i.e. achieving an energy system as much as possibly CO2-neutral, such to meet the reduction targets of greenhouse gases (GHGs) [START_REF] Meinshausen | Greenhouse-gas emission targets for limiting global warming to 2 C[END_REF].

The most immediate way to implement a CO2-neutral energy infrastructure is the introduction of carbon-free fuels, and the two most appealing candidates in this direction have been hydrogen (H2) [START_REF] Kojima | Hydrogen storage materials for hydrogen and energy carriers[END_REF][START_REF] Cipriani | Perspective on hydrogen energy carrier and its automotive applications[END_REF] and, more recently, ammonia (NH3) [START_REF] Miura | A comparative study of ammonia energy systems as a future energy carrier, with particular reference to vehicle use in Japan[END_REF][START_REF] Jiao | Electrochemical Ammonia Synthesis and Ammonia Fuel Cells[END_REF][START_REF] Ikäheimo | Power-to-ammonia in future North European 100 % renewable power and heat system[END_REF]. Concerning the former, the development of a hydrogen-based economy has been envisioned for decades, but is still struggling with several technoeconomical challenges, among which production, storage, distribution and safety are worth being mentioned [START_REF] Kojima | Hydrogen storage materials for hydrogen and energy carriers[END_REF][START_REF] Ogden | Prospects for building a hydrogen energy infrastructure[END_REF]. On the other hand, ammonia has become more and more attractive in the latest years, to the extent that an NH3 [START_REF] Macfarlane | A roadmap to the ammonia economy[END_REF] or an NH3/H2 [START_REF] Christensen | Towards an ammonia-mediated hydrogen economy?[END_REF] economy have been theorized.

As a matter of fact, the physico-chemical properties of NH3 ease many of the transportation and storage issues faced by hydrogen, since at ambient temperatures it can be liquefied at much lower pressures (~8 bar instead of ~700 bar). Moreover, due to its historical central role in the chemical industry, its production technologies are well established [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF], and its uses are countless, including fertilizers, explosives, household products, and a variety of other chemicals. Due to such a multiplicity of applications, the distribution network is quite consolidated, occurring via pipelines, shipping or trucks [START_REF] Morlanés | A technological roadmap to the ammonia energy economy: current state and missing technologies[END_REF].

On the other hand, the biggest drawbacks limiting a massive use of NH3 as fuel are of chemical nature, since it exhibits both an extremely low burning velocity and a high resistance to auto-ignition, when compared to hydrogen as well as other conventional fuels [START_REF] Chai | A review on ammonia, ammonia-hydrogen and ammoniamethane fuels[END_REF]. In addition, the presence of nitrogen in the fuel molecule adds the further complication of Nitrogen Oxides (NOx) formation through the fuel-NOx pathway [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF], whose contribution sums up to the usual thermal route [START_REF] Abian | Formation of NO from N2/O2 mixtures in a flow reactor: Toward an accurate prediction of thermal NO[END_REF]. NOx include NO and NO2, harmful for both environment (acid rains) and human health (asthma, dyspnea, etc.) as well as N2O, among the most powerful GHGs, with a radiative forcing factor of ~300 times higher than CO2 [START_REF] Forster | Changes in atmospheric constituents and in radiative forcing[END_REF]. As a result, a comprehensive understanding of ammonia combustion kinetics is still needed, especially concerning the low-temperature conditions and high oxygen concentrations [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF]. Anyway, in the latest years significant steps forward have been taken in this direction [START_REF] Klippenstein | The role of NNH in NO formation and control[END_REF][START_REF] Klippenstein | Theory and modeling of relevance to prompt-NO formation at high pressure[END_REF][START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF], mainly thanks to the advances in theoretical chemistry [START_REF] Klippenstein | From theoretical reaction dynamics to chemical modeling of combustion[END_REF][START_REF] Cavallotti | EStokTP: Electronic Structure to Temperatureand Pressure-Dependent Rate Constants-A Code for Automatically Predicting the Thermal Kinetics of Reactions[END_REF].

To address these issues while still keeping the benefits of ammonia as an energy vector, the most immediate solution is represented by blended mixtures, since conventional, more reactive fuels like methane, heavier hydrocarbons and hydrogen can be added to ammonia itself to compensate for its lack of reactivity, and to create tailor-made fuel mixtures with the desired reactivity features. In particular, the coupling between NH3 and H2 has recently raised the biggest interest in this area, and for several reasons: i) like ammonia, hydrogen is carbon-free; ii) significant research has been performed on hydrogen as a fuel and an energy carrier in the latest decades; iii) hydrogen can be directly obtained from the upstream catalytic decomposition of NH3 through a variety of catalysts [START_REF] Klerke | Ammonia for hydrogen storage: challenges and opportunities[END_REF]; iv) hydrogen can enhance the flame propagation features of NH3 and improve its flame stability due to the larger range of flammability limits. As a result, plenty of techno-economical analyses on ammonia-hydrogen fueled systems have been performed in the recent past, for both internal combustion engine [START_REF] Zamfirescu | Ammonia as a green fuel and hydrogen source for vehicular applications[END_REF][START_REF] Mørch | Ammonia/hydrogen mixtures in an SIengine: Engine performance and analysis of a proposed fuel system[END_REF][START_REF] Frigo | Analysis of the behaviour of a 4-stroke Si engine fuelled with ammonia and hydrogen[END_REF][START_REF] Comotti | Hydrogen generation system for ammonia--hydrogen fuelled internal combustion engines[END_REF][START_REF] Lhuillier | Experimental study on ammonia/hydrogen/air combustion in spark ignition engine conditions[END_REF] and gas turbine [START_REF] Valera-Medina | Preliminary study on lean premixed combustion of ammonia-hydrogen for swirling gas turbine combustors[END_REF][START_REF] Valera-Medina | Premixed ammonia/hydrogen swirl combustion under rich fuel conditions for gas turbines operation[END_REF] applications.

In addition, the research on combustion devices fed by NH3/H2 mixtures intersects with the increasing trend of exploration of novel combustion concepts and regimes, in less conventional conditions (e.g. lower temperatures and/or high dilution levels), able to ensure a significant reduction of pollutant emissions while keeping high efficiency levels: flameless [START_REF] Wünning | Flameless oxidation to reduce thermal no-formation[END_REF][START_REF] Stagni | Chemistry of nitrogen oxides (NOx) formation in flameless combustion[END_REF] and Moderate or Intense Low Oxygen Dilution (MILD) [START_REF] Cavaliere | Mild combustion[END_REF] regimes are among the most representative examples.

