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Instantaneous and mean nitric oxide (NO) concentrations are measured in a turbulent, lifted, 𝑛-heptane jet spray flame at an atmospheric pressure using planar laser-induced fluorescence (PLIF). The flame-front is simultaneously located using OH-PLIF. The NO excitation line with the least temperature-quenching dependence is selected, and the associated NO-LIF dependence is corrected. LIF optimization and data reduction are based on previous work [Mulla et al. Combust. Flame 203 (2019) 217-229] where the NO-LIF signal was simulated at the spray flame condition (temperature and gas composition from LES) using a spectroscopic model. In the present work, to reduce interferences from polycyclic aromatic hydrocarbons (PAH) and soot, the detection bandwidth is progressively reduced from broadband (F6), intermediate (F3), to narrowband (F1). F6 results in a significant interference, while F1 contains the least interference. Instantaneous NO mole fraction (𝜒 𝑁 𝑂 ) is deduced from F1 dataset using a novel instant-wise mapped interference subtraction approach (F1-Inst). The conditional mean NO concentrations derived from F6, F3, F1, and F1-Inst are in agreement (within uncertainty limits); however, F1-Inst appears to be the most reliable. Instantaneous flame-structure (OH) and NO concentration fields are analyzed. The spray flame structure consists of the inner (B1) and outer (B2) flame branches. Local extinctions are observed along B1. Small-scale

Introduction

Spray flames exhibit a complex interaction between droplets, turbulence, and combustion. A large spatial variation of droplet size, flow velocity, and fuel concentration exists in spray flames [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF]. This leads to the formation of a hybrid structure containing premixed, partially premixed, and diffusion flame branches [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF]. The droplet-flame interaction also leads to local extinctions and heat release rate perturbations. These complex phenomena affect the formation of nitric oxide (NO) which is highly sensitive to the mode of combustion, residence time, and temperature. Therefore, to accurately predict the NO concentration, it is necessary to develop and validate thermochemical (and turbulence) models against an experimental database. Thus, physical insights and measurements derived from well-defined target flames are of great interest to the modeling community.

The 𝑇 𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑝𝑟𝑎𝑦𝑠 (TCS) network [START_REF]6th workshop on measurement and computation of turbulent spray combustion[END_REF] has been facilitating collaborations between experimental and computational communities. Since its inception (in 2009), TCS has evolved from identifying target flames to establishing comprehensive databases in select flames. The target flames include a Sydney piloted dilute spray burner [START_REF] Gounder | Turbulent piloted dilute spray flames: Flow fields and droplet dynamics[END_REF] and a Cambridge swirl spray burner [START_REF] Yuan | Reaction zone visualisation in swirling spray n -heptane flames[END_REF]. The contribution by CORIA Rouen Spray Burner (CRSB) group has also been recognized. The CRSB database [1-3, 6, 7] includes spray shadowgraphy, droplet size and temperature, flow and droplet velocities, flame-front, ignition probability map, and mean NO concentration. So far, the TCS databases has primarily provided spray characterization, flow-field, and flame-structure information. There is a need to strengthen the database by measuring species concentrations, especially the pollutants such as NO and soot. The species measurements will contribute towards the validation of chemical kinetics mechanisms used in a large eddy simulation (LES).

In experiments, laser-induced fluorescence (LIF) is the most widely used technique to deduce NO concentration. However, the quantification of the fluorescence signal is very challenging due to a number of issues. 1) In addition to a probed species (NO) concentration, the fluorescence signal also depends on the mixtures composition (due to collisional quenching) and temperature (quenching cross-section, Boltzmann fraction, and density dependencies). 2)

If the flame is fuel-rich, interference arises due to fluorescence from polycyclic aromatic hydrocarbons (PAH) and possibly from unburned hydrocarbons. In sooting flames, the laser-induced incandescence (LII) from NO excitation laser can exceed the NO-LIF signal, causing severe interference. 3) In spray flames, the Mie scattering from fuel droplets is several orders larger than the weaker NO-LIF. 4) Additionally, the complex turbulent spray flame structure (local flame extinctions and isolated flame islands) leads to a weakly defined flame-front, which poses difficulty in the data processing. The present spray flame contains all the above issues, which makes the accurate NO concentration measurement very challenging, even on the mean basis.

Quantitative NO measurements in gas phase mixture have been reported at atmospheric [START_REF] Sahu | Quantitative LIF measurements and kinetics assessment of NO formation in H 2 /CO syngas-air counterflow diffusion flames[END_REF][START_REF] Wang | Investigation of NO formation in premixed adiabatic laminar flames of H 2 /CO syngas and air by saturated laser-induced fluorescence and kinetic modeling[END_REF] and elevated pressures [START_REF] Lee | Experimental evaluation of strategies for quantitative laser-induced-fluorescence imaging of nitric oxide in highpressure flames (1-60 bar)[END_REF][START_REF] Yoo | Detection of trace nitric oxide concentrations using 1-D laser-induced fluorescence imaging[END_REF][START_REF] Ravikrishna | Quantitative laser-induced fluorescence measurements and modeling of nitric oxide in high-pressure (6-15 atm) counterflow diffusion flames[END_REF]. At high pressures, additional interferences arise from LIF of O 2 and CO 2 [START_REF] Lee | Experimental evaluation of strategies for quantitative laser-induced-fluorescence imaging of nitric oxide in highpressure flames (1-60 bar)[END_REF] due to absorption line broad-ening with pressure. A few studies provide quantitative NO concentration in two-phase automotive spray flames in diesel [START_REF] Verbiezen | Quantitative laser-induced fluorescence measurements of nitric oxide in a heavy-duty diesel engine[END_REF] and gasoline direct injection (GDI) [START_REF] Bessler | Quantitative in-cylinder NO-LIF imaging in a realistic gasoline engine with spray-guided direct injection[END_REF][START_REF] Fissenewert | Characterization of combustion and NO formation in a spray-guided gasoline direct-injection engine using chemiluminescence imaging, NO-PLIF, and fast NO exhaust gas analysis[END_REF][START_REF] Suck | NO laser-induced fluorescence imaging in the combustion chamber of a spray-guided direct-injection gasoline engine[END_REF] engines. In addition to O 2 , CO 2 , and H 2 O interferences, the soot presence causes attenuation of the excitation laser and the NO fluorescence signal. The detailed steps of NO-LIF signal correction in a GDI engine are provided in Fissenewert et al. [START_REF] Fissenewert | Characterization of combustion and NO formation in a spray-guided gasoline direct-injection engine using chemiluminescence imaging, NO-PLIF, and fast NO exhaust gas analysis[END_REF]. This elaborative description demonstrates the data reduction complexity in the evaluation of NO mole fraction. The interferences are much more severe in diesel engines [START_REF] Verbiezen | Quantitative laser-induced fluorescence measurements of nitric oxide in a heavy-duty diesel engine[END_REF], making the NO concentration deduction extremely challenging. Verbiezen et al. [START_REF] Verbiezen | Quantitative laser-induced fluorescence measurements of nitric oxide in a heavy-duty diesel engine[END_REF] incorporated attenuation correction in diesel engine through bidirectional LIF, absorption spectroscopy, and Raman scattering of N 2 [START_REF] Verbiezen | Attenuation corrections for in-cylinder NO LIF measurements in a heavy-duty Diesel engine[END_REF]. Ottenwälder et al. [START_REF] Ottenwälder | Quantitative nitrogen oxide measurements by laserinduced fluorescence in diesel-like n-heptane jets with enhanced premixing[END_REF] reported NO measurement in a high pressure 𝑛-heptane spray flame. The high injection and chamber pressures resulted in better mixing. Thus, the investigated spray flame [START_REF] Ottenwälder | Quantitative nitrogen oxide measurements by laserinduced fluorescence in diesel-like n-heptane jets with enhanced premixing[END_REF] was largely non-sooting; consequently, PAH and LII interferences were not significant.

