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The development of low NOx hydrogen (H2) burners is crucial for the sustainability target of the power/propulsion sector. However, the technical difficulty of burning H2 at low NOx emissions is challenging for the combustion community. Recently, the concept of LEan Azimuthal Flame (LEAF) has demonstrated promising results for low NOx kerosene/hydrogen combustion by rapidly diluting the reactants with burnt gas and fresh oxidizer. However, there is a lack of understanding of the flame dynamics and the NOx formation routes for H2 LEAF. We therefore carried out a joint experimental and numerical study of the LEAF combustor at atmospheric pressure fueled with H2. Experiments are based on OH-planar laser-induced fluorescence and exhaust gas analysis. Numerical results are based on massively parallel Large Eddy Simulation (LES) with an accurate description of the combustion and NOx chemistry. This study focuses on understanding the effects of the Air Ratio (AR), which defines the distribution of the air injected from the top and the bottom of the LEAF combustor. The LES results are in excellent agreement with the experimental data in terms of flame topology and exhaust emissions. A dual flame structure is observed when rich premixed gas is injected from the bottom together with air from the top, leading to the coexistence of premixed and non-premixed combustion regimes. An optimum AR is identified to minimize NOx emissions. It is attributed to the enhancement of the azimuthal whirling flow by the air injected from the bottom, having higher momentum than pure H2 injection only.

The complex flame structure generated by the LEAF is characterized for the first time using experiments (OH-PLIF) and numerical simulations (highly resolved LES, including accurate chemistry description). This work demonstrates a dual flame structure where premixed flames coexist with diffusion flames for intermediate Air Ratios (ARs). Furthermore, NOx emissions are studied for several conditions. Experimentally, gas analysis at the exhaust is performed. Numerically, the NOx chemistry is integrated into the chemical kinetics. LES results are in excellent agreement with the experimental data. Using LES, we explain the unusual evolution of NO emissions as a function of the AR and identify an optimum so that thermal NO formation is minimized. The hydrogen LEAF burner is capable of emitting very low levels of NO (⇡ 2 ppmvd) at the optimum AR at atmospheric condition. This work is relevant for the combustion community currently working on decarbonized combustion systems, including hydrogen combustion.
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3) Authors' Preference and Justification for Mode of Presentation at the Symposium

The authors prefer OPP presentation at the Symposium, for the following reasons:

• The development of H2 combustors is crucial to the future of combustion, which needs to be decarbonized.

• Limiting NOx emissions is essential to limit the impact of combustion on the environment.

• This paper builds up on the previous symposium LEAF papers and unravel its combustion physics for full H2 operations.

• NOx production during H2 combustion is a known issue that needs no extensive introduction.

• This work will provide an opportunity to discuss the modifications that could be made to existing burners for aviation. The LEAF concept has shown remarkable low NOx emissions [START_REF] Helou | Experimental and numerical investigation of an ultra-low NOx methane reactor[END_REF][START_REF] De Oliveira | Sootfree low-NOxaeronautical combustor concept: The lean azimuthal flame for kerosene sprays[END_REF][START_REF] Miniero | Soot-free and low-NO combustion of Jet A-1 in a lean azimuthal flame (LEAF) combustor with hydrogen injection[END_REF] attributed to Mild combustion regime [START_REF] Cavaliere | Mild combustion[END_REF] and flameless oxidation [START_REF] Wünning | Flameless oxidation to reduce thermal no-formation[END_REF]. H2 was first introduced into a LEAF combustor by Miniero et al. [START_REF] Miniero | Soot-free and low-NO combustion of Jet A-1 in a lean azimuthal flame (LEAF) combustor with hydrogen injection[END_REF] to assist kerosene-air combustion. The operation with 100 % H2 was then achieved by de Oliveira et al. [START_REF] De Oliveira | A novel ultra-low NOx hydrogen combustor based on the Lean Azimuthal Flame concept[END_REF],
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confirming the potential for low NOx emissions. under-resolution leads to over-estimation of the con-69 sumption rate due to numerical over-diffusion [START_REF] Cuenot | The thick[END_REF].
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The very good agreement between LES and experi-

71
ments shows that the mesh quality employed is suffi- For AR = 0.5, the air distribution (more air from the bottom, less air from the top) allows the second reaction zone to develop in the middle of the chamber, detached from the premixed jet.