Under these conditions, lower temperatures result in lower reaction rates, thus the whole combustion process is kinetically controlled, and an accurate description of chemistry is needed. While hydrogen kinetics is well-established in all of its elementary reaction rates [START_REF] Kéromnès | An experimental and detailed chemical kinetic modeling study of hydrogen and syngas mixture oxidation at elevated pressures[END_REF][START_REF] Metcalfe | A hierarchical and comparative kinetic modeling study of C1 -C2 hydrocarbon and oxygenated fuels[END_REF], the oxidation of ammonia is still far from being fully understood. In their review on nitrogen chemistry, Glarborg et al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF] highlighted the need for further investigation of low-temperature, oxygen-rich conditions for ammonia combustion, at both an experimental and a theoretical level. This is true for NH3/H2 mixtures, too, for which an increasing number of experimental campaigns have been recently performed at several institutions. In parallel to the study of NH3 as a pure fuel [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF][START_REF] Ronney | Effect of Chemistry and Transport Properties on Near-Limit Flames at Microgravity[END_REF][START_REF] Song | Ammonia oxidation at high pressure and intermediate temperatures[END_REF][START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx Combust[END_REF][START_REF] Dagaut | On the Oxidation of Ammonia and Mutual Sensitization of the Oxidation of NO and Ammonia: Experimental and Kinetic Modeling[END_REF][START_REF] Benés | Experimental study of the pyrolysis of NH3 under flow reactor conditions[END_REF][START_REF] Abián | Study of the oxidation of ammonia in a flow reactor[END_REF][START_REF] Alturaifi | An experimental and modeling study of ammonia pyrolysis[END_REF], research has intensified on NH3/H2 blends. High-temperature ignition delay times (IDT) of pure NH3 and H2 fuels and related mixtures were recently measured in a shock tube (ST) by Chen et al. [START_REF] Chen | Effect of hydrogen blending on the high temperature auto-ignition of ammonia at elevated pressure[END_REF] and Alturaifi et al. [START_REF] Alturaifi | A shock-tube study of NH3 and NH3/H2 oxidation using laser absorption of NH3 and H2O[END_REF], while lowtemperature ignition delay times were obtained by Pochet et al. [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF], Dai et al. [START_REF] Dai | Experimental and numerical analysis of the autoignition behavior of NH3 and NH3/H2 mixtures at high pressure[END_REF] and He et al. [START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF] in Rapid Compression Machines (RCM). The results of these latter studies were particularly interesting, since they highlighted a non-linear dependence of ignition delay time on the amount of added hydrogen. In addition, Jet-Stirred Reactors (JSR) were used in several studies to obtain an insight on low-temperature reactivity and species formation [START_REF] Sabia | Mutual inhibition effect of hydrogen and ammonia in oxidation processes and the role of ammonia as "strong" collider in thirdmolecular reactions[END_REF][START_REF] Zhang | Combustion chemistry of ammonia/hydrogen mixtures: Jet-stirred reactor measurements and comprehensive kinetic modeling[END_REF]. The availability of speciation data is of critical importance for kinetic model development, since the selectivity in nitrogen-containing compounds is a key parameter to be reproduced, in order to assess the pollution potential of NH3/H2 blends. In the same devices, dynamic regimes (e.g. oscillations), were also identified [START_REF] Manna | New insight into NH3-H2 mutual inhibiting effects and dynamic regimes at low-intermediate temperatures[END_REF], which are also a critical benchmark for mechanism validation, since they involve the overlapping of chemistry, mass flow and heat exchange phenomena [START_REF] Stagni | The role of chemistry in the oscillating combustion of hydrocarbons: an experimental and theoretical study[END_REF]. In terms of flame propagation features, plenty of datasets on laminar flame speeds (LFS) on such mixtures have been made available in the last decade [START_REF] Lee | Studies on properties of laminar premixed hydrogen-added ammonia/air flames for hydrogen production[END_REF][START_REF] Ichikawa | Laminar burning velocity and Markstein length of ammonia/hydrogen/air premixed flames at elevated pressures[END_REF][START_REF] Li | Numerical study on effect of oxygen content in combustion air on ammonia combustion[END_REF][START_REF] Kumar | Experimental and modeling study of chemical-kinetics mechanisms for H2-NH3-air mixtures in laminar premixed jet flames[END_REF][START_REF] Wang | Experimental and kinetic modeling study of laminar burning velocities of NH3/air, NH3/H2/air, NH3/CO/air and NH[END_REF][START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF][START_REF] Shrestha | An experimental and modeling study of ammonia with enriched oxygen content and ammonia/hydrogen laminar flame speed at elevated pressure and temperature[END_REF]. All of them pointed out a more-than-linear increase of the burning velocity with the hydrogen mole fraction.

At a theoretical level, the knowledge on ammonia pyrolysis and oxidation mechanism has recently expanded thanks to an extensive use of quantum-chemistry based tools [START_REF] Cavallotti | EStokTP: Electronic Structure to Temperatureand Pressure-Dependent Rate Constants-A Code for Automatically Predicting the Thermal Kinetics of Reactions[END_REF][START_REF] Stagni | H-abstractions by O2, NO2, NH2, and HO2 from H2NO: Theoretical study and implications for ammonia low-temperature kinetics[END_REF][START_REF] Klippenstein | Theoretical kinetics predictions for NH2 + HO2[END_REF] for an accurate and relatively quick estimation of the critical rate constants affecting ammonia combustion.

These were then implemented in the most recent kinetic mechanisms describing ammonia oxidation [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF][START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF][START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx Combust[END_REF][START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF][START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF][START_REF] Otomo | Chemical kinetic modeling of ammonia oxidation with improved reaction mechanism for ammonia/air and ammonia/hydrogen/air combustion[END_REF][START_REF] Okafor | Experimental and numerical study of the laminar burning velocity of CH4-NH3-air premixed flames[END_REF]. Due to the hierarchy principle, all of these mechanisms are suited to describe the oxidation of NH3/H2 mixtures, too, and can then be used to interpret the interaction between the two fuels in triggering both ignition and flame propagation.

In order to ascertain the combustion features of NH3/H2 mixtures and the mutual interaction between the two fuels, this work aims at investigating the oxidation of such blends in the low-and intermediatetemperature regime, and diluted conditions, barely explored to date, in terms of both reactivity and pollutants emissions. To this purpose, an experimental campaign was carried out in a flow reactor (FR) by considering the oxidation of fuel mixtures with variable molar ratios between the two fuels. To the authors' knowledge, no parametric study of this kind has been performed so far in such an ideal facility. Lean conditions were chosen as they were shown to be particularly challenging and uncertain from a kinetic point of view [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF]. On these premises, an established kinetic mechanism describing the pyrolysis and oxidation of ammonia was revised and exploited to interpret the obtained results, and to explain the reactivity triggers as well as the kinetic competitions driving nitrogen selectivity. Finally, the mechanism was applied to the wider range of literature experimental data obtained in several configurations (RCM, JSR, laminar premixed flames), and the controlling pathways were identified and compared to what is obtained in the adopted experimental configuration. Further validation of the mechanism against the remaining experimental datasets is available as Supplemental Material (SM) of this work.

Methodology

Hereafter, the experimental method and the formulation of the kinetic model are described, as well as the numerical tools adopted.