NO measurements in aeronautical sprays at elevated pressure were reported using LIF [START_REF] Cooper | Quantitative measurements of nitric oxide in high-pressure (2-5 atm), swirl-stabilized spray flames via laser-induced fluorescence[END_REF] and Laser-saturated fluorescence (LSF) [START_REF] Cooper | Comparisons of lasersaturated, laser-induced, and planar laser-induced fluorescence measurements of nitric oxide in a lean direct-injection spray flame[END_REF] techniques. The LSF technique is considered to be insensitive to the gas composition, and therefore used by a few researchers [START_REF] Wang | Investigation of NO formation in premixed adiabatic laminar flames of H 2 /CO syngas and air by saturated laser-induced fluorescence and kinetic modeling[END_REF][START_REF] Li | Measurements of NO concentration in NH 3 -doped CH 4 +Air flames using saturated laser-induced fluorescence and probe sampling[END_REF]. Nevertheless, the gas temperature must be known to deduce the NO concentration from the fluorescence signal. Another difficulty is that the larger fluence requirement restricts the LSF application to a point or line measurements. Additionally, LSF is applicable to only non-sooting flames, since a high fluence can lead to a significant LII interference.

Most of the past NO measurements in automotive and aeronautical sprays were performed at elevated pressures to simulate practical engines. The NO concentration data in an atmospheric pressure spray flame is quite rare. Our recent work [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] provides mean NO concentration in an atmospheric 𝑛-heptane spray flame. The lower signal levels (due to low laser fluence) and LIF interference from PAH and unburned hydrocarbons (due to broadband 230 -320 𝑛𝑚 detection) could not yield instantaneous NO concentration. Therefore, the present work utilizes higher laser fluence and narrower detections. The proposed narrowband detection strategies mitigate the PAH interference, leading to better signal quality of mean NO concentration. Additionally, a novel interference correction approach is proposed to deduce instantaneous planar NO concentrations. Instantaneous NO concentration fields are used to study the effect of local extinctions on NO and to discuss the spatial patterns between NO, PAH, and soot (due to LII interference). Thus, the present work contributes 𝑖) to the enhancement and validation of the previously reported mean NO concentration, 𝑖𝑖) to the instantaneous NO concentration measurement and the elucidation of local extinctions effects on NO, and 𝑖𝑖𝑖) to the identification of the soot and soot-precursor formation zones.

Experimental methods

Burner and Flame condition

A turbulent, lifted, 𝑛-heptane spray flame was stabilized on the CRSB facility at atmospheric pressure. The burner geometry was presented in the prior work [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF]. The burner consists of a simplex injector (Danfoss, 1.35 𝑘𝑔/ℎ, 80 𝑜 hollow cone) which was used to atomize the liquid-phase 𝑛-heptane. The co-flow of air was supplied around the injector through the annular opening of 10 and 20 𝑚𝑚 diameters. The air flow rate of 6 𝑔/𝑠 was maintained using a thermal mass flow controller, whereas the fuel flow rate of 0.28 𝑔/𝑠 was regulated using a Coriolis flow controller. The air/fuel ratio corresponds to a global equivalence ratio of 0.71. This flame condition has been selected as a target case in prior works [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF][START_REF] Verdier | Experimental study of local flame structures and fuel droplet properties of a spray jet flame[END_REF][START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] following the flame stability tests. The blue flame-base suggests partial premixing, while the downstream region shows yellow luminosity from soot radiation suggesting non-premixed combus-tion. Therefore, the soot-precursor (PAH) presence is anticipated upstream of the sooting region. Two view fields (VFs), H1 (𝑟 = 6-37 𝑚𝑚, 𝑧 = 20-51 𝑚𝑚) and H2 (𝑟 = 9-40 𝑚𝑚, 𝑧 = 45-76 𝑚𝑚), marked in Fig. 1 were used for NO imaging. The burner was translated using a 3-axis motorized stage. The schematic in Fig. 1 shows the OH-PLIF signal along with the expected zones of PAH, NO, and soot. This schematic is derived from the flame photograph and findings of the present work (Sec. 3.3). The H1 region appears soot-free, while the soot presence is noted in the downstream H2 region. The inner and outer flame branches are denoted ( [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF]) by B1 and B2, respectively, whereas Zone-C denotes the enclosed region.

Laser diagnostics

A total of 1500 OH/NO PLIF image pairs were acquired simultaneously at 3.3 𝐻𝑧 rate in the spray flame. The OH-PLIF was used to detect the flamefront (Appendix B.1), while the NO-PLIF was employed to evaluate the NO mole fraction. To subtract interferences, NO transition-detuned (while OHtuned) PLIF signal (1500 images) was also acquired. Both the H1 and H2 fields measured 31 𝑚𝑚 × 31 𝑚𝑚, with a magnification of 33 𝑝𝑖𝑥𝑒𝑙𝑠/𝑚𝑚. The laser diagnostics set-up was similar to our prior work [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] with a few improvements. The OH-PLIF system was identical to [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], where a detailed description is which could not yield instantaneous NO concentrations due to low signal quality.

However, the higher fluence results in LII interference which starts around 0.05-0.10 𝐽/𝑐𝑚 2 [START_REF] Bladh | Experimental and theoretical comparison of spatially resolved laser-induced incandescence (LII) signals of soot in backward and rightangle configuration[END_REF]. In the present work, LII interference is noted in 𝑧 > 60 𝑚𝑚 region. Thus, in sooting flames, the laser fluence is a trade-off between the NO-LIF signal intensity and LII interference.

The NO-PLIF system for F3 and F1 measurements consisted of a frequencydoubled Nd:YAG laser (Quanta-Ray Pro-350-10, Spectra-Physics) which pumped a dye laser (PrecisionScan-LG-24-EG, Sirah) running with the mixture of Rhodamine 610 and Rhodamine 640 dyes. The Nd:YAG laser was injection seeded to obtain a narrow linewidth (0.005 𝑐𝑚 -1 @ 355 𝑛𝑚). The dye laser fundamental output (615 𝑛𝑚) was mixed with 355 𝑛𝑚 from the Nd:YAG laser, ultimately generating 225.12 𝑛𝑚 (specified in a vacuum). The portion of the light-sheet uni-form within 55% of peak intensity was used for the PLIF measurements. Before the spray flame measurements, the excitation wavelength was verified through the excitation/emission spectrum scan in a NO-seeded McKenna flame. The experimental spectrum was compared with the simulated spectrum obtained using LIFSim [START_REF] Bessler | A versatile modeling tool for nitric oxide LIF spectra[END_REF]. The excitation wavelength of 225.12 𝑛𝑚 with 0. (31.5). We refer to these combined transitions as 𝑄 1 (29.5) for brevity based on the intensity relevance. The combined temperature-quenching LIF dependence of the 𝑄 1 (29.5) excitation in the present spray flame was found to be the least out of other candidate transitions [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF]. The NO-LIF optimization was based on the simulations of the LIF temperature-quenching dependence for various excitation wavelengths (transitions) at the spray flame condition. For LIF simulations, the CORIA LIF model [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF][START_REF] Gautier | Dosage des polluants NO et CO par imagerie de fluorescence induite par laser dans les écoulements réactifs[END_REF] was used. The temperature and gas composition needed for the LIF simulation were obtained from the spray flame LES data [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF][START_REF] Shum-Kivan | Simulation des grandes echelles de flammes de spray et modélisation de la combustion non-prémélangée[END_REF]. The temperature within the investigated spray flame region typically ranges from 1200 to 2200 K. The excitation scheme should be optimized for a given flame condition and linewidth of the laser.

The NO fluorescence signal was imaged using an emICCD camera (PI-MAX R ○ 4: 1024 EMB, Princeton Instruments) equipped with UV lens (100mm f/2.8, Cerco). The camera was gated to 100 𝑛𝑠 with respect to the laser pulse. In the prior work [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] broadband detection (F6) was used due to low signal intensity owing to a lower fluence (0.02 𝐽/𝑐𝑚 2 ). The fluorescence detection between 230-320 𝑛𝑚 allowed the imaging of six NO fluorescence bands, namely 𝐴-𝑋(0, 1) to (0,6) as shown in Fig. 3. This detection is denoted by F6 (Filter transmitting 6 bands). Ideally, a narrowband filter isolating 𝐴-𝑋(0, 1) band near 235 𝑛𝑚 is preferred to reduce interferences. This approach has been implemented in non-sooting gas-phase [START_REF] Bohon | PLIF measurements of nonthermal NO concentrations in alcohol and alkane premixed flames, Combust[END_REF][START_REF] Bessler | Quantitative NO-LIF imaging in high-pressure flames[END_REF] and high-pressure spray [START_REF] Cooper | Comparison of laser-induced and planar laserinduced fluorescence measurements of nitric oxide in a high-pressure, swirlstabilized, spray flame[END_REF] flames. However, in the present atmospheric spray flame, large droplets lead to significant Mie scattering noise. The blockage of the order of < 1𝑒-15 @ 225 𝑛𝑚 is needed to eliminate the Mie scattering at the present fluence entirely. The filter should also maintain a sufficient transmission (> 20%) at 235 𝑛𝑚 with a very narrow bandwidth (ideally, < 2 𝑛𝑚 as used in [START_REF] Cooper | Comparison of laser-induced and planar laserinduced fluorescence measurements of nitric oxide in a high-pressure, swirlstabilized, spray flame[END_REF]). A filter with such demanding specifications was not available. Instead, we used two relatively narrower detection windows to reduce interferences. Figure 3 with F3 and F1, the higher fluence of 0.05 𝐽/𝑐𝑚 2 was used. Measurements at higher fluence with F6 detection were not performed since the LII and PAH interferences would be significant. Instead, the earlier F6 data [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] with low fluence is used for comparison with F3 and F1.

