Krishna Prasad Shrestha 
  
Charles Lhuillier 
  
Amanda Alves Barbosa 
  
Pierre Brequigny 
  
Francesco Contino 
  
Christine Mounaïm-Rousselle 
  
Lars Seidel 
email: lars.seidel@logesoft.com
  
Fabian Mauss 
  
An experimental and modeling study of ammonia with enriched oxygen content and ammonia/hydrogen laminar flame speed at elevated pressure and temperature

Keywords: ammonia, laminar flame speed, kinetic modeling, ammonia-hydrogen, NOx

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Figure 1 227 Figure 2 178 Figure 3 223 Figure 4 138 Figure 5 182 Figure 6 305 Figure 7 180 Figure 8 133 Figure 9 356 Table 1 145 Total(excl. abstract) 6075

Color figures in the electronic version only.

Supporting information is available

Introduction

Ammonia is a carbon free energy carrier. Its technical application is slightly hindered by the comparable low laminar flame speed. To consider ammonia (NH3) as single or blend fuel, it is essential to have a deep understanding of the detailed chemical processes of fuel oxidation to N2 and H2O and further oxidation to emission formation, mainly NO and NO2. Moreover, the knowledge on NH3 kinetics is also needed to improve the general NOx formation model. Ammonia is the smallest nitrogen containing fuel molecule. Several NH3-NOx mechanisms have been developed in recent years, each with a different conditions of interest [START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx chemistry[END_REF][START_REF] Mei | Experimental and kinetic modeling investigation on the laminar flame propagation of ammonia under oxygen enrichment and elevated pressure conditions[END_REF][START_REF] Song | Ammonia oxidation at high pressure and intermediate temperatures[END_REF]. Shrestha et al. [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] published their NH3 model recently which covers a broad range of experimental conditions available from the literature, including NOx formation and reduction in dependence on the surrounding environment. Mathieu et al. [START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx chemistry[END_REF] established an ammonia oxidation mechanism, based on experiments in a shock tube (ST). They compared their work against nine different literature models to underline the large discrepancies between the ammonia mechanisms. Hayakawa et al. [START_REF] Hayakawa | Laminar burning velocity and Markstein length of ammonia/air premixed flames at various pressures[END_REF] measured laminar flame speeds of ammoniaair in a cylindrical combustion chamber under elevated pressure conditions. They compared their data against the prediction of five detailed mechanisms from the literature. Most mechanisms failed to predict laminar flame experiments.

Xiao et al. [START_REF] Xiao | Chemical Kinetic Mechanism Study on Premixed Combustion of Ammonia/Hydrogen Fuels for Gas Turbine Use[END_REF] performed a comparative study on the performance of 12 different NH3-NOx kinetic mechanisms to identify the best model. They used NH3/H2 laminar flame speed data from [START_REF] Li | Study on using hydrogen and ammonia as fuels: Combustion characteristics and NOx formation[END_REF] and NH3 ignition delay time data from [START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx chemistry[END_REF] to rate the model predictions. The majority of the kinetic models could not reproduce the experimental data for the investigated range of equivalence ratios.

Recently, 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] studied autoignition of neat NH3 and NH3/H2 blends in a rapid compression machine (RCM). Both studies assessed the performance of the various NH3 kinetic models including our previous work [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] against their experimental data and concluded that none of the mechanisms was able to reproduce the experiments satisfactorily. Han et al. [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] performed an experimental and kinetic modeling investigation on laminar flame speed for NH3/air and different NH3/H2/CO/CH4 air blends. The three investigated mechanisms from literature could not accurately predict the laminar burning velocity. Recently, Mei et al. [START_REF] Mei | Experimental and kinetic modeling investigation on the laminar flame propagation of ammonia under oxygen enrichment and elevated pressure conditions[END_REF] performed laminar flame speed experiments for oxygen enriched NH3/O2/N2 blends. They modified our previous work [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] to reach an agreement with their experiments. Their selection of the base model was founded on a previous comparative study, including work from different groups.