Experimental setup

The oxidation of ammonia/hydrogen mixtures was experimentally investigated using a tubular flow reactor located in an oven. This setup was previously used for the study of the oxidation of neat ammonia [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF] and ammonia-methane mixtures [START_REF] Arunthanayothin | Ammonia-methane interaction in jet-stirred and flow reactors: An experimental and kinetic modeling study[END_REF]. Its outlet pressure was set to 950 torr (126.7 kPa). The consumption of the two co-fuels, ammonia and hydrogen, and the mole fraction of products were measured as a function of the reaction temperature for 6 mixtures composed of 1000 ppm of ammonia and of variable amounts of hydrogen over the range 0-2000 ppm (Table 1). A seventh mixture containing only 1000 ppm hydrogen was also considered as a reference. The equivalence ratio 𝛷 𝑁𝑂 is always equal to 1, calculated according to the global reaction:

(1 -x 𝐻 2 )𝑁𝐻 3 + x 𝐻 2 𝐻 2 + 5-3x 𝐻 2 4 𝑂 2 → (1 -x 𝐻 2 )𝑁𝑂 + 3-x 𝐻 2 2 𝐻 2 𝑂 (1)
where 𝑥 𝐻 2 is the fraction of hydrogen in the fuel (mol/mol): 𝑥 𝐻 2 =

x 𝐻 2

x 𝐻 2 +x 𝑁𝐻 3 , and NH3 conversion to NO and H2O is considered. However, it is worth noticing that this is not the only definition commonly adopted in literature to evaluate the equivalence ratio 𝛷. As will be presented in Section 3, several works consider N2 as the ultimate oxidation product of NH3, and 𝛷 𝑁 2 results from the following reaction:

(1 -x 𝐻 2 )𝑁𝐻 3 + x 𝐻 2 𝐻 2 + 3-x 𝐻 2 4 𝑂 2 → 1 -x 𝐻 2 2 𝑁 2 + 3-x 𝐻 2 2 𝐻 2 𝑂 (2)
This is adopted, too, for mechanism validation purposes.

Inlet flows were adjusted for each investigated temperature in order to keep the residence time constant in the central part of the tube, where the temperature is quasi constant (measured profiles are provided in SM). The residence time in the central part is thus about 50 ms. Inlet flows were controlled using mass flow controllers provided by Bronkhorst (relative uncertainty in flow of 0.5%). Helium and hydrogen were provided by Messer (purity of 99.999%). The ammonia/helium mixture (2004±60 ppm) used for experiments was also provided by Messer. Species were sampled at the outlet of the reactor and analyzed online using mass spectrometry and a dedicated analyzer for NOx. For the first diagnostic, the sampling was achieved thanks to a stainlesssteel capillary tube connected to a quadrupole mass spectrometer (Omnistar from Pfeiffer) with ionization by electron impact at 70 eV. It was used for the detection of ammonia, hydrogen, oxygen, water, nitrogen, and NO. The calibration was performed by injecting standards except for water, which was calibrated considering the combustion as complete at the highest temperatures. The second diagnostic was a dual-channel NOx analyzer (Thermo Scientific Model 42i), also used for the detection of NO2 (confirming that no NO2 was observed under the conditions of this study). The NOx analyzer is equipped with an ammonia trap, to avoid interferences due to the possible detection of this species. The relative uncertainty in mole fractions was ± 10% for all species. H-, O-and N-atom balances have been calculated for all experiments and are 0.97 ± 0.02 regardless of the atom (data are available in SM).

Kinetic model

The kinetic model describing NH3/H2 pyrolysis and oxidation was built starting from the previous work by Stagni et al. [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF], and Table 2 lists the most relevant reactions, either updated or relevant for the different kinetic analyses (Section 3). In the mentioned work, the mechanism was developed following a first-principles approach: by combining sensitivity analysis of NH3 conversion in the investigated conditions with a literature review of the uncertainty range of the critical reactions identified, a specific set of reactions was theoretically investigated, i.e. ammonia (R1) and HNO (R9) decompositions (pressure-dependent) along with H-abstractions by the main radicals (R3 to R6). The adopted methodology was the ab initio transition state theory based master equation (ME) approach (AITSTME) implemented into the EStokTP software [START_REF] Cavallotti | EStokTP: Electronic Structure to Temperatureand Pressure-Dependent Rate Constants-A Code for Automatically Predicting the Thermal Kinetics of Reactions[END_REF]. Following a hierarchical and modular approach NH3 submechanism was added on top of a core H2/O2 mechanism, taken from the established work of Metcalfe et al. [START_REF] Metcalfe | A hierarchical and comparative kinetic modeling study of C1 -C2 hydrocarbon and oxygenated fuels[END_REF], and subset of NOx reactions adopted after the work of Song et al. [START_REF] Song | The sensitizing effects of NO2 and NO on methane low temperature oxidation in a jet stirred reactor[END_REF].

The mechanism was further improved via the update of specific sub-mechanisms, on the basis of the recently available theoretical calculations, as well as previous uncertainty and sensitivity analysis. The NxHy reaction mechanism was revised, following the latest theoretical findings: specifically, H-abstractions from NH2 and N2H2 were adopted after the comprehensive study by Li and Sarathy [START_REF] Li | Probing hydrogen-nitrogen chemistry: A theoretical study of important reactions in NxHy, HCN and HNCO oxidation[END_REF] (R20 to R23), while NH/NH2 mutual interactions were updated according to the theoretical work of Klippenstein et al. [START_REF] Klippenstein | Thermal decomposition of NH2OH and subsequent reactions: Ab initio transition state theory and reflected shock tube experiments[END_REF] (R25 to R31). The propagation and termination channels of the NH+NO reaction, providing N2O+H and N2+OH, respectively, were updated by considering the overall rate and branching ratios recommended by Baulch et al. [START_REF] Baulch | Evaluated kinetic data for combustion modeling: supplement II[END_REF] (R34 and R35). Finally, a further update involved the thermal NOx model, by introducing the recommended rate by Abián et al. [START_REF] Abian | Formation of NO from N2/O2 mixtures in a flow reactor: Toward an accurate prediction of thermal NO[END_REF] for R38.

The final mechanism, accounting for 31 species and 203 reactions, was successfully validated against a wide range of experimental data on NH3 pyrolysis and oxidation, and is attached (in CHEMKIN format) in the SM. The validation of this model was not limited to the datasets obtained in the dedicated experimental campaign, but also included i) ignition delay times in shock tubes and RCMs, ii) speciation in jet stirred reactors, flow reactors and burner-stabilized flames, and iii) laminar flame speeds. Details are provided in the SM of the reference work [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF]. 
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Numerical tools

The numerical simulations were performed via the OpenSMOKE++ suite of solvers for ideal reactors [START_REF] Cuoci | OpenSMOKE++: An object-oriented framework for the numerical modeling of reactive systems with detailed kinetic mechanisms[END_REF], developed at Politecnico di Milano with the purpose of simulating reacting systems with detailed kinetic mechanisms. Flow reactor simulations were performed by considering perfect segregation, i.e. a Plug Flow Reactor (PFR) model, with an imposed temperature profile as recorded from thermocouple measurements for the different nominal temperatures. RCMs were simulated as adiabatic batch reactors, with a time-dependent volume history, calculated through the assumption of isentropic compression from the pressure profiles experimentally obtained. The criterion for ignition delay time was coherent with the experimental one adopted in the reference works, i.e. the difference between the time at which the maximum pressure rise rate is recorded, and the time at the end of compression. JSR simulations were performed by considering perfect mixing [START_REF] Herbinet | Jet-Stirred Reactors[END_REF], isothermal conditions and a steady state. Finally, LFSs were calculated through the 1D, premixed laminar flame solver, using an adaptive grid, with a maximum allowed gradient and curvature coefficient between two adjacent points equal to 0.05 and 0.5, respectively. A continuation method was used to calculate LFS as a function of the equivalence ratio. Radiation effects, which were recently shown to play a role in pure ammonia flames [START_REF] Nakamura | Effects of radiation heat loss on laminar premixed ammonia/air flames[END_REF], were considered via an optically-thin model [START_REF] Modest | Radiative Heat Transfer: Second Edition[END_REF].