The NO-LIF signal was calibrated against the NO-seeded flames in a McKenna burner, as detailed in Appendix C. Excellent linearity is observed between the NO concentration and LIF signal.

Results and discussion

Mean tuned and detuned signals in spray flame

The detuned signal was also acquired in the spray flame to assess interferences in NO-LIF. Figure 4 shows ensemble-averaged (unconditionally) tuned and detuned LIF signals for each of the detections. The previously reported F6 results [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] are also presented for comparison with F3 and F1. The flame-front location is indicated by the mean progress variable (c) contours, which are deduced from simultaneously acquired OH-PLIF images. The image processing method to deduce the flame-front and mean progress variable is detailed in our prior work [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF] and also concisely provided in Appendix B.1. The OH-PLIF image is binarized using a certain (∼0.3 times of the peak) threshold. Occasionally, the flame-front is not continuous due to local extinctions [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF] of the inner reaction zone (B1 branch). The broken OH segments are connected to the nearest neighbor. The connected reaction zones are marked by locating the centerline of the OH-layer. A progress variable map is deduced by defining 𝑐 = 0 in the fresh gas and 𝑐 = 1 in the burnt gas (Zone-C). Each OH-PLIF image provides an instantaneous 𝑐 map, which is averaged over 1500 realizations to deduce the c map.

The comparison of the detuned and tuned signals provides interference estimates both in intensity and space. The extent of spatial containment of the detuned signal within the flame-fronts is verified using the c contours. The detuned signal is maximum in a burnt gas (c = 1) and decreases towards the fresh gas (lower c). With F6 detection, the detuned signal exists until c = 0.3 contour, although low in intensity. Even outside c = 0.3 region, a non-negligible detuned signal is present, which is not the case with F3 and F1 detections.

In non-sooting regions (𝑧 < 60 𝑚𝑚), observed interference is likely attributed to broadband fluorescence from smaller PAH. There could be other interfering species, such as partially oxidized hydrocarbons, but its contribution may not be dominant due to UV detection (< 320 𝑛𝑚). Condensed nanoparticle soot-precursors do not produce fluorescence or LII when excited at UV wavelengths [START_REF] Wal | Simultaneous laser-induced emission of soot and polycyclic aromatic hydrocarbons within a gas-jet diffusion flame[END_REF]. Although the signal intensity is lower with F1, the PAH interference is the least. To compare quantitatively, the detuned to tuned signal ratios are listed in Table 1 for various detections. The ratios are provided at 𝑧 = 42 𝑚𝑚 for different mean flame locations (c = 1, 0.9, 0.3). The region of c = 1 is wide, and thus the ratio is evaluated at a fixed peak PAH location of 𝑟 = 21 𝑚𝑚.

Interferences from O 2 , CO 2 ,
Whereas, the radial locations for c = 0.9 and 0.3 are 26-27 𝑚𝑚 and ∼30 𝑚𝑚, respectively, across different detections (F6, F3, and F1).

As expected, the PAH-LIF interference is larger with the broadband F6 detection, both in intensity and in spatial distribution. Since the flame is sooting, the PAH presence is anticipated. The excitation and detection wavelengths of F6 suggests that the interference arises primarily from smaller PAH (1-3 ring), as indicated by Bejaoui et al. [START_REF] Bejaoui | Laser induced fluorescence spectroscopy of aromatic species produced in atmospheric sooting flames using UV and visible excitation wavelengths[END_REF]. The interference reduces with an increase in 𝑟 towards the fresh gas (lower c). This is a result of the consumption of smaller PAH towards the formation of larger PAH [START_REF] Desgroux | Study of the formation of soot and its precursors in flames using optical diagnostics[END_REF] that do not produce fluorescence with UV excitation [START_REF] Bejaoui | Laser induced fluorescence spectroscopy of aromatic species produced in atmospheric sooting flames using UV and visible excitation wavelengths[END_REF]. Larger PAH coagulate and subsequently go through thermochemical processes to form soot [START_REF] D'anna | Particle formation in opposed-flow diffusion flames of ethylene: An experimental and numerical study[END_REF].

With the narrower (F3 and F1) detections, interference in the burnt gas region (c = 1) decreases relative to F6, but not significantly. However, the interference reduces significantly towards the fresh gas (lower c) with both the F3 and F1 strategies. As the detection range is narrowed towards deep-UV, interference from relatively larger PAH [START_REF] Bejaoui | Laser induced fluorescence spectroscopy of aromatic species produced in atmospheric sooting flames using UV and visible excitation wavelengths[END_REF] situated closer to flame-front is reduced. Thus, the lowest interference of 9% at c = 0.3 is observed with F1.

This implies that the NO measurements in the outer flame branch (B2) are nearly interference-free, at least in 𝑧 < 60 𝑚𝑚 region. Beyond 𝑧 = 60 𝑚𝑚, the detuned signal spreads outside of the c = 0.9 contour for all the detections, namely F6, F3, and F1. Although the narrowband (F1) detection reduces the PAH interference, the increased fluence (0.05 𝐽/𝑐𝑚 2 ) leads to a strong LII interference from soot. The distinction between LII and PAH-LIF signatures is discussed subsequently in Sec. 3.3.6 using instantaneous detuned images. The soot interference is not significant with F6 due to lower fluence (0.02 𝐽/𝑐𝑚 2 ).

Nevertheless, appreciable detuned signal (attributed to PAH-LIF and weak LII)

exists between c = 0.9 and c = 0.3 in a region of 𝑧 > 60 𝑚𝑚. This comparison demonstrates that in a non-sooting, PAH-containing region, F1 strategy provides the least interference. To evaluate NO concentration, the detuned signal (interference) is subtracted from the tuned signal. Since the detuned signal in a region of 𝑧 > 60 𝑚𝑚 spreads outside of the mean flame-front, we retain the data only till 𝑧 = 60 𝑚𝑚. In a sooting environment, laser fluence cannot be increased beyond a certain threshold due to LII interference.

Conditional mean NO concentration

To obtain quantitative NO concentration, intricate data processing steps are followed in an identical manner as in [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF]. ) is obtained using the CORIA LIF model [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF][START_REF] Gautier | Dosage des polluants NO et CO par imagerie de fluorescence induite par laser dans les écoulements réactifs[END_REF]. The LIF model takes into account the excitation wavelength, laser linewidth, and filter transmission. The gas composition and temperature needed to simulate 𝑆 𝑀 𝑐𝐾 𝑓 + are obtained by simulating the burner-stabilized flame with Cantera [START_REF] Goodwin | Cantera: An object-oriented software toolkit for chemical kinetics, thermodynamics, and transport processes[END_REF].