Results and discussion

LES is used to characterize the complex flame topology for AR = 0.25, 0.5 and 0.75. The LES setup employed retrieves remarkably well the dual flame structure observed experimentally (Fig. 4 and additional comparisons in the supplementary materials). The sign of the Takeno Index (TI) [START_REF] Yamashita | A numerical 111 study on flame stability at the transition point of jet 112 diffusion flames[END_REF] combined with the Heat Release Rate (HRR) clearly identifies two types of flame in the cut plane along the axis of a fuel injector (Fig. 5). For all ARs, the jet flame features a premixed combustion mode (i.e., TI > 0). The LES results identify the second reaction zone as non-premixed combustion (i.e., TI < 0).

The position and intensity of this second combustion zone varies according to the AR. For AR = 0.25, the non-premixed combustion is intense due to the high unburnt fuel concentration coming from the rich jets (the equivalence ratio of the premixed mixture coming from the BFM BFM equals 3). Its position with respect to the z-axis is close to the BFM due to the high momentum of the top air injection. For AR = 0.5 ( BFM = 1.5), the non-premixed combustion is less intense and more spread in the z-direction.

For AR = 0.75 ( BFM = 1), non-premixed combus- where BFM = 1, although limited to the extremities of the premixed jets.

Nitrogen oxides formation

Nitrogen oxide emissions are assessed experimentally by sampling at the burner outlet (Fig. 6). Overall, NO concentration is very low, with values as low as 2 ppmvd (corrected to 15 % O2) for AR 0.5. that the premixed mixture burns at stoichiometry (i.e., 60 BFM = 1 in Fig. 6). There is an additional mech-61 anism that prevents thermal NO for BFM ⇡ 1 that 62 will be elucidated using the LES data.

NO concentration in

63

To explain this mechanism, the OPs with AR = 

83

It is defined as 

84 h'i z = R R R z+ z z z '(x, y, z ⇤ ) dx dy dz ⇤ R R R z+ z z z dx dy dz ⇤ , (2) 

Conclusion

Low NOx combustion of H2-air mixtures is a challenge that requires a precise understanding of the un- 
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  To achieve climate neutrality and decarbonized power and transportation sectors, developing sustainable combustion technologies for carbon-free fuels is of utmost importance. In this regard, hydrogen (H2) is an obvious candidate as an energy carrier. However, H2 combustion can generate significant amount of harmful NOx due to reactant regions burning close to stoichiometry at high temperatures and to the impact of preferential diffusion on the NOx formation pathways [1, 2]. In theory, at constant hot gas temperature and for relevant residence time, H2 combustion has the potential for mitigating NOx emissions in practical systems [3]. However, the design of low NOx burners for H2 remains very challenging because, at a given hot gas temperature, premixed burners supplied with H2 exhibit a much higher risk of flashback than with hydrocarbons. Concepts for low NOx combustion have been the topic of intense research for kerosene [4]. The LEan Azimuthal Flame (LEAF) concept is a recent example, which involves opposed and azimuthal injection of air and fuel to generate a toroidal reaction zone where the combustion products of one jet flame are entrained in the whirling flow and dilute the reactants of the following flame (Fig. 1).

Fig. 1 :