Results and Discussion

In this section, the reactivity, the nitrogen fate and the mutual interaction between NH3 and H2 in the related blends is investigated in a wide range of operating conditions, in terms of temperature (T), pressure (P) and equivalence ratio (Φ). In particular, this study is focused on two major targets: i) the analysis of the low-and intermediate-temperature oxidation of NH3/H2 mixtures, and the kinetic pathways driving reactivity and nitrogen selectivity with a variable amount of hydrogen; ii) the kinetic analysis of non-linear effects on both reactivity and flame propagation, resulting from the progressive addition of hydrogen. Section 3.1 presents the experimental results obtained in the current experimental campaign, and the related kinetic analysis. Afterwards, Section 3.2 and 3.3 further deepens the low-temperature interaction between ammonia and hydrogen in mixtures with variable blends, by considering literature case studies, involving product quantification as measured in JSR and the ignition delay times as measured in RCMs, respectively. Finally, Section 3.4 completes the picture by shedding light on the chemical role of hydrogen in enhancing the laminar burning velocity of ammonia, through the kinetic analysis of freely propagating flames recently studied experimentally.

Intermediate-temperature: oxidation in a flow reactor

Figure 1 shows the effect of the progressive addition of hydrogen on the reactivity of ammonia and the formation of water. As expected, increasing amounts of hydrogen shift the reactivity towards lower temperatures, while the profiles are qualitatively similar and the consumption rate of NH3 as a function of the temperature is comparable in all the cases. Concerning H2, as soon as its amounts are low, it starts being consumed at higher temperatures, later than ammonia. Such a difference becomes negligible for 𝑥 𝐻 2 ≥ 50%. This trend is mostly related to the fact that H2 is also an intermediate product in the oxidation path of NH3 [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF], which explains the peak in its mole fraction that can be observed for pure NH3 and to a larger extent for 𝑥 𝐻 2 = 10%. Figure 2 summarizes this behavior by showing the temperatures, at which the two fuels reach a 50% conversion (T50%). For a more complete overview of this trend, NH3/H2 mixtures were simulated also outside of the experimental range (0.01 ≤ 𝑥 𝐻 2 ≤ 0.85). The rate of reduction in T50% with 𝑥 𝐻 2 is maximum with pure NH3, then converging to a linear trend for 𝑥 𝐻 2 ≥ 10%, with the two fuels reaching a common T50% for high H2 amounts. For all of the considered datasets, the kinetic model is able to reasonably predict the experimental trends, in terms of both species profiles and T50%. Regarding species profiles, it is worth noticing the prediction of a peak in the H2 mole fraction for 𝑥 𝐻 2 ≤ 21%, before its consumption, thus pointing out a chemical interaction between both fuels. In order to understand this, Figure 3a shows the evolution of the predicted H2 mole fraction over the reactor length, for 𝑥 𝐻 2 = 10% and T = 1423 K. As shown in the rate of production analysis (ROPA) reported in Figure 3b, as soon as the H atom is formed at the reactivity onset, H2 is first formed from the H-abstractions by the H atom itself on the nitrogenated species, thus it starts accumulating. Afterwards, when a sufficient pool of O and OH radicals is available, it starts reacting through the usual branching path. Therefore, the overlapping of hydrogen formation as an intermediate before its reaction slows down its consumption rate when in mixtures. This also explains the delayed T50% for H2 (Figure 2), if compared to NH3. Figure 4 provides a general picture of the chemical interaction between the two fuels: here, the sensitivity analysis to NH3 mass fraction, performed in comparable conditions (1% ammonia conversion), highlights that ammonia consumption is mostly controlled by H-abstractions from the fuel.

In the absence of hydrogen, reactivity is triggered by the H-abstraction by O2 (R5), acting as an initiator of the whole process (together with the fuel thermal decomposition R1, playing a minor role though, because of the relatively low temperatures). With the same composition, the H-abstraction by the H radical (R2) plays an inhibiting effect, since it subtracts H atoms from the radical pool, providing NH2, less reactive. Interestingly, when hydrogen is added (especially in small amounts), R2 enhances ammonia conversion instead. Such an inversion can be attributed to the fact that the availability of H atoms is no longer limited by such a reaction, since they are rather provided by the direct oxidation of H2. In this way, the addition of H2, even in small amounts, acts as a flywheel for ammonia oxidation: as shown in Figure 2, with small amounts of hydrogen (up to 10%), the effect on the anticipation of reactivity is stronger, then becoming approximately linear for 𝑥 𝐻 2 > 10%. The remaining H-abstractions (R3 to R6) slow down the reactivity onset, too, when hydrogen is added, while being not particularly relevant with pure ammonia. The same occurs for the third-body reaction R39, acting as a termination, in competition with the branching reaction R40, not shown in Figure 4 for the sake of readability, as it always exhibits the maximum (negative) sensitivity coefficient.

In parallel to the reactant consumption and water formation, Figure 5 shows the nitrogen fate in terms of N2 and NO mole fractions. Regardless of the initial fuel mixture, most nitrogen is converted into N2.

The experimental data show that, after the complete conversion of ammonia is reached, the amounts of N2 and NO are fairly stable with the increasing temperature, and the variation of the respective mole fractions are much lower than the experimental uncertainty. In terms of nitrogen conversion and NO yield (referred to nitrogen), evaluated as:

η NO = X NO X NH 3 +2 * X N 2 +X NO (3)
the 6 experimental datasets suggest that the addition of hydrogen to the fuel mixture increases the NO yield from ~5% to ~10% in a monotonic way. From a modeling standpoint, results are still reasonable with regard to N2 mole fraction, and within the 10% uncertainty. Concerning NO formation, three major points must be emphasized: i) especially for the lowest amounts of hydrogen, an overprediction up to a factor 2 is present at the highest temperatures, which is reduced to a factor ~1.5 by increasing the hydrogen amount. Qualitatively, this is in line with the performance of the same model in a previous study performed in a FR with pure NH3 [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF]. ii) The non-monotonic trend is no longer retained with increasing the H2 amount in the fuel mixture, as at the highest temperatures an inversion is observed for the mixtures with lower amounts of hydrogen. iii) Considering the fuel mixtures richest in hydrogen (𝑥 𝐻 2 ≥ 35%), the predicted NO mole fraction is non-monotonic with the temperature, exhibiting a minimum between 1400 K and 1600 K, which is not observed experimentally. Comparable trends can be obtained by using independent literature mechanisms available in literature [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF][START_REF] Zhang | Combustion chemistry of ammonia/hydrogen mixtures: Jet-stirred reactor measurements and comprehensive kinetic modeling[END_REF][START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF][START_REF] Mei | Enhancement of ammonia combustion with partial fuel cracking strategy: Laminar flame propagation and kinetic modeling investigation of NH3/H2/N2/air mixtures up to 10 atm[END_REF], as shown in Figure S2-S5 in the SM. This is the most critical aspect of the numerical predictions, certainly counterintuitive since NO formation is kinetically favored with the temperature due to the thermal NOx mechanism [START_REF] Zel | The Oxidation of Nitrogen in Combustion Explosions[END_REF]. To shed light on this behavior, the predicted consumption of NH3 and formation of NO throughout the reactor length was investigated in the most critical subset, i.e. with 67% H2 as fuel. Figure 6 illustrates the results, where the measured temperature profiles are also shown for completeness. The three profiles highlight that the presence of H2 within the fuel shortens the ignition time of the fuel mixture, to the extent that, starting from 1373 K, this occurs in the pre-heating region. Above all, Figure 6 shows that NO is formed during ignition (i.e. when NxHy radicals are available for the fuel-NOx mechanism), finally reaching a plateau. As a result, the amount of produced NO depends on the ignition temperature: on turn, this is the result of the heating history, not strictly correlated to the nominal temperature. The T50% of NH3 are indeed equal to 1269 K, 1244 K and 1289 K for the three temperatures, respectively: such an order is coherent with the amount of produced NO. The flux analysis of nitrogen-containing species at 1573 K (Figure 7a) shows that NO formation occurs via two parallel pathways, i.e. via the H-abstractions on the HNO intermediate and the oxidation of the N radical (thermal-NOx). Only at a second stage, NO is reduced to N2, after further reacting with either NH (R35) or N (R38) radicals. Sensitivity analysis to NO mass fraction (Figure 7b) corroborates the role of such paths in driving NO formation, and highlights that, on a relative scale, they are comparable at the different temperatures, both qualitatively and quantitatively. In particular, the prior conversion of NH2 to HNO (R24) is the major enhancer of its formation, in accordance to what already observed in a recent work [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF] for the oxidation of pure ammonia. With regard to R24, it is also important to highlight that significant uncertainty persists on its available theoretical [START_REF] Sumathi | Theoretical study of the H2 + NO and related reactions of [H2NO] isomers[END_REF][START_REF] Adamson | The reaction of NH2 with O[END_REF] and experimental [START_REF] Dransfeld | Direct studies of elementary reactions of NH2radicals in the gas phase[END_REF][START_REF] Bozzelli | Energized complex quantum Rice-Ramsperger-Kassel analysis on reactions of amidogen with hydroperoxo, oxygen and oxygen atoms[END_REF] estimations. On the other hand, it is interesting to notice that the thermal-NOx reactions are in competition between each other, since the oxidation of the N radical via either OH (R36) or O2 (R37) promotes NO formation, while the third one (R38) contrasts this process by acting in the direction of NO reduction. The underlying reason of such a behavior must be sought in the origin of N radicals, ultimately bringing to NO: while with conventional hydrocarbons, they are provided by breaking the atmospheric nitrogen, in this case they rather come from the fuel itself, thus their availability does not require such high temperatures as in the usual formation via the thermal pathway. Also, once NO is available, diatomic nitrogen can be formed through its reduction. The absence of nitrogen in the reacting mixture (experiments were performed in a helium environment) enhances this process from a thermodynamic standpoint. 

Lower-temperature: oxidation in a Jet-Stirred Reactor

In order to highlight the features of the intermediate-temperature regime analyzed in Section 3.1, the lower-temperature experiments of ammonia-hydrogen mixtures recently performed in a JSR by Zhang et al. [START_REF] Zhang | Combustion chemistry of ammonia/hydrogen mixtures: Jet-stirred reactor measurements and comprehensive kinetic modeling[END_REF] were considered. Lean and stoichiometric conditions, at atmospheric pressure, were explored (𝛷 𝑁𝑂 = 0.25 and 𝛷 𝑁𝑂 = 1), using nitrogen as balance gas. Fourier-transform infrared (FTIR) spectroscopy was used for the identification and the quantification of species (NH3, H2O, NO and N2O). This technique does not allow to detect homonuclear diatomic species like N2 and H2. Figure 8 shows the results for the leaner compositions (the remaining datasets are presented in SM), in terms of NH3 consumption and water formation, as well as nitrogen fate (NO, N2O). In this case, too, the kinetic model well predicts the reactivity trends as a function of the blending ratio, except for an earlier onset with pure ammonia. An approximately linear decrease in the T50% can be observed for all the blending ratios. Moreover, the NH3 consumption rate with the temperature is less steep with higher H2 fractions, whilst being more abrupt in the pure case. Indeed, a gradual shift from ammonia to hydrogen chemistry can be observed in the nitrogen flux analysis and sensitivity analysis to NH3 mass fraction (Figure 9). Pure ammonia consumption is regulated by the competition between the "thermal-DeNOx" reactions (R11 and R12). Coherently with the past work [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF], and in contrast with the flow reactor (Section 3.1) where it initiates the fuel conversion, the H-abstraction from NH3 by O2 (R5) slows down the oxidation process with all the blending ratios, by acting in the reverse direction due to the relative abundance of HO2 at lower temperatures. The key role of the H2NO intermediate in NH3 oxidation is also confirmed in both flux and sensitivity analysis: it is generated via the NH2+HO2 propagation path (R7), then it is converted to HNO via the related H-abstractions (R17 and 18). In particular, R17 slows down reactivity, to a significant extent, with pure ammonia, whilst becoming negligible with the addition of hydrogen. b) Sensitivity analysis to NH3 mass fraction in the oxidation of NH3/H2/O2/N2 mixtures in a JSR (Figure 8), normalized with respect to the local maximum value in correspondence of ~10% conversion. The reaction R40 is omitted.

On the other hand, Figure 8 also shows that NO formation is well predicted by the kinetic model at the different temperatures, while N2O is overpredicted at all blending ratios, up to a factor ~2. The fate of nitrogen was further investigated via sensitivity analysis, in order to understand the kinetic competitions in NO and N2O formation. Figure 10 shows the controlling reactions for NO and N2O, respectively. Regarding NO, its formation is mostly driven by the oxidation of NHx radicals to HNO, on turn providing NO as already shown in Figure 7a. The competition between R39 and R40 regulates the radical pool amount (H/O/OH), such that, as expected, NO increases with temperature. On the other hand, NO formation is inhibited by the reduction of NO itself with NHx radicals, occurring via R34 and R12, providing N2 and N2O, respectively. In particular, R34 results in a competition between NO and N2O, and indeed it is one of the most important reactions bringing to the formation of N2O, as shown in Figure 10b. R34 is one of the two channels resulting from the reaction of NH with NO, the second being R35. Their branching ratio (80% towards R34) was recommended by Baulch et al. [START_REF] Baulch | Evaluated kinetic data for combustion modeling: supplement II[END_REF], and adopted also in [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF][START_REF] Zhang | Combustion chemistry of ammonia/hydrogen mixtures: Jet-stirred reactor measurements and comprehensive kinetic modeling[END_REF]. Therefore, considering R34 and R35, the predictive features with respect to the two datasets are antagonistic to each other.

Figure 10. Sensitivity analysis to a) NO and b) N2O mass fractions in the oxidation of NH3/H2/O2/N2 mixtures in a JSR (Figure 8), normalized with respect to the local maximum values, at the highest temperature of each experimental data series. The second key reaction driving N2O formation is the conversion of NH2 to NH via R23. Since such a path brings to the formation of NH and subsequent conversion to N2O via R34, Figure 10b shows that R23 has an importance comparable to the former, while being not particularly relevant in the formation of NO. The kinetic model adopts the rate proposed by Li et al. [START_REF] Li | Probing hydrogen-nitrogen chemistry: A theoretical study of important reactions in NxHy, HCN and HNCO oxidation[END_REF], which is 20% lower than the value proposed by Klippenstein et al. [START_REF] Klippenstein | Thermal decomposition of NH2OH and subsequent reactions: Ab initio transition state theory and reflected shock tube experiments[END_REF], and a factor 3 lower than the evaluation by Mousavipour et al.