The LIF intensity per unit mole fraction of NO at the spray flame condition (𝑆 𝑓 + ) is also obtained. To simulate the LIF signal, it is necessary to know the gas composition (major NO-LIF quenchers) and temperature a priori, which are obtained from the LES data [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF][START_REF] Shum-Kivan | Simulation des grandes echelles de flammes de spray et modélisation de la combustion non-prémélangée[END_REF]. In the spray flame, the gas composition and temperature are spatially inhomogeneous, which leads to a variation of NO-LIF intensity even at a fixed NO concentration. As demonstrated in [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], the radial variation of 𝑆 𝑓 + is appreciable; however, the axial variation is not significant with the 𝑄 1 (29.5) excitation. Therefore, only the mean radial variation of LIF dependence (𝑆 𝑚-𝑐 𝑓 +

) is accounted for. 𝑆 𝑚-𝑐 𝑓 + is obtained in the following manner. From the LES data, only the region bounded by inner and outer flame branches is considered, similar to the experimental data (NO-PLIF) processing. . To correct the NO-LIF dependence, the 𝑆 𝑚-𝑐 𝑓 -𝑁 profile is radially mapped to the experimental (𝑆 𝐸 𝑓 -𝑁 ) flame branch radial locations (deduced from OH-PLIF). In this manner, spatial differences between simulated and experimental flames are accounted for. Finally, the absolute NO mole fraction is obtained as, 𝜒 𝑁 𝑂 = 𝜒 𝑅 𝑁 𝑂 /𝑆 𝐸 𝑓 -𝑁 . This approach has been validated and detailed in our recent work [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF]. This was not an issue for F1 since the narrowband filter readily minimizes the interference.

Overall, an excellent agreement of inferred NO concentration is observed between F6, F3, and F1 from Fig. 5. 𝜒 𝑁 𝑂 along the inner branch (B1) appears to be nearly identical for all three detections. However, 𝜒 𝑁 𝑂 with F6, around 𝑧 = 50 𝑚𝑚 along the outer branch (B2), measures a slightly lower than that with F3 and F1. Additionally, with F6, the NO concentration within c = 0.9 in 𝑧 = 35-50 𝑚𝑚 zone, appears higher than that of F3 and F1. Although these differences are within the uncertainty (±30%), deviation in NO concentration with F6 is primarily attributed to the unconditional PAH subtraction. Recall, F6 uses lower laser fluence and broadband detection, resulting in relatively poor signal quality and more noise (due to interference and shot-noise). In principle, the detuned subtraction should account for the interference, but any fluctuations in the laser energy and camera dark-noise could lead to errors, especially with a weaker signal.

A region of low NO is observed around 𝑟 = 16 𝑚𝑚, 𝑧 = 30 𝑚𝑚 with all the detections. As discussed previously [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], low temperature resulted from local extinctions of the B1 branch is likely responsible for the low NO zone. In F3 and F1, an additional region of low NO at 𝑧 = 40-60 𝑚𝑚, 𝑟 = 16-20 𝑚𝑚, is observed. This is not clearly observed with F6 detection due to lower SBR.

The low NO zone progressively becomes evident with narrowing of the spectral window (from F6 to F1). The interior region (Zone-C) possess a relatively lower temperature and does contain primarily the fuel vapor without oxygen [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF], which could be the cause of low NO. This low NO region is in the vicinity of B1 branch, and thus, the local flame extinctions of B1 could also lower the NO concentrations. The definitive conclusions cannot be drawn from mean NO results alone. Nevertheless, the hypothesis is confirmed from instantaneous NO concentration fields, as demonstrated subsequently in Sec. 3.3.5. Further discussion on the NO formations in the B1 and B2 branches is continued in Sec.

along with the additional result from the F1-Inst dataset.

The observations/discussion in the present section and the Sec. 3.1 lead to the following preliminary conclusions from the diagnostics point of view. The use of high fluence is necessary to increase the NO-LIF signal intensity relative to the camera dark-noise and photon shot-noise. In non-sooting and aromaticfree regions, all three strategies F6, F3, and F1 can be employed with high laser fluence. However, in the PAH-containing regions, the use of the F1 strategy is recommended due to the least interference. F3 is a compromise between the NO-LIF signal and PAH interference. For practical (aromatics-containing) fuels, F3 or F1 detection can be employed instead of broadband F6 to mitigate the fluorescence interference from non-reacting fuel. In a sooting region, low fluence (< 0.02 𝐽/𝑐𝑚 2 ) and narrower detection (F1) with high collection efficiency are recommended to mitigate the LII interference. Out of the three detections, F1 provides the most reliable data since it contains the least PAH interference and high SBR (partly attributed to high fluence). Therefore, F1 dataset is exploited further to evaluate instantaneous NO concentrations.

Instantaneous NO concentration

The mean NO concentration provides insight into global behavior; however, in a fluctuating field, local information is lost in the averaging process. The spray flame structure is highly complex due to local extinctions [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF], soot presence, and large variability of fuel concentration field due to evaporating fuel droplets. Only instantaneous measurements can conclusively reveal the impact of local extinctions and soot radiation on the NO concentration. Additionally, the spatial correlations between PAH, soot, and NO distribution can be derived from instantaneous images. Such correlations are not accessible from the mean image since the gradients are diffused due to fluctuations. To evaluate instantaneous NO concentration, the PAH interference poses a significant challenge. Although the F1 detection nearly eliminates PAH interference near the outer flame branch, it remains appreciable in the burnt gas region (see Fig. 4f).

To circumvent this issue, we incorporate a novel instant-wise PAH conditional subtraction as detailed subsequently.

OH at H1

The experiments were performed at two different heights (lower H1, and upper H2) as explained in Sec. 2.1. Figure 6 shows a few OH-PLIF instants at H1 along with the OH-isocontour. Arbitrary camera coordinates are used with pixel units for convenience. These OH-PLIF images are simultaneously acquired during the detuned NO-LIF campaign. The flame-front is located by following the centerline of the OH layer as discussed earlier in Sec. 3.1. The detected flame-front is used to deduce a PAH conditional map. As demonstrated through the flame-index fields [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF], the inner branch B1 is composed of two reaction zones namely lean premixed (B1-P) and adjacent non-premixed (B1-D). B1-P lies towards the fresh reactant side of B1, while B1-D is situated towards the product side (Zone-C) of B1. Such structure is unique to the spray flame.

Combustion in the outer branch (B2) occurs largely in a diffusion mode. Local extinctions are observed along B1 due to high flow strain rate and heat loss to traversing fuel droplets [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF]. In the outer branch B2, fuel droplets reduce OH-LIF signal, but no local extinctions are noted. The B2 (pure diffusion) branch is more resilient to extinction due to low strain rate and high temperature [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF] relative to the composite B1 (lean/diffusion) branch.

PAH mapping at H1

A PAH conditional map is deduced to enable the PAH-LIF interference subtraction from instantaneous NO-tuned (@225.12 𝑛𝑚) LIF signal. The procedure of mapping is illustrated with a flowchart in Appendix B.4, which primarily consists of following steps: 1) Flame-front detection, 2) Stretching detuned signal to a fixed radial range, 3) Signal discretization to a fixed radial spacing. For PAH mapping, inner (𝑟-𝑖𝑛) and outer (𝑟-𝑜𝑢𝑡) branch locations at each axial (𝑧) distance are needed. Occasionally, at certain 𝑧, the flame-front has multiple values of 𝑟-𝑖𝑛 or 𝑟-𝑜𝑢𝑡 due to flame-wrinkling. These axial locations are not considered to simplify the data reduction. This does not affect the conditional mean PAH mapping since a total of 1500 images are available for conditionally averaging. The mean PAH map is shown in Fig. 8 along with the labels to clarify the location of the flame-base, the inner and outer branches, and the axial distance above the flame-base. The PAH-LIF intensity in the mean map is lower than that of the instantaneous images by nearly a factor of two. This is attributed primarily to the random shot-noise in instantaneous images, which is mitigated in the averaging.

The PAH map is used to incorporate instant-wise PAH subtraction from NO transition-tuned LIF signal. The implicit assumption is that the PAH spatial distribution (relative to flame-fronts) and the intensity is identical across different instants. However, fluctuations in the signal can be observed from Figs. 7d to 7f. To evaluate the impact of this fluctuation on NO-LIF correction, PAH-LIF intensity in mapped instantaneous fields (e.g., Fig. 7d) is analyzed. Intensity in the vicinity of B2 branch is averaged in the region of 𝑟 𝑓 = 350 -450 𝑝𝑖𝑥𝑒𝑙, 𝑧 𝑓 = 300-500 𝑝𝑖𝑥𝑒𝑙. The spatial averaging was performed to reduce the effect of shot-noise. Uncertainty due to shot-noise is considered subsequently. Variation of the area-averaged PAH intensity over 1500 shots is characterized through the standard deviation (𝜎) which measured 24% of the mean (𝜇). Similar analysis in Zone-C (𝑟 𝑓 = 350 -450 𝑝𝑖𝑥𝑒𝑙, 𝑧 𝑓 = 300 -500 𝑝𝑖𝑥𝑒𝑙) leads to 𝜎/𝜇 of 13%.