In general, the discrepancies between the kinetic model predictions are expected as the experimental database for ammonia oxidation is not yet broad enough. Uncertainties are found in the rate kinetic data as well as in the thermochemistry. Further experimental data are needed to allow further improvement of the kinetic models. The conclusion above includes that the further oxidation of intermediates to NOx is not yet fully understood. Several researchers have already put their effort into the development of an NH3-NOx kinetic model but still, a well-established and reliable model is not yet available. As discussed in [START_REF] Mei | Experimental and kinetic modeling investigation on the laminar flame propagation of ammonia under oxygen enrichment and elevated pressure conditions[END_REF] our recent model [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] was not validated for laminar flames but can be modified to include these experiments.

In this study, we present new experimental flame speed data together with a modification of our recent work to include these experiments in our validation database.

The aim of the present work is thus twofold:

1) to extend laminar flame speed data already published in [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF], in the case of NH3/H2 blend at higher pressure than atmospheric one, and also in the case of neat NH3 with enriched O2 conditions.Moreover, additional NH3 laminar flame speed measurement with He as an inert will be provided for the first time to investigate the influence of third body coefficients in pressure dependent reactions.

2) to improve our previous model [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF], based on the improved and broadened experimental database.

This work is an ongoing effort to develop a reliable and comprehensive mechanism for NH3 and NH3/H2 blends. Although the focus of this study is on laminar flame speed, the derived model is critically tested against the previous validation database; i.e. ignition delay times (IDT), speciation in jet-stirred reactors (JSR), and burner stabilized flames (BSF).

Experimental set-up and processing

The experiments were performed in the 4.2 L (inner diameter 200 mm) spherical stainless steel combustion chamber, fully described in [START_REF] Brequigny | Laminar burning velocities of premixed nitromethane/air flames: An experimental and kinetic modeling study[END_REF][START_REF] Galmiche | Effects of high pressure, high temperature and dilution on laminar burning velocities and Markstein lengths of iso-octane/air mixtures[END_REF]. The fresh gases are heated up to a maximum initial temperature of 473K by means of a heating wire. Before filling the sphere, a vacuum pump allows the evacuation of residual gases until a pressure <0.009 bar. Then all reactant gases are injected by a thermal flow meter. Before being introduced in the sphere, the inlet valve heats the mixture up to the required temperature with a maximum of 2 K uncertainty. To guarantee a perfectly homogeneous mixture, a fan runs during few seconds, but is stopped 10 s before the ignition to avoid any perturbation. The maximum deviation between the effective initial pressure inside the combustion chamber and the required initial pressure was estimated about 0.5%. Two tungsten electrodes (1 mm diameter) with a conventional capacitive discharge ignition system are used, with an ignition coil time charge of 3 ms (i.e. discharge energy of less than 100 mJ). The electrodes gap is adjusted to ensure a sufficient energy deposit to sustain the flame.

Experiments were carried out at various initial pressure, temperature, global equivalence ratio from 1-10 bar, 298-473 K and 0.8-1 respectively. The volume content of H2, xH2, was varied from 0 to 30% (in fuel). Synthetic air (20.9% O2 / 79.1% N2) was used as ambient gas, but experiments were also performed for the neat ammonia cases with a variation of oxygen content, xO2 (23, 25, 27 and 30%vol, in oxidizer). Last, a set of experiments was also conducted by using He as inert gases for 27 and 30% vol. O2 cases. For each condition, at least 3 tests were carried out in order to obtain average and standard deviation values, represented by error bars in the following figures.

To measure laminar flame speeds, the Schlieren technique was implemented thanks to two opposite and transparent windows (diameter 70 mm). The Schlieren pathway is made by using a continuous LED, coupled with a 0.8 mm pinhole and 2 convex mirrors (864 mm focal length). At the focus point of the second mirror, a 0.5 mm dot is placed with two lenses (250 mm and 400 mm) to focus the Schlieren images on the Phantom v1210 high-speed CMOS ship. Images of 640

x 800 pixels² were recorded with a magnification ratio of 0.11 mm/pixel. The frame rate was adapted from 5 to 8kHz. The temporal evolution of the expanding spherical flame was then processed to get the flame front radius, rf. The laminar flame propagation speed, Vs was calculated from the time derivative of rf. The non-linear methodology as suggested by Kelley and Law [START_REF] Kelley | Nonlinear effects in the extraction of laminar flame speeds from expanding spherical flames[END_REF] and Halter et al. [START_REF] Halter | Nonlinear effects of stretch on the flame front propagation[END_REF] was used to estimate the unstretched laminar flame velocity Vs 0 , as This methodology was applied for flame diameter greater than 6.5 mm to avoid any ignition effect and lower than 25 mm corresponding to a burned gas volume less than 1% of sphere volume, to consider constant pressure chamber and avoid confinement effect.