[90] at 1000 K, thus providing the closest predictions to the experimental data.

Lower-temperature: ignition in a Rapid Compression Machine

The importance of low-and intermediate-temperature chemistry of ammonia, and related interaction with hydrogen becomes even more emphasized at high-pressure conditions, typical of internal combustion engines and gas turbines. Several studies were recently performed in different RCMs [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF][START_REF] Dai | Experimental and numerical analysis of the autoignition behavior of NH3 and NH3/H2 mixtures at high pressure[END_REF][START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF] in lean-to-rich conditions, using nitrogen and/or argon as balance gases. Although such devices involve non-ideal features related to gas motions and heat losses, most often requiring the simulation via Computational Fluid Dynamic (CFD) models and detailed kinetics [START_REF] Kéromnès | Rapid compression machines[END_REF], the adoption of the adiabaticvolume assumption allows for a significant model simplification, thus reducing the problem to a 0-dimensional one. Therefore, even if using RCM data for kinetics development would not be fully appropriate, since chemistry is coupled to boundary-layer effects, using a 0D reactor with an assigned volume profile provides a first benchmark of the mechanism performance.

Figure 11 provides a parametric comparison of modeling predictions in lean conditions at different compression pressures and variable 𝑥 𝐻 2 , with variable hydrogen amounts (datasets by Pochet et al. [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF] and He et al. [START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF] are shown in the SM). Mixed results can be observed, even in comparable conditions: considering the data by Dai et al. [START_REF] Dai | Experimental and numerical analysis of the autoignition behavior of NH3 and NH3/H2 mixtures at high pressure[END_REF], a very reasonable agreement with the experimental IDTs can be observed for all the NH3/H2 mixtures, while the IDT of pure ammonia is underestimated. Yet, as it can be seen by reproducing the datasets of Pochet et al. [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF] and He et al. [START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF] (shown in the SM), retaining the generality feature in the whole parametric space and considering different experimental RCMs is a challenging task. In the case of Pochet et al. [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF], in lean conditions the reactivity of NH3/H2 mixtures is overestimated, while in the case of He et al. [START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF], previous works [START_REF] Pochet | Experimental and numerical study, under LTC conditions, of ammonia ignition delay with and without hydrogen addition[END_REF][START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF][START_REF] Zhang | Combustion chemistry of ammonia/hydrogen mixtures: Jet-stirred reactor measurements and comprehensive kinetic modeling[END_REF] pointed out that no kinetic mechanism is able to keep the generality feature with varying equivalence ratio and blending ratio: the considered mechanisms mostly differ by their relative reactivity, according to their core NH3 chemistry.

Figure 11. Ignition delay times of NH3/H2 mixtures in a rapid compression machine. Experimental data (cfr. Table 1 of [START_REF] Dai | Experimental and numerical analysis of the autoignition behavior of NH3 and NH3/H2 mixtures at high pressure[END_REF]) vs modeling results. Volume histories were obtained through private communication from the authors of [START_REF] Dai | Experimental and numerical analysis of the autoignition behavior of NH3 and NH3/H2 mixtures at high pressure[END_REF].

In this case, too, sensitivity analysis was leveraged to understand the changes in the paths controlling IDTs with the hydrogen amount. Figure 12 shows the relevant paths in determining OH mass fraction, considered as a marker of IDT. The main deduction that can be drawn is that ammonia sub-chemistry is the sole controlling one, and specifically i) H-abstractions from NH3, ii) NH2+NOx channels and iii) H2NO chemistry. With regard to H-abstractions, R2 has a comparable role to what already found in the flow-reactor experiments performed for this work (Figure 4): supposedly for the same reason as in the FR case (higher availability of H radicals provided by H2) for increasing oxygen amounts, R2 is a reactivity enhancer, while being not significant in the absence of H2. The remaining H-abstractions, by OH (R3) and O2 (R5), are reaction inhibitors, but for different reasons: on the one hand, the abstraction by OH subtracts active radicals from the radical pool, and slows down the branching process. On the other hand, R5 act as termination reactions due to the abundance of HO2 radicals, as already observed at lower temperatures in JSR experiments (Section 3.2), and unlike intermediate-temperature FR datasets (Section 3.1). Concerning NH2+NOx reactions, the temperature range is favorable for the competition between R11 and R12 (thermal DeNOx [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF][START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF][START_REF] Lyon | Thermal DeNOx Controlling nitrogen oxides emissions by a noncatalytic process[END_REF]), while the high pressures at stake favor the presence of NO2, thus determining the parallel competition between R13 and R14. In particular, the propagation channel R13 leads to the H2NO intermediate (along with R7), whose major role at low temperatures has been already pointed out in Section 3.2, and in previous works [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF][START_REF] Stagni | H-abstractions by O2, NO2, NH2, and HO2 from H2NO: Theoretical study and implications for ammonia low-temperature kinetics[END_REF]. Especially with low or no hydrogen, its oxidation to HNO is indeed one of the major reactivity enhancers.

Interestingly, the rate of almost all the controlling reactions identified in Figure 12 is either the result of high-level theoretical calculations (R2, R3, R5, R6, R12, R13, R14, R15), or is well consolidated in literature, as is the case of R10.

Role of hydrogen addition on laminar burning velocity

Accurately representing the interaction between ammonia and hydrogen in the related blends becomes critical when flame propagation features are investigated. In the latest years, plenty of data have been collected with regard to the laminar flame speed of ammonia blends with hydrogen and/or other hydrocarbons, for which the kinetic mechanisms are well established. As shown by Han et al. [START_REF] Wang | Experimental and kinetic modeling study of laminar burning velocities of NH3/air, NH3/H2/air, NH3/CO/air and NH[END_REF][START_REF] Xiao | Experimental and kinetic modeling study of the laminar burning velocity of NH3/DME/air premixed flames[END_REF], the behavior with the amount of added species depends on the species itself: regarding hydrogen, a more-than-linear increase with the hydrogen mole fraction has been identified.

In order to get an insight on the chemical couplings behind such a behavior, hereafter a modeling investigation of the experimental data recently obtained by Lhuillier et al. [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] is presented. Such a study includes a parametric investigation of the laminar flame speed of NH3/H2 mixtures at atmospheric pressure, with variable i) unburned temperature Tu, ii) hydrogen amount 𝑥 𝐻 2 and iii) equivalence ratio 𝛷 (evaluated according to (2)). Figure 13 shows that a very good agreement is reached in the whole (Tu, 𝑥 𝐻 2 , 𝛷) space. No systematic under-or overestimations can be identified, and as shown in Figure 14, the non-linear increase in the flame speed with the oxygen amount is predicted very well, at the different 𝛷 and Tu, where the deviations are well within the experimental uncertainty.