For a 95% confidence interval (CI), PAH-LIF uncertainty is ±44% near B2 and ±26% in Zone-C. Thus, the instant-wise PAH subtraction from the tuned signal (discussed next) can have a residual PAH. Nevertheless, with F1, the mean detuned signal is only 10% (recall Table 1) near the flame-front (c = 0.9) and 44% in Zone-C. Consequently, the uncertainty in NO concentration due to PAH fluctuation is ±4% near B2 and ±11% in Zone-C.

Instant-wise PAH subtraction

The mean PAH map obtained in the previous section (Fig. 8) is used to implement the instant-wise PAH subtraction from the NO transition-tuned LIF signal. During the acquisition of the tuned signal, OH-PLIF images were also acquired simultaneously to deduce the flame-front. The mean PAH map (Fig. 8) is spatially transformed to match the flame-front coordinates of a given instant using the following references. The flame-base provides the axial reference, while the radial references are obtained from inner and outer branches. At each 𝑧locations of a given NO-tuned LIF image, the radial positions of inner (𝑟-𝑖𝑛) and outer (𝑟-𝑜𝑢𝑡) flame branches are recorded. The PAH profile at the considered 𝑧-location is extracted from the mean PAH map and radially scaled to match 𝑟-𝑖𝑛 and 𝑟-𝑜𝑢𝑡 of the given NO-tuned LIF instant. Subsequently, the mapped PAH signal is subtracted from the tuned signal.

Figure 9 shows the NO transition-tuned LIF signal containing PAH contribution, and the corresponding PAH-subtracted NO-LIF signal. The instant-wise PAH subtraction strategy indeed appears very promising, but as stated in the previous section the residual PAH-LIF contribution may be present. However, the primary issue arises from the shot-noise which is unavoidable even in a flame without any interferences. Therefore, the residual PAH-LIF is of secondary concern. There are recognizable spatial patterns in the PAH subtracted instantaneous NO image (Fig. 9b), which are discussed subsequently.

Uncertainty in instantaneous NO concentration

Uncertainty in mean NO concentration was estimated to be ±30% in [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF].

Additional error sources relevant to instantaneous measurements are assessed as follows.

1. Uncertainty in PAH map due to the warping process is expected to be ±5%.

The PAH map needs to be re-warped to enable the instant-wise PAH subtraction. Therefore, the combined uncertainty from warping is ±7%.

2. Since the mean PAH map is used for instant-wise subtraction, shot-to-shot fluctuations of PAH-LIF lead to uncertainty of ±11% in NO concentration, as detailed earlier in Sec. 3.3.2.

3. The photon shot-noise leads to a significant pixel-to-pixel variation of the signal, even with the uniform NO concentration. To estimate this uncertainty, SNR evaluated in McKenna flame (recall Sec. 3.1) can be used. SNR of 2.9 with F1, translates to ±68% uncertainty (with a 95% CI). Note that the uncertainty due to shot-noise in instantaneous data can be minimized through spatial-averaging, rather than interpreting data at a single pixel.

For instance, data averaged within a square region of 10 𝑝𝑖𝑥𝑒𝑙 size (0.3 𝑚𝑚) will reduce the uncertainty from ±68% to ±7%.

Fluctuations of gas composition and temperature can influence the mean-

based LIF temperature-quenching correction. As shown in [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], instant-toinstant variation of axially-averaged radial LIF dependence (𝑆 𝑚-𝑖 𝑓 + ) is negligible. The variation of 𝑆 𝑚-𝑖 𝑓 + is within ±5% of the conditional mean (𝑆 𝑚-𝑐 𝑓 + ) in the spray flame. Moreover, the deviation of the axial LIF dependence (in instantaneous data) from 𝑆 𝑚-𝑐 𝑓 + is found to be primarily within ±10%.

Therefore, 𝑆 𝑚-𝑐 𝑓 + is used to correct the LIF dependence of instantaneous measurements as well. Note that this source (±10%) has been accounted for in our earlier uncertainty estimate of ±30% [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF].

Based on the uncertainty propagation, the combined uncertainty in instantaneous NO at an individual pixel is ±75%, while it reduces to ±33% when a square region of 10 𝑝𝑖𝑥𝑒𝑙 size (0.3 𝑚𝑚) is considered. Therefore, instantaneous NO data at a single pixel is treated to be semi-quantitative, while area-averaged values are quantitative.

Instantaneous NO concentration at H1

To obtain instantaneous NO concentrations, the PAH subtracted NO-LIF signal requires multiple corrections as illustrated in Appendix B.5. The following corrections are applied: 1) Light-sheet profile, 2) LIF temperature-quenching correction, 3) Shot-to-shot laser energy fluctuations (±11% with a 95% CI), and 4) NO calibration.

Instantaneous absolute NO mole fraction (in 𝑝𝑝𝑚) fields are shown in Fig. 10. The physical burner coordinates are used. The NO detectability limit appears to be ∼5 𝑝𝑝𝑚, based on SBR described in Sec. appears to be unaffected by these minor extinctions. Since the small-scale extinctions are about the flame thickness, the temperature may not decrease significantly, and thus sustaining NO at minor extinction locations. This type of extinction is observed quite frequently (35% probability).

Figures 10g to 10i show the instants with large-scale (> 1 𝑚𝑚) extinctions,

where the NO concentration is negligible. These large-scale extinctions can lower the temperature significantly (even below prompt-NO formation limit), resulting in a sharp decrease in NO. We obtained quantitative estimates by analyzing such 20 images. The 𝜒 𝑁 𝑂 values are averaged within a small region of interest (ROI) in the vicinity of large-scale extinctions. ROI size is adapted to the scale of each extinction event. Typical ROI is 1 𝑚𝑚 tall and 0.5 𝑚𝑚 wide, which provide enough pixels for averaging to ensure the uncertainty within ± 33%. The results reveal that with large-scale extinction, 𝜒 𝑁 𝑂 decreases from 25 𝑝𝑝𝑚 (mean base value) to 0 -12 𝑝𝑝𝑚 range (reduction of 50 to 100%). On an average, 𝜒 𝑁 𝑂 decreases to 5 𝑝𝑝𝑚 (about 80% of reduction).

The probability of such large-scale extinctions is low (10% probability). 

PAH and soot interferences at H2

Similar to H1, instantaneous detuned images at H2 are analyzed. Figures 11a to 11c show the OH-PLIF signal along with an isocontour in magenta. The outer branch shows a thick and diffused OH layer, whereas the inner branch appears wrinkled with a large variation of OH-layer thickness. At H2, the frequency of local extinctions of the inner branch is much lower (3% for 𝑧 = 46-50 𝑚𝑚 and 0% for 𝑧 > 50 𝑚𝑚) than that of at H1 (50% probability). This is due to the reduced strain rate in the downstream region [START_REF] Verdier | Local extinction mechanisms analysis of spray jet flame using high speed diagnostics[END_REF] and lower occurrence of droplet-traversing across the B1 branch at H2.

In the upper parts of H2 field, the flame is sooty as also evident from the yellow flame appearance in Fig. 1. The present laser fluence of 0.05 𝐽/𝑐𝑚 2 can trigger the LII from mature soot particles. This can be observed from the NOdetuned signal shown in Figs. 11d to 11f. Unlike PAH, the soot structures are highly localized due to high Schmidt number of soot particles, which leads to a low soot diffusivity [START_REF] Bisetti | On the formation and early evolution of soot in turbulent nonpremixed flames[END_REF]. The LII is much stronger and more intermittent than PAH-LIF. The contrasts in the signal intensity and spatial diffusivity provide an excellent way to distinguish PAH and LII contributions in NO-LIF.

A number of observations can be made from the NO-detuned images. The PAH-LIF intensity near the outer flame branch is diminished relative to H1.