(
Then the fundamental unstretched laminar burning velocity SL 0 is obtained with the expansion factor, ρb/ρu as 𝑆 𝐿 0 = 𝜌 𝑏 𝜌 𝑢 𝑉 𝑠 0 , with 𝜌 𝑏 and 𝜌 𝑢 the burned and the unburned gases densities respectively.

For low unstretched laminar burning velocity (<20 cm.s -1 ), radiative heat loss induced error can be of importance. Those effects were already addressed in [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF]. In the present work, using the correlation of Yu et al. [START_REF] Yu | Radiation-induced uncertainty in laminar flame speed measured from propagating spherical flames[END_REF], the worst case is obtained at 473 K, 3 bar where an underprediction of about 12% is calculated for neat ammonia corresponding to an absolute error of 1 cm/s. The error decreases down to 1% for the fastest flames.

Kinetic modeling

The kinetic model used in this work follows our previous publication [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] and was revised to predict the new experimental data determined in this work and in our recent work [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] for the wide range of conditions. In this work, the reaction rate parameter of several reactions were updated based on the literature study. The changes were made in the NH3, NH2, NH, N2H2, and H2NO submechanisms and modified reactions are listed in Table 1. The model developed in this work is validated against 104 sets (approximately 500 data points) of laminar flame speed data (covering ϕ = 0.7-1.7, T = 298-473 K, P = 1-10 bar). The complete kinetic scheme is provided as supporting information (SI). For lean and stoichiometric conditions, the model agrees with most measurements. For fuel-rich conditions, the best agreement is found with the older measurements from Ronney 1988 [START_REF] Ronney | Effect of Chemistry and Transport Properties on Near-Limit Flames at Microgravity[END_REF] and with the very recent experiments from Mei et al. 2019 [START_REF] Mei | Experimental and kinetic modeling investigation on the laminar flame propagation of ammonia under oxygen enrichment and elevated pressure conditions[END_REF]. Furthermore, particularly for fuel-rich conditions the model in this work shows an improved agreement against the measurements, compared to the model from our previous work [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF]. This improvement is mainly due to the update in the rate parameters for the reactions involving N2H2 (listed in Table 1). Reaction flow analysis (see Fig. 2, only major paths are shown here) reveals that reaction paths involving N2H2 are favored more at rich conditions. As can be seen in Fig. 2 at rich environment (ϕ=1.4red numbers) most of the NH2 reacts to N2H2 reacting with NH or self-recombining. This route increases its flux by 60% when compared to stoichiometric conditions. This increased importance of N2H2 formation via the NH2 route is compensated by the shrink in the NH formation route. Figure 3 shows the new measured laminar flames speeds (symbols) compared against the model predictions using our previous work [START_REF] Shrestha | Detailed Kinetic Mechanism for the Oxidation of Ammonia Including the Formation and Reduction of Nitrogen Oxides[END_REF] and the model improvements from this work for NH3/H2/air at 473 K and 1 [START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] and 3 bar. Simulations were performed using a detailed multicomponent diffusion model to consider the strong thermo diffusion of the H and H2. It can be seen that as the hydrogen content in the mixture is increased laminar flame speed is also increased. The experiments show peak laminar flame speed at ϕ = 1.1, which is well predicted by the models. It can be observed that below 10% H2 the laminar flame speed does not increase significantly, but does for H2 contents in the blend above 10% (see Fig. 1b). For 1 bar (Fig. 3a) at ϕ = 1.1 with 10% and 30% H2, laminar flame speed is increased by factor 1.4 and 2.8 respectively and for 3 bar (Fig. 3b) at same condition laminar flame speed is increased by factor 1.3 and 2.0 respectively compared to neat ammonia flame. This leads to the conclusion that the impact of H2 on the laminar flame speed of NH3/air is reduced with increasing pressure. Figure 3 also demonstrates that the model predictions from this work agree well with the most of the measurements while slightly underpredicting for 30% H2 (Fig. 3a) at lean to stoichiometric conditions.