 1 Fig. 1: Diagram of the LEAF combustor. Simulation results are used to illustrate the fuel/air injection and the flame.

  comprises a Top-Air Man-66 ifold (TAM) with 12 injection holes inclined at 45 67 and 2 mm in diameter, and a Bottom Fuel Mani-68 fold (BFM) with 3 injection holes inclined at 57 69 and 3 mm in diameter. A detailed description of the 70 LEAF combustor and its working principle for liq-71 uid fuel and H2-assisted operation can be found in 72 Refs [7, 11]. Here, the LEAF combustor is solely op-73 erated with H2-air mixtures. Pure air is injected from 74 the TAM and either pure H2 or a H2-air premixed mix-75 ture is injected from the BFM. The ratio of air in-76 jected from the BFM to the total air mass flow rate is 77 defined by the Air Ratio (AR): mass flow rate coming from 79 the BFM and ṁTAM air from the TAM. In this study, 80 the AR parameter is varied to evaluate the effects of 81 air distribution on the flame topology and NOx emis-82 sions. The tests are carried out at atmospheric pres-75, 0.85 and 1 for thermal 86 powers between 10 to 30 kW. The air ratio is var-87 ied from AR = 0 to 1. However, for some high-88 power Operating Points (OPs), the BFM holes are 89 found to be choked, therefore, limiting the AR vari-t i o n I n s t i t u t e The hydrogen LEAF topology and reaction fronts are experimentally characterized using OH-PLIF. A tunable dye laser (Quantel Q-scan pumped with Qswitched Nd-YAG laser: Q-smart 850, 24 mJ per pulse) tuned to a transition of the OH(A-X) (⌫ 0 = 1, ⌫ 00 = 0) band near 283.67 nm is utilized to perform the OH-PLIF measurements. The OH-PLIF signals are acquired using an ICCD camera (PCO Dicam Pro) mounted with a UV lens (Cerco 100 mm f/2.8) and a bandpass interference filter (Chroma, T > 70 % at 310 nm, FWHM 10 nm) at a sampling rate of 10 Hz. The PLIF measurements are not corrected for variations in the energy distribution of the laser sheets. The exhaust emissions are dry sampled for 60 s at 550 mm downstream of the BFM and measured using an ABB EL3040 gas analyzer (sampling rate 1 Hz) with an Uras26 infrared photometer. The gas analyzer has a device uncertainty of 7.9 % for NO measurements in the 0-200 mg/Nm 3 range. 2.3. Large eddy simulation LES is used to investigate the complex flame structure and NOx formation routes for AR = 0.25, 0.5 and 0.75 at = 0.75 and 10 kW. The LESs are performed using the AVBP [12, 13] unstructured cellvertex massively-parallel code solving the compressible multi-species Navier-Stokes equations. A third order accurate Taylor-Galerkin scheme is adopted for discretization of the convective terms [14]. The effects of the unresolved small-scale fluid motion are modeled using the SIGMA subgrid-scale model [15]. Description of the chemical kinetics relies on Analytically Reduced Chemistry (ARC). It allows to accurately describe the evolution of pollutants as well as flame consumption rate and stretch response [16, 17]. The ARC mechanism is specially constructed for this work using the ARCANE library [18]. Reduction starts from the CRECK mechanism [19, 20] with an appropriate NOx sub-mechanism from Ref. [21]. A set of canonical one-dimensional or zero-dimensional configurations is used to steer the reduction process towards an accurate ARC mechanism. More details on chemistry reduction and validation are given in the supplementary materials. The final ARC mechanism contains 16 species (4 of them in quasi-steady state) and 38 reactions. The mixture transport properties are modeled using a constant Prandtl number and a constant Schmidt number specific for each species. This approach takes into account non-unity Lewis number and differential diffusion between the different species. The premixed turbulent flames are modeled via the dynamic Thickened Flame (TF) model approach [22] which has already been successfully used for hydrogen flames in Refs [2, 23-26]. Unresolved flame wrinkling effects are accounted for using an efficiency function based on the wrinkling factor of Ref. [27]. The OPs with non-unity AR (Eq. (1)) are expected to feature non-premixed combustion zones. The TF model is automatically disabled in these regions to avoid an artificial increase of the species dif-fusion. Non-premixed combustion is identified using 60 the Takeno Index (TI) [28]. The diffusion flames are 61 computed without additional modeling. This strategy 62 enables handling different combustion regimes with 63 a single numerical setup and has already been suc-64 cessfully employed in previous studies [2, 26, 29]. 65 However, a fine resolution should be used in non-66 premixed combustion zones. Indeed, even if diffu-67 sion flames naturally adapt to the grid resolution used, 68
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 2 Fig. 2: Planar cut of the mesh. Annotations indicate cell size. The insets highlight the refinement at the injection nozzle outlets.
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 344 Fig.4, is due to the unburnt gas coming from the az-98

  tion zones are limited to few pockets of incomplete combustion products, certainly due to local extinction in the turbulent jet flames. The change in AR therefore results in a change in flame topology and combustion regime. Mixed combustion regimes where both premixed and non-premixed combustion coexist are depicted for AR = 0.25, 0.5 and even 0.75

  the flue gas follows a very similar trend as a function of the AR for the various thermal powers and global equivalence ratios investigated. The highest NO concentration is reached for pure diffusion flames (i.e., AR = 0). It first decreases with increasing AR before increasing slightly when the equivalence ratio of the bottom jet flames BFM is close to 1. The higher NO concentration for AR = 0 can be explained by the fact that diffusion flames burn close to stoichiometry, which results in hot regions favoring NO production via the thermal route, also known as the Zel'dovich mechanism initiated via the reaction N2 + O * ) NO + N . (R1) As AR increases, the proportion of H2 combustion via diffusion flamelets decreases, which explains the drop in NO emissions. However, NO levels do not 58 rise as high as the AR = 0 cases when AR is such 59

64 0 .