In the radially upstream region of soot, the imaged smaller PAH get converted to larger PAH which do not get excited in UV, and thus, the lower PAH-LIF intensity is observed. This is clearly visible in the mean PAH map (Fig. 12) around 𝑧 = 50 𝑚𝑚. The LII signal from soot is radially located between the PAH-zone and OH-layer (flame-front). The soot structure appears in a filament form, while PAH is spatially diffused. There is almost no signal between the soot-layer and outer flame branch. The radial sequence from the fuel injector is as follows: fuel, B1 reaction zone, PAH, soot, and B2 flame branch. Such radial order is analogous to a laminar counterflow diffusion flame [START_REF] Singh | PAH formation in counterflow non-premixed flames of butane and butanol isomers[END_REF]. The LII signal is high in intensity (relative to NO-LIF) despite the narrowband (F1) detection. Note that the PAH signal is well-aligned with the LII structure, even in the upstream regions where no LII is apparent. The absolute soot concentration was measured in a separate work [START_REF] Mulla | Simultaneous imaging of soot volume fraction, PAH, and OH in a turbulent n-heptane spray flame[END_REF]. The soot particles were heated with 1064 𝑛𝑚 at 0.35 𝐽/𝑐𝑚 2 fluence, and the LII signal was collected at 400 𝑛𝑚 with 25 𝑛𝑚 bandwidth. The soot-inception was found to occur around 𝑧 = 50 𝑚𝑚 height, well-upstream of the present observation (Fig. 11). The present low fluence (0.05 𝐽/𝑐𝑚 2 ) and deep-UV (230-250 𝑛𝑚) detection may not image the upstream nascent soot.

The OH-LIF signal along B2 in Figs. 11a to 11c reduces sharply with height (in the soot presence), unlike that of H1 (Figs. 6a to 6c). The time-averaged peak soot volume fraction (𝑓 𝑣 ), standard deviation, and conditional mean (isolating soot intermittency) values from [START_REF] Mulla | Simultaneous imaging of soot volume fraction, PAH, and OH in a turbulent n-heptane spray flame[END_REF] are listed in Table 2. The statistics are evaluated at 𝑧 = 60 and 76 𝑚𝑚, while the radial location (𝑟 = 22-27 𝑚𝑚) corresponds to a peak value of the respective quantity. These 𝑓 𝑣 values are unlikely to result in a significant temperature drop. Based on [START_REF] Beltrame | Soot and NO formation in methane-oxygen enriched diffusion flames[END_REF], tempera-ture reduction around 50 𝐾 is expected. Thus, the soot radiation alone cannot explain such a significant decrease in OH. The OH reduction is attributed primarily to soot oxidation reactions and only to a lesser extent to soot radiation losses, as demonstrated by Puri et al. [START_REF] Puri | The oxidation of soot and carbon monoxide in hydrocarbon diffusion flames[END_REF]. Although there are other species, OH is the dominant soot oxidizer [START_REF] Puri | The oxidation of soot and carbon monoxide in hydrocarbon diffusion flames[END_REF][START_REF] Guo | Optimized rate expressions for soot oxidation by OH and O2[END_REF], which explains the present OH reduction.

Next, the mean PAH-LII map is deduced at H2 (Fig. 12) identically to H1.

The LII interference appears around 𝑧 = 60 𝑚𝑚 near the outer branch in Fig. 12. The soot interference is significant and localized compared to the PAH-LIF. Additionally, instantaneous LII structures in turbulent flames are highly intermittent. Consequently, the instant-wise LII noise subtraction will not be accurate, unlike the PAH subtraction. Nevertheless, the detuned subtraction until 𝑧 = 60 𝑚𝑚 (in the entire radial domain) and along the inner and outer flame-branches (where PAH and soot are negligible) over the entire height of VF is valid.

Instantaneous NO concentration at H2

Figures 13a to 13c show the NO transition-tuned instantaneous LIF images along with the OH isocontour. The images contain the LIF signal from NO, and interferences from PAH-LIF and LII. An appreciable signal is observed between the soot-layer and outer flame-front (OH), unlike that of the detuned signal (Figs. 11d to 11f). Thus, the tuned signal between soot and OH contains contribution primarily from NO. Therefore, at least in the outer branch B2, the PAH and LII interferences are negligible. Similarly, the PAH and LII interferences are low (see Fig. 12) along the inner branch B1.

The mean PAH-LII map (Fig. 12) is used to subtract the interference. The NO concentration along the inner branch B1 and in the vicinity is lower relative to B2. NO along the outer branch measures substantially higher, but nearly constant with height, suggesting a growth saturation unlike that of at lower height H1. The lower temperatures owing to soot radiation losses could lead to NO growth saturation. The growth saturation is also confirmed subsequently in a mean 𝜒 𝑁 𝑂 (Fig. 17), where the discussion is continued.

Conditional mean NO based on instant-wise PAH subtraction

The instant-wise PAH subtracted instantaneous NO concentration images (e.g., Fig. 10 and13) deduced from F1 dataset are conditionally averaged over 1500 realizations to provide a mean NO field. This data reduction strategy is denoted as F1-Inst. The mean NO concentration from F1-Inst is shown in Fig. 14. The composite image is obtained from H1 and H2 data. The data beyond 60 𝑚𝑚 height is not retained due to higher LII noise.

The mean 𝜒 𝑁 𝑂 from F1 (Fig. 5c) and F1-Inst are almost identical, as expected since the LII noise is not significant below 𝑧 = 60 𝑚𝑚. However, there are subtle differences between F1 and F1-Inst. As noted earlier, with F1 a very low 𝜒 𝑁 𝑂 patch is observed around 𝑧 = 40-60 𝑚𝑚, 𝑟 = 16-20 𝑚𝑚 region, while with F1-Inst (Fig. 10) the 𝜒 𝑁 𝑂 at this location is slightly higher (∼20 𝑝𝑝𝑚).

As discussed earlier (Sec. 3.2) the low NO region is the consequence of local extinctions and oxygen scarcity. Along the inner branch (B1), NO profiles from F1 and F1-Inst are in agreement, as noted from Fig. 15a. However, F3 and F6 detections show higher NO concentration which is attributed to the PAH interference and associated unconditional subtraction errors, as discussed in Sec. 3.2. Along the outer branch (B2), NO concentrations obtained from F3, F1, and F1-Inst are in close agreement, as evident from Figs. 15b and16. The NO concentration in B2 (Fig. 15b) with F6 is consistently lower than that of other detections (F3/F1/F1-Inst). This is again attributed to the PAH subtraction errors. In the low PAH region (near 𝑧 = 55 𝑚𝑚), NO concentration from F6 converges to the rest of the datasets as observed from Fig. 15b. In all the plots (Figs. 15 and16) for 𝑧 < 60 𝑚𝑚, the NO profiles of F1 and F1-Inst are almost identical with a mild difference between the flame branches as noticed in radial profiles (Fig. 16).

As discussed earlier in Sec. 3.1, NO data beyond 𝑧 > 60 𝑚𝑚 is susceptible to errors due to intense soot-LII noise. Nevertheless, for relative comparison, we evaluate the NO concentration in sooty regions (𝑧 > 60 𝑚𝑚), as shown in Fig. 15c. These profiles can be compared with the mean NO obtained from data conditioned on instantaneous B2 branch (plotted in Fig. 17). Such evaluation does not require detuned subtraction (detailed subsequently), and thus, serves as a reference to assess the accuracy of different approaches. The comparison of Figs. 15c and 17, shows that both the F1 and F1-Inst lead to appreciable error in sooty regions. The detuned subtraction approach relies on the assumption that the interference intensity across tuned and detuned acquisitions remains statistically stationary. However, any drift in experiments (laser wavelength and fluence, camera dark-and shot-noise, flame structure) will void this condition.

The PAH-LIF interference is less sensitive to the experimental drifts than the soot-LII interference. Soot can be highly intermittent and localized. The soot-LII response to the laser fluence is highly non-linear. Thus, the mean detuned signal across tuned and detuned campaigns can vary, resulting in erroneous NO concentrations. The NO profiles from F1 and F1-Inst in Fig. 15c diverge when 𝑧 > 60 𝑚𝑚 despite the same experimental dataset. In the F1 approach, the unmapped mean detuned signal subtraction assumes that the flame is statisti-cally stationary. Thus, F1 is susceptible to systematic variations of soot and flame branch locations. In the F1-Inst strategy, systematic flame variations are accounted for due to the detuned signal mapping in flame-fixed coordinates.