Figure 13. Laminar flame speeds of NH3/H2/air mixtures at atmospheric pressure, and variable unburned gas temperature Tu and 𝛷 𝑁2 . Experimental data (symbols) [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] vs modeling results (lines). Figure 14. Laminar flame speeds of NH3/H2/air mixtures at atmospheric pressure and variable Tu, as a function of the hydrogen mole fraction. Experimental data (symbols) [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] vs modeling results (lines).

To shed light on the chemistry driving the more than linear increase in the laminar flame speed with the hydrogen mole fraction, sensitivity analysis was performed at a sample Tu and three representative 𝛷, and the behavior of sensitivity coefficients with the mixture composition was investigated. Figure 20 15 shows the results, where sensitivity coefficients were normalized with respect to those of the branching reaction R40 used as reference. Regardless of the equivalence ratios, two trends can be clearly identified. First of all, the importance of NH2+NO propagation channel (R11), providing H radicals, respectively, quickly decreases with increasing 𝑥 𝐻 2 , as it is no longer the major source of the radical pool. The same occurs for the NH2+NH propagation path via R33 at lean conditions, while at stoichiometric and rich conditions it keeps playing a major role, due to the higher availability of NHx radicals. On the other hand, the importance of H2/O2 chemistry becomes predominant in controlling the flame speed, in particular the H-abstractions R41 and R42 generating H radicals, on turn branching via R40, and R39 stopping reactivity as it subtracts H atoms from the pool, terminating into a much less reactive HO2. The same holds for the third-body termination R43. Combining R41 and R42 with R40 results in a radical branching process boosting the laminar flame speed because of the more-thanlinear increase of radicals caused by R40, and the higher availability of H2 further speeds up R41 and R42.

Finally, within the NH3 submechanism, it is worth noticing that the inhibiting effect of R24 persists at all the considered compositions. This had been already observed for pure ammonia mixtures [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF], but it is interesting to notice that the behavior of R24 differs from, e.g., R11 in the NH3 subset. Indeed, when hydrogen is present, R24 subtracts O radicals from the hydrogen oxidation path, thus competing with R41 which acts instead as a reactivity enhancer. It is worth highlighting that R24 was also found to be critical for NO predictions (Section 3.1), and considering the uncertainty around it, further studies on it would be beneficial to reconcile both NO speciation and laminar flame speed. On the other hand, R1 acts in the reverse direction as a termination, thus scavenging H radicals even when hydrogen predominates. 

Conclusions

Unraveling the chemical interactions between ammonia and hydrogen is an essential requirement for mapping the behavior of the binary blends in the whole operating space, and allowing a flexible use for a variety of applications. In this work, light was shed on the low-and intermediate-temperature oxidation of NH3/H2 mixtures with a variable blending ratio. To this purpose, an experimental and modeling study was performed, by combining new data, collected in a flow reactor at intermediate temperatures, with the most recent literature datasets. These were obtained in different devices (jetstirred reactor, rapid compression machines, laminar flames), thus covering all the conditions of interest, as well as the major combustion features (ignition, flame propagation). At the same time, an established kinetic mechanism, previously developed for ammonia oxidation, was revised according to the recent theoretical findings, and leveraged to interpret the obtained results: rate of production, flux and sensitivity analysis were the kinetic tools to identify the binary interactions, and the role of the most critical reaction steps, deserving a deeper theoretical attention in future studies.

The newly-collected datasets, covering the whole transition from pure NH3 to pure H2, were coherently reproduced by the kinetic model for what concerns the reactivity onset and water formation. When adding hydrogen, the half-conversion temperature was shown to be anticipated in a linear way with the hydrogen mole fraction, except for the smallest amounts, where the anticipation rate was faster. The kinetic analysis allowed to gain insight in the changes occurring from pure NH3 to binary mixtures: the opposite role played by H-abstraction by H radical from NH3 could be highlighted, first inhibiting then enhancing reactivity, due to the availability of H atoms from the direct oxidation of H2. Concerning the nitrogen fate, most of it was converted to N2 (> 90%), while the rest was NO, which was found to increase monotonically with the hydrogen fraction. On the other hand, the amounts predicted by the mechanism were i) up to a factor 2 larger than what measured (as already found in previous works with pure ammonia [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF]), ii) converging to comparable values at high temperature for all the compositions (except for the mixture richest in H2), and iii) nonmonotonic with the temperature for the largest hydrogen amounts. Although the third outcome might seem counterintuitive, a deeper analysis in the conversion history within the reactor could attribute NO oscillations at high temperatures to an early mixture ignition in the pre-heating region due to the increased reactivity when hydrogen was added, such that the final results became strictly dependent on the heating history (i.e. temperature profile).

The analysis was then extended to lower temperatures, considering the datasets recently collected in a Jet-Stirred Reactor at atmospheric pressure. The key role of HO2 was confirmed for the binary mixtures, too, due to the NH2+HO2 reaction and its propagation and termination channels, whose relative ratio was found to control the fuel conversion rate. In this case, nitrogen selectivity was critical, though, and N2O production was overestimated. Sensitivity analysis showed a major role for the NH+NO reaction in these conditions, as its propagation channel results in the conversion of NO to N2O. Further kinetic-modelling work might improve such predictions, although it should be considered that improvements in this regard are antagonistic with NO predictions in the already mentioned flow reactor conditions, thus causing a further overestimation. The low-temperature overview was then completed by the ignition delay time prediction in rapid compression machine. In addition to HO2 as key radical, due to the high pressures, it was found that, even with small additions of hydrogen, the formation of NO2 became relevant, paving the way to H2NO through the NH2+NO2 propagation channel, thus enhancing reactivity. Nevertheless, it was confirmed that being predictive on this kind of data remains a challenging task. In the future, the use of more complex RCM models, accounting for the thermal non-idealities, might shed further light in this direction.

Finally, the wide-range analysis of NH3/H2 interaction was concluded by untangling the flame propagation behavior, and the superlinear increase in the laminar flame speed with the hydrogen mole fraction. It was shown that, as the main source of H radicals shifts from ammonia to hydrogen chemistry, the importance of H-abstractions from H2 itself becomes predominant in releasing H atoms, thus driving the flame propagation. The combination of such effect to the branching reaction H + O2 = O + OH returns results in an explosive effect on the radical pool.
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Figure 1 .

 1 Figure 1. Oxidation of NH3/H2 mixture in a flow reactor (cfr.Table 1), at 𝛷 𝑁𝑂 = 1. Reactant consumption and H2O formation. Experimental and modeling results

Figure 2 .

 2 Figure 2. Temperature at which 50% NH3/H2 conversion is reached, obtained via interpolation of experimental (symbols) and modeling (lines) results.

Figure 3 .

 3 Figure 3. a) Predicted hydrogen mole fraction through the reactor length. b) Rate of production analysis for H2 in three characteristic points indicated by the stars. T = 1473 K. 𝑥 𝐻 2 = 10%.

Figure 4 .

 4 Figure 4. Sensitivity analysis to NH3 mass fraction for the different mixtures, normalized with respect to the maximum value (at 1% ammonia conversion). The reaction R40 is omitted.

Figure 5 .

 5 Figure 5. Oxidation of NH3/H2 mixture in a flow reactor (cfr.Table 1), at 𝛷 𝑁𝑂 = 1. NO and N2 formation. Experimental and modeling results.

Figure 6 .