Figure 4 shows new data the laminar flame speeds of NH3/H2/air at ϕ = 1.1, 473 K, and pressure of 5, 7 and 10 bar respectively as a function of H2 content in the fuel blend. It can be observed that the model predicts slightly higher flame speed compared to measurements but remain within the error margins of experiments. There are limited number of experimental data in literature at higher pressure (we believe this study is first to report data at 7 and 10 bar). To outline important reactions with regard to NH3/H2/air laminar flame speeds a reaction sensitivity analysis is conducted which is presented in Fig. 5 for ϕ = 1.0 at 1 bar and 473 K and different H2 contents (0-30%) in the fuel blend. In Fig. 5 positive sensitivity means reaction promotes the reactivity (increased flame speed) and negative sensitivity means reaction retards the reactivity. The chain branching reaction from the hydrogen chemistry (O2+H=OH+O) is also for Ammonia the most sensitive reaction under all conditions. Its sensitivity increases as the H2 content is increased and explains the accelerating laminar flame speed with increasing H2 content.

Other most sensitive reactions involve the NNH radical, which is a key radical in the ammonia oxidation chemistry. The thermal dissociation NNH=N2+H competes with the oxidation NNH+O2=N2+HO2. The former reaction promotes the reactivity by producing more reactive Hatoms while the latter retards the system reactivity by producing less reactive HO2 radicals.

Sensitivity increases with increasing H2 content in the blend for both reactions. The reactions, NH2+NO=NNH+OH and N2H2+M=NNH+H+M are chain branching reactions promoting the reactivity of the system. With respect to the increasing H2 content, the sensitivity of the former reaction increases while sensitivity of later reaction decreases. A further important reaction is NH2+NH=N2H2+H, with the highest contribution to the formation of N2H2 and consuming the important key radicals (NH2 and NH). The sensitivity of this reaction also increases with increase in H2 content. Similar observations can be drawn for other reactions as well. Additional model validation of NH3/air and NH3/H2/air laminar flame speeds for wide range of experimental condition is shown in SI (see Fig. S1 -S8).

Furthermore, for comparison study simulation has also been performed using three different mechanisms from literature (Glarborg et al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF], Otomo et al. [START_REF] Otomo | Chemical kinetic modeling of ammonia oxidation with improved reaction mechanism for ammonia/air and ammonia/hydrogen/air combustion[END_REF] and Stagni et al. [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF]). The performance of these mechanism against the experimental data (shown in Fig. 1, Fig. 3 and Fig. 4) are provided in SI (Fig. S12-S15). Among these, model from Glarborg [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF] overpredicts the laminar flame speed at all condition, Otomo model [START_REF] Otomo | Chemical kinetic modeling of ammonia oxidation with improved reaction mechanism for ammonia/air and ammonia/hydrogen/air combustion[END_REF] underpredicts mainly for NH3/H2 blends, and Stagni model [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF] performance is similar as our mechanism from this work. well for all the conditions. For completeness it is also stated that the agreement is better for 298 and 373 K than at 323 K. The laminar flame speed depends almost linearly on the O2 content in the oxidizer (see also Fig. S17 in SI). The influence of O2 is mainly explained by the increased adiabatic flame temperature. The influence of the chemistry is discussed in Fig. 7. It should be noted that with increasing H2 in fuel blend the growth is exponential while this does not hold true for O2 (see Fig. 2b and Fig. S17).

To explore the important reactions for predicting the laminar flame speeds at varying O2 content, reaction sensitivity analysis is performed. The prediction of different models from literature [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[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] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF] was compared against the present experimental data (see SI Fig. S22 -Fig. S24). The model from Glarborg [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF] overpredicts the laminar flame speed at all conditions, the Otomo model [START_REF] Otomo | Chemical kinetic modeling of ammonia oxidation with improved reaction mechanism for ammonia/air and ammonia/hydrogen/air combustion[END_REF] underpredicts mainly at rich side, and

Stagni model [START_REF] Stagni | An experimental, theoretical and kinetic-modeling study of the gas-phase oxidation of ammonia[END_REF] performance is similar as our model from this work. 

Model validation against literature data for IDT, speciation in BSF and JSR

Finally, we demonstrate for completeness of this paper that the modified model still predicts the validation experiments from previous work. Figure 9a shows the comparison between the model predictions against selected experimental data for ignition delay times in shock tube [START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx chemistry[END_REF] and RCM [START_REF] He | Auto-ignition kinetics of ammonia and ammonia/hydrogen mixtures at intermediate temperatures and high pressures[END_REF] for NH3/O2/Ar blend. The model predictions are in good agreement with the experimental data for a wide range of pressure over the whole temperature range investigated. 