The comparison of Figs. 15c and17, shows that NO concentration with F1-Inst is less erroneous than that of F1.

Out of the four schemes, the F1-Inst strategy provides better result due to lower interferences and instant-wise mapped PAH subtraction. Therefore, findings of F1-Inst (Fig. 14) are discussed further. The NO concentration along the inner branch B1 remains nearly constant with height (also apparent in Fig. 15a). 𝜒 𝑁 𝑂 varies between 20-30 𝑝𝑝𝑚, measuring 25 𝑝𝑝𝑚 along most of the axial distance. Almost constant 𝜒 𝑁 𝑂 with a residence time (axial distance) and low flame temperature in B1 [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF] suggests the formation of NO primarily through non-thermal routes. Recall that B1 is composed of the inner lean-premixed reaction zone (B1-P) and outer adjacent non-premixed reaction zone (B1-D) [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF]. As indicated earlier, [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], in the fuel-lean reaction zone B1-P, the nitrous oxide (N 2 O) route of NO formation is known to be dominant [START_REF] Malte | The role of energy-releasing kinetics in NO 𝑥 formation: fuel-lean, jet-stirred CO-Air combustion[END_REF]. The excess air from the products of a fuel-lean flame (B1-P) gets fed into the adjacent non-premixed zone, B1-D. The availability of N 2 from excess air and CH radical from the fuel-rich region (Zone-C) is likely to facilitate NO formation through the Fenimore prompt mechanism in B1-D. Thus, NO observed along the inner B1 branch is likely to be a combination of nitrous oxide (in B1-P) and Fenimore (in B1-D) routes.

The NO concentration along the outer branch (B2) is significantly higher (three times) than that of B1. Unlike B1, no local extinctions are observed in B2. The combustion in B2 takes place largely in the non-premixed mode [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF], which generally is stoichiometric. Furthermore, the flow strain near B2 is expected to be lower than in B1. Consequently, the temperature in B2 is found to be higher than that in B1 [START_REF] Shum-Kivan | Experimental and numerical analysis of a turbulent spray flame structure[END_REF]. At the flame-base, 𝜒 𝑁 𝑂 on B2 measures 35 𝑝𝑝𝑚 while on B1 it is 30 𝑝𝑝𝑚. Since the flow strain is nearly equal at the flame-base, the contrast in 𝜒 𝑁 𝑂 indicate different formation routes in B1 and B2. 𝜒 𝑁 𝑂 along the B2 branch grows from 35 to 75 𝑝𝑝𝑚 with the residence time (i.e., 𝑧). The appreciable NO growth with the residence time and high temperature in B2 together suggests the formation of NO primarily through the Zeldovich thermal route. In Fig. 14, the NO concentration appears to increase with radial distance until the OH-centerline, and subsequently, 𝜒 𝑁 𝑂 reaches a plateau across B2. The plateau is also evident from the radial profiles in Fig. 16. The NO is spatially biased towards the oxidizer side, instead of being distributed equally on either side of the mean flame-front. This may be due to the availability of nitrogen and oxygen on the oxidizer side of B2.

The axial growth of 𝜒 𝑁 𝑂 along B2 saturates at a certain height (see Fig. 14). The similar observation is noted at a higher height (𝑧 > 60 𝑚𝑚) in instantaneous images (Fig. 13). We also deduce the mean 𝜒 𝑁 𝑂 conditioned on the B2 branch from instantaneous images to demonstrate the NO growth saturation conclusively. Recall, the mean 𝜒 𝑁 𝑂 field (Fig. 14) could not be evaluated for 𝑧 > 60 𝑚𝑚 due to LII interference. Fortunately, in the B2 branch, both the PAH and LII interferences are not significant (see Figs. 8 and12) with F1 dataset. Thus, 𝜒 𝑁 𝑂 along B2 can be deduced without the need of detuned signal subtraction. The NO-LIF signal within 1.5 𝑚𝑚 radial width along B2 is extracted from instantaneous images (such as Fig. 13a). The values are averaged in the radial direction to deduce a spatially-averaged axial 𝜒 𝑁 𝑂 profile. Such instantaneous profiles are conditionally (at least 200 samples) averaged over 1500 instants. The resulting mean 𝜒 𝑁 𝑂 evolution along B2 is shown in Fig. 17 until 𝑧 = 76 𝑚𝑚.

The NO growth saturates at 𝑧 ≈ 60 𝑚𝑚. Radiation from soot particles can lower the flame temperature, consequently decelerating the NO growth.

In the sooting region (𝑧 > 60 𝑚𝑚), NO concentration even decreases by ∼15% between 𝑧 = 60-76 𝑚𝑚. As discussed in Sec. 3.3.6, the mean soot concentration values listed in Table 2 may reduce the flame temperature by 50 𝐾. Even this small drop in temperature could alter the NO concentration drastically. For instance, a 50-70 𝐾 drop was shown to reduce 𝜒 𝑁 𝑂 by 20-25% [START_REF] Beltrame | Soot and NO formation in methane-oxygen enriched diffusion flames[END_REF][START_REF] Ihme | Modeling of radiation and nitric oxide formation in turbulent nonpremixed flames using a flamelet/progress variable formulation[END_REF]. The net reduction in 𝜒 𝑁 𝑂 is a balance between the reduced NO formation rate and NO diffusion/dilution processes in downstream regions. Thus, for accurate NO predictions, radiation heat losses from soot particles must be considered.

Conclusions

Quantitative instantaneous and mean NO mole fractions are evaluated in the 𝑛-heptane jet spray flame using NO-LIF. The LIF temperature-quenching sensitivity is reduced through the optimized 𝑄 1 (29.5) excitation [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF]. This optimization is achieved by simulating the LIF signal for different excitation schemes. The F1 detection showed the least interference, and thus, it is used to evaluate the instantaneous 𝜒 𝑁 𝑂 . A novel approach of instant-wise mapped PAH subtraction is introduced using the NO-detuned signal mapped to flame-fixed coordinates. Various insights are derived from the instantaneous NO distribution in the complex (local extinctions, PAH, and sooting regions) spray flame. The conditional mean 𝜒 𝑁 𝑂 is also evaluated from the instant-wise PAH subtracted fields (F1-Inst), which is compared with F6, F3, and F1. The uncertainty in mean 𝜒 𝑁 𝑂 is estimated to be ±30%, while instantaneous 𝜒 𝑁 𝑂 is accurate only within ±75% due to photon shot-noise. The shot-noise in instantaneous 𝜒 𝑁 𝑂 is reduced by area-averaging (size > 0.3 𝑚𝑚), reducing the uncertainty to only ±33% which is reasonable to obtain instantaneous 𝜒 𝑁 𝑂 .

Instantaneous NO concentration fields indicate that the small-scale (< 1 𝑚𝑚) extinctions do not affect the NO. However, the large-scale extinctions sharply reduce the NO concentration, most likely due to reduced temperature. A typ-ical reduction of 80% in local 𝜒 𝑁 𝑂 is observed. Instantaneous images near sooting regions show a decrease in PAH intensity and spatial distribution since the smaller PAH get converted to larger PAH that eventually produce soot.

Similarly, OH concentrations are observed to diminish significantly in the presence of soot due to a dominant role of OH in soot oxidation reactions. The NO concentration along the outer branch (B2) increases up to 𝑧 = 60 𝑚𝑚, beyond which the NO growth decelerates, eventually leading to 15% reduction in NO at 𝑧 = 76 𝑚𝑚. This is due to a possible decrease in flame temperature owing to the radiation from soot particles.

The mean 𝜒 𝑁 𝑂 showed nearly identical spatial distribution as of [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF], although values differed slightly. Nevertheless, the differences between all four detections (F6, F3, F1, F1-Inst) are within the uncertainty (i.e., ±30%). F1-Inst data is the most reliable due to the narrowband detection and mapped PAH subtraction. This strategy provided access to 𝜒 𝑁 𝑂 even near sooting regions Spectrum is simulated in synthetic air at an atmospheric pressure using a CORIA LIF model [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF][START_REF] Gautier | Dosage des polluants NO et CO par imagerie de fluorescence induite par laser dans les écoulements réactifs[END_REF]. (0, 0)-(0, 6) denote the NO fluorescence bands of 𝐴-𝑋 excitation. 