 0 25, 0.5 and 0.75 are simulated for a thermal power 65 and equivalence ratio of 10 kW and = 0.75, re-66 spectively. The capability of the LES setup combined 67 with an accurate description of the chemistry via ARC 68 has been identified as a robust method for describ-69 ing the formation of nitrogen oxides [2, 16, 31, 32]. 70 Here again, the LES strategy employed demonstrates 71 its ability to accurately model the NO chemistry. 72 The NO concentration at the burner outlet is in very 73 good agreement with the experimental measurements 74 (Fig. 6). The LES data are now analyzed to under-75 stand the NO formation mechanisms. Only the for-76 mation of the NO species is studied here because the 77 LES results show negligible NO2 concentration for all 78 cases (about 60 times lower than NO). NO formation 79 pathways are analyzed using the Sij matrix, which 80 contains the net rate of production of species i due to 81 species j. A sliding window is used to investigate the 82 chemistry in the combustor volume along the z-axis.

  for a variable ', with z = 2 mm. The sliding win-85 dow of the most important mean rate of production 86 of NO due to species j together with the mean NO 87 molar source term ⌦NO is used to investigate the NO 88 chemical routes (Fig. 7). NO production peaks near 89 the BFM (z ⇡ 10 mm) for all cases studied. In this 90 area, the N atom always plays an important role in the 91 NO production through the reactions 92 N + O2 * ) NO + O and (R2) 93 N + OH * ) NO + H . (R3) However, the origin of the N atom differs. For 94 AR = 0.25, the N atom is predominantly created 95 via Eq. (R1) (thermal route). For AR = 0.5 and 96 0.75, the thermal route is limited and the genera-97 tion of N is mainly due to the collision of NH with 98 H and OH. This is shown by the Reaction Path Di-99 agrams (RPDs) in Fig. 7 that have been drawn us-100 ing the ⌦ Sij ↵ z components at the z-location where 101 ⌦ ⌦NO ↵ z is maximum. Equation (R1) describes the 102 initiation reaction of the thermal NO pathway. Its ef-103 fect is twofold: it produces NO directly, but also N, 104 which then reacts with O and OH to give NO again. 105 The high rate of this reaction for AR = 0.25 explains 106 the higher NO concentration at the burner outlet as 107 compared to the other cases. Another route for NO
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 3 Fig. 3: Planar cuts (snapshots) colored by the OH-PLIF signal for AR = 0. The cut location is indicated by the sketch on the right. The global equivalence ratio is = 0.75.
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 45 Fig. 4: Planar cuts colored by the OH-PLIF signal and the OH mass fraction Y OH for the experiments and the LESs, respectively. The cut location is indicated by the sketch on the top left. The third column image is time-averaged, while the other images are snapshots. Two different ARs are shown. The global equivalence ratio is = 0.75.

Fig. 6 :

 6 Fig.6: NO emissions at burner outlet for three global equivalence ratios and multiple ARs (Eq. (1)). The equivalence ratio of the fuel jets BFM corresponding to each case is added on the top. LESs are performed at 10 kW.

Fig. 7 :

 7 Fig. 7: Top: Sliding window (Eq. (2)) of the most important mean molar production rates of NO due to the species j ( ⌦ S ij ↵ z with i associated to NO) for different ARs. The sliding window of the mean NO molar source term ⌦ NO is also shown in red, solid line. Bottom: RPDs constructed from ⌦ S ij ↵ z at the location of maximum NO production for each AR. The global equivalence ratio is = 0.75. AR = 0.25 AR = 0.50 AR = 0.75 High temperature regions

Fig. 8 :

 8 Fig.8: Planar cuts colored by the net rate of progress Q j of the reaction j. A temperature iso-contour (solid line) and an HRR iso-contour (dashed line) are superimposed. The cutting plane is along the axis of one of the fuel injectors (same as Fig.5). The global equivalence ratio is = 0.75.
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