Conclusion

New data of the laminar flame speed of NH3 enriched with O2 and NH3/H2 blends have been studied experimentally at 1-10 bar, 298-473 K using a constant pressure combustion vessel. Based on the present measurements and published experimental data, a reaction mechanism for the oxidation of NH3 and NH3/H2 blends is developed. A number of published experiments have been selected to demonstrate that important features of the ammonia chemistry are well captured by the mechanism that was modified to include laminar flame speed prediction. Overall, there is a good agreement between model predictions and experimental measurements for the wide range of experimental conditions investigated. It is found that laminar flame speed of neat ammonia can be increased by increasing the oxygen content or using hydrogen as fuel blend. To rate the sensitivity of H2 addition to the fuel blend or O2 enrichment in the oxidizer we compare the data from Fig. 1b and Fig. 6a at 1 atm, 298K and ϕ = 1.0. For 30% O2 (in oxidizer stream) the laminar flame speed of NH3 is increased by factor 2.8 while 30% H2 (in fuel stream) increases flame speed by factor 2.9. Hence, 9% increase of O2 (compared to air) content has the same effect as 30% H2 in the fuel blend. 
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Table 1 :

 1 List of reactions with updated rate parameter in the detailed model, found in the SI. The symbols in figures are experimental data from this work or from the literature, lines are model prediction. All the simulations are performed with the LOGEresearch v1.10 [24] software suit. The model from this work is validated against 104 data sets of laminar flame speed measurements

	Reactions	Source of adopted rate
	NH2+H(+M)=NH3(+M)	Altinay and Macdonald [17]
	NH3+H=NH2+H2	Nguyen and Stanton [18]
	NH2+H=NH+H2	Samu et al. [19]
	NH2+O=HNO+H	Miller et al. [20] /2
	NH2+HO2=NH3+O2	Sumathi et al. [21]
	NH2+HO2=H2NO+OH	Sumathi et al. [21]
	NH2+HO2=HNO+H2O	Sumathi et al. [21]
	NH2+HO2=HON+H2O	Sumathi et al. [21]
	N2H2+M=NNH+H+M	Mei et al. [2] x 0.75
	N2H2+H=NNH+H2	Zheng et al. [22] x 2
	NH2+NH=N2H2+H	Klippenstein et al. [23] x 2
	NH2+NH2=N2H2+H2	Klippenstein et al. [23] x 2

from different sources (32 data are from this work and 40 data (for NH3/H2) are from our recent work

[START_REF] Lhuillier | Experimental investigation on laminar burning velocities of ammonia/hydrogen/air mixtures at elevated temperatures[END_REF] 

and others are from published literature

[START_REF] Mei | Experimental and kinetic modeling investigation on the laminar flame propagation of ammonia under oxygen enrichment and elevated pressure conditions[END_REF][START_REF] Hayakawa | Laminar burning velocity and Markstein length of ammonia/air premixed flames at various pressures[END_REF][START_REF] Li | Study on using hydrogen and ammonia as fuels: Combustion characteristics and NOx formation[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] Lee | Effects of ammonia substitution on hydrogen/air flame propagation and emissions[END_REF][START_REF] Ichikawa | Laminar burning velocity and Markstein length of ammonia/hydrogen/air premixed flames at elevated pressures[END_REF][START_REF] Jabbour | Burning velocity and refrigerant flammability classification[END_REF][START_REF] Zakaznov | Determination of normal flame velocity and critical diameter of flame extinction in ammonia-air mixture[END_REF][START_REF] Pfahl | Flammability limits, ignition energy, and flame speeds in H2-CH4-NH3-N2O-O2-N2 mixtures[END_REF][START_REF] Ronney | Effect of Chemistry and Transport Properties on Near-Limit Flames at Microgravity[END_REF][START_REF] Kumar | Experimental and modeling study of chemical-kinetics mechanisms for H 2-NH3-air mixtures in laminar premixed jet flames[END_REF][START_REF] Takizawa | Burning velocity measurements of nitrogen-containing compounds[END_REF]

).
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