 6 Figure 6. Predicted NH3 consumption and NO formation (black lines), and measured temperature profiles (red lines), throughout the reactor length for three nominal temperatures. (𝑥 𝐻 2 = 0.67, 𝛷 𝑁𝑂 = 1).

Figure 7 .

 7 Figure 7. a) Reaction flux analysis for nitrogen containing species in FR at T = 1573 K. b) Sensitivity analysis to NO mass fraction, normalized with respect to the local maximum reaction rate (reaction R40 was omitted). Both diagrams were evaluated at 99% max NO mole fraction (𝑥 𝐻 2 = 0.67, 𝛷 𝑁𝑂 = 1).

Figure 8 .

 8 Figure 8. Mole fraction profiles in the oxidation of NH3/H2/O2/N2 mixtures in a JSR. P = 1 atm. 𝛷 𝑁𝑂 = 0.25. 𝜏 = 1 s. Experimental [49] vs modeling results (dashed lines are predictions outside the experimental range).

Figure 9 .

 9 Figure 9. a) Reaction flux analysis for nitrogen-containing species (30% H2 -T = 1050 K -𝛷 𝑁𝑂 = 0.25). b) Sensitivity analysis to NH3 mass fraction in the oxidation of NH3/H2/O2/N2 mixtures in a JSR (Figure 8), normalized with respect to the local maximum value in correspondence of ~10% conversion. The reaction R40 is omitted.

Figure 12 .

 12 Figure 12. Sensitivity analysis to OH mass fraction in the oxidation of NH3/H2/O2/Ar/N2 mixtures in a Rapid Compression Machine (Figure 11-𝛷 = 0.5), normalized with respect to the local maximum values, in correspondence of 1% NH3 conversion.

Figure 15 .

 15 Figure 15. Sensitivity analysis to the laminar flame speed at Tu.= 298 K and variable hydrogen fractions, normalized with respect to the sensitivity coefficient of H+O2 = O+OH (not shown). a) 𝛷 = 0.7 b) 𝛷 = 1 c) 𝛷 = 1.5.

Table 1 .

 1 Summary of the experimental conditions investigated in this study.

	Set ID	X NH 3 inlet (ppm) X H 2 inlet (ppm)	inlet X O 2 (ppm)	Mixture composition (NH 3 :H 2 )	Φ NO (Erreur ! Source du renvoi	Φ N 2 (Erreur ! Source du renvoi
						introuvable.)	introuvable.)
	1		0	1250	100.0:0.0		0.600
	2		111	1306	90.0:10.0		0.617
	3 4	1000	266 538	1383 1519	79.0:21.0 65.0:35.0	1.000	0.638 0.671
	5		1000	1750	50.0:50.0		0.714
	6		2003	2250	33.3:66.7		0.778
	7	0	1000	500	0:100		1.000

Table 2 .

 2 Most relevant reactions in the NH3/H2 oxidation sub-mechanism. Reaction rate expression is modified Arrhenius k = AT β exp[-Eact/(RT)]. Units are cm 3 , cal, mol, K.

		Reaction	A	β	Eact	Notes	Ref
	R1	NH3 = NH2 +H	7.230E+29	-5.316 110862.4	0.1 atm	[20]
			3.497E+30	-5.224 111163.3	1 atm
			1.975E+31	-5.155 111887.8	10 atm
			2.689E+31	-4.920 112778.7	100 atm
	R2	NH 3 + H = NH 2 + H 2	1.963E+04	2.854	8520.2		[20]
	R3	NH 3 + OH = NH 2 + H 2 O	1.559E+05	2.372	118.9		[20]
	R4	NH 3 + O = NH 2 + OH	4.430E+02	3.180	6739.9		[20]
	R5	NH 3 + O 2 = NH 2 + HO 2	1.415E+10	1.285	55224.0		[20]
	R6	NH 3 + HO 2 = NH 2 + H 2 O 2	1.173E+00	3.839	17260.0		[20]
	R7	NH 2 + HO 2 = H 2 NO + OH	1.566E+13	0.000	0.0		[68]
	R8	NH 2 + HO 2 = HNO + H 2 O	2.190E+09	0.791	-1428.0		[60]
	R9	HNO = H+NO	2.104E+20	-3.151 48651.0	0.1 atm	[20]
			1.568E+21	-3.113 48707.0	1 atm
			1.060E+22	-3.059 48978.0	10 atm
			4.976E+22	-2.963 49471.0	100 atm
	R10	NO + HO 2 = NO 2 + OH	2.110E+12	0.000	-480.0		[69]
	R11	NH 2 + NO = NNH + OH	4.300E+10	0.294	-866.0		[70]
	R12	NH 2 + NO = N 2 + H 2 O	2.600E+19	-2.369 870.0		[70]
	R13	NH 2 + NO 2 = H 2 NO + NO	8.600E+11	0.110	-1186.0		[15]
	R14	NH 2 + NO 2 = N 2 O + H 2 O	2.200E+11	0.110	-1186.0		[15]
	R15	H 2 NO + O 2 = HNO + HO 2	2.300E+02	2.994	16500.0		[15]
	R16	H 2 NO + NO 2 = HNO + HONO	6.000E+11	0.000	2000.0		[71]
	R17	H 2 NO + NH 2 = HNO + NH 3	1.800E+06	1.940	-1152.0		[72]
	R18	H 2 NO + HO 2 = HNO + H 2 O 2	3.360E+05	2.000	-1434.0		[20]
	R19	H 2 NO + OH = HNO + H 2 O	2.400E+06	2.000	1192.2		[72]
	R20	N 2 H 2 + H = NNH + H 2	4.820E+08	1.760	739.0		[66]
	R21	N 2 H 2 + O = NNH + OH	1.110E+08	1.620	805.0		[66]
	R22	NH 2 + H = NH + H 2	1.090E+05	2.590	1812.0		[66]
	R23	NH 2 + OH = NH + H 2 O	4.040E+04	2.520	-616.0		[66]
	R24	NH 2 + O = HNO + H	1.500E+15	-0.547 836.7		[73]
		duplicate	7.730E+13	-0.277 646.4		[73]
	R25	NH 2 + NH 2 = N 2 H 2 + H 2	1.700E+08	1.620	11783.0		[67]
	R26	NH 2 + NH 2 = H 2 NN + H 2	7.200E+04	1.880	8802.0		[67]
	R27	NH 2 + NH 2 = NH 3 + NH	5640E+00	3.530	550.0		[67]
	R28	NH 2 + NH 2 (+M) = N 2 H 4 (+M)	5.600E+14	-0.414 66.0		[67]
		LOW	1.600E+34	-5.490 1987.0	
		Fc	0.31			
		AR / 0.59 / N2 / 1 / O2 / 0.69 / NH3 / 4.87 /				[74]
	R29	NH 2 OH(+M) = NH 2 + OH(+M)	1.400E+20	-1.310 64080.0		[67]
		LOW	5.400E+37	-5.960 66783.0	

Table 1
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), at 𝛷 𝑁𝑂 = 1. Reactant consumption and H2O formation. Experimental and modeling results

Appendix

This paper comes with:

• A pdf file containing supplementary material (present flow reactor simulations with literature mechanisms & additional validation of the present kinetic mechanism). • Model files (reactions, thermodynamic properties, and transport properties).

• Experimental data in an Excel spreadsheet.