Figure 1

 1 Figure 1 shows the flame photograph along with the schematic illustrating the presence of expected species. The traversing laser beam in the photograph shows the Mie scattering from fuel droplets. The central core (non-reacting) region contains a large number of droplets, while fewer droplets are noted in the reacting regions. The flame stabilizes ∼25 𝑚𝑚 above the burner. A double flame structure typically associated with the jet spray flame is observed.

Figure 2

 2 Figure 2 depicts the laser diagnostics layout. A higher laser fluence was used for NO-PLIF in the present work. The OH and NO laser beams passed through the different set of light-sheet forming optics, providing independent control. Both the OH and NO light-sheets measured ∼0.15 𝑚𝑚 in thickness. The sheets were spatially overlapped in the measurement region. The laser energy can reduce as it traverses through the spray flame due to extinction or absorption by PAH, droplets, and soot. To minimize this effect, a portion of the flame towards the laser-incident side was imaged. During the simultaneous OH/NO acquisitions in the spray flame, an additional emICCD camera (PI-MAX R ○ 4: 1024 EMB, Princeton Instruments) simultaneously imaged NO-PLIF from a NO-seeded McKenna flame. The NO laser-sheet propagated over a McKenna flame towards the spray burner. The NO data from the reference flame provides

available. The 𝑄 1 ( 6 )Fig. 3 .

 163 Fig. 3. The broadband (F6) NO-LIF measurements were performed with a different laser than the F3 and F1 detections. The mean fluence of NO lasersheet for F3 and F1 datasets was 0.05 𝐽/𝑐𝑚 2 , while the fluence in the previous F6 dataset [7], was 0.02 𝐽/𝑐𝑚 2 . Linearity of the NO-LIF signal intensity at the present fluence (0.05 𝐽/𝑐𝑚 2 ) was confirmed. The fluence in our previous work was limited by the available laser. The higher fluence in the present work enhanced the LIF signal quality compared to the prior measurement [7],

and H 2 O

 2 are negligible (< 2% at 200 𝑝𝑝𝑚 of NO) at atmospheric pressure as verified in fuel-lean McKenna flames (detailed in Appendix C.2). Therefore, PAH is probably the dominant contributor to the observed interference. Thus, in non-sooting regions, the detuned signal is hereinafter referred to as PAH-LIF. The signal-to-noise ratio (SNR) of NO-PLIF is evaluated in a PAH-free McKenna calibration flame (at 100 𝑝𝑝𝑚 NO seeding). The ratio of the mean (𝜇) to the standard deviation (𝜎) of the signal in a uniform NO region is used.The SNR of an instantaneous image measured 2.9 with F1 detection, while F3 provides a slightly better SNR of 3.6. These values are comparable to broadband F6 detection, where SNR was 3 (with 0.02 𝐽/𝑐𝑚 2 fluence). In the spray flame, due to the absence of a uniform NO region, we evaluate the signal-tobackground (SBR) ratio. The SBR is estimated by comparing the LIF intensity in a peak signal region (𝑟 = 30-32 𝑚𝑚, 𝑧 = 46-49 𝑚𝑚 in H1 VF) with that of an area where NO is absent (𝑟 = 33-36 𝑚𝑚, 𝑧 = 21-24 𝑚𝑚). The SBR in an instantaneous NO-PLIF image is 12 with F1, and 21 with F3. The enhanced signal quality with F3 and F1 is a result of the narrowband detection and the increased laser fluence relative to F6 where instantaneous SBR was only 3.5.

  For further clarity, processing flowcharts detailing each of the steps are provided in Appendix B. The main components of the data processing are: 1) Flame-front detection, 2) Detuned signal subtraction from NO transition-tuned signal, 3) NO-LIF signal calibration, and 4) LIF temperature-quenching correction. The NO-LIF data bounded by the flame-fronts is considered for conditional averaging since NO concentration is negligible in the fresh gas. Thus, the first step is to detect the flame-front using OH-PLIF, as detailed in Appendix B.1. The raw image is corrected for background and light-sheet profile. The corrected OH-PLIF image is mapped (pixel-by-pixel) to the NO-PLIF image through the second-degree polynomial transformation using a calibration target. The spatially transformed OH-PLIF image is used to deduce a progress variable similarly, as discussed in Sec. 3.1. The progress variable definition leads to 𝑐 = 0 in fresh gas and 𝑐 = 1 in burnt gas (Zone-C). The NO-LIF signal (𝐼 𝑁 𝑂 ) only within the 𝑐 = 1 region is considered for conditional averaging. The flowchart in Fig. B.20 provides detailed processing steps. The background signal (mainly attributed to the camera dark-noise) is subtracted from respective NO transition-tuned and -detuned images. The instantaneous tuned images are median filtered (3 × 3 𝑝𝑖𝑥𝑒𝑙𝑠) to reduce the shot-noise. Both the tuned and detuned images are corrected for respective light-sheet profiles. Next, the mean detuned signal is subtracted from the NO transition-tuned signal. Subsequently, the LIF calibration and temperaturequenching correction are applied. Finally, the corrected instantaneous NO concentration fields are conditionally averaged. The condition is to consider the data only within the 𝑐 = 1 region for a given instant. The additional condition is to consider only the locations with at least 200 conditional samples out of 1500 laser shots. The calibration and LIF temperature-quenching correction involve the use of three different simulations, namely Cantera, the LIF model, and spray flame LES. Cantera and LES provide the gas composition (of LIF quenching species) and temperature, in McKenna calibration and spray flames, respectively. This information is fed into the LIF model to evaluate the temperature-quenching dependence. The data processing protocol is the same as of [7], steps of which are detailed in the appendix (Figs. B.19 and B.20) and also concisely described here. The LIF signal, 𝐼 𝑁 𝑂 is converted to a relative mole fraction by using the McKenna calibration constants (derived from Appendix C.1) as, 𝜒 𝑅 𝑁 𝑂 = 𝐶 1 𝐼 𝑁 𝑂 + 𝐶 2 . The relative concentration is converted to an absolute 𝜒 𝑁 𝑂 by applying the LIF temperature-quenching correction. The LIF intensity per unit mole fraction of NO at the McKenna calibration flame condition (𝑆 𝑀 𝑐𝐾 𝑓 +

𝑆

  𝑓 + profiles at various axial stations are averaged (in flame-branch B1/B2 fixed coordinates) to obtain an axially-averaged radial correction curve 𝑆 𝑚-𝑖 𝑓 + , where superscripts 𝑚 and 𝑖 denote axial-mean and instant-number, respectively. Such, 𝑆 𝑚-𝑖 𝑓 + curves are evaluated at 15 LES instants (snapshots), which are used to deduce a conditionally averaged LIF dependence (𝑆 𝑚-𝑐 𝑓 + ). Recall, 𝑆 𝑚-𝑐 𝑓 + is a function of radial distance conditioned using inner and outer branch locations of the simulated spray flame. Next, the normalized LIF dependence is expressed as, 𝑆 𝑚-𝑐 𝑓 -𝑁 = 𝑆 𝑚-𝑐 𝑓 + /𝑆 𝑀 𝑐𝐾 𝑓 +

Figure 5

 5 Figure 5 shows the conditionally averaged absolute NO mole fraction (𝜒 𝑁 𝑂 ) obtained through the sophisticated data reduction. The total uncertainty of ±30% is estimated in mean 𝜒 𝑁 𝑂 . The uncertainty originates from the following sources: 1) NO calibration, 2) Fluctuations associated with the flow/flame, laser,

  Instantaneous NO-detuned (@225.386 𝑛𝑚) samples containing PAH-LIF noise at H1 are shown in Figs. 7a to 7c along with the respective OH isocontours for the spatial reference. Since PAH is primarily contained within the flame branches, the signal outside of the OH-centerline is not retained. The flamebase and radial distances between B1 and B2 vary from instant-to-instant and also with height. To account for the spatial variation, the PAH signal at each 𝑧 location is radially stretched in flame-fixed coordinates to a fixed radial range.At this stage, the stretching only alters the radial distribution and not the signal intensity. Next, the signal is discretized to a constant radial spacing to enable conditional averaging. A shape-preserving piece-wise cubic interpolation is used for the discretization, which introduces an uncertainty of ±5%. Figures 7d to 7f show the instantaneous PAH maps relative to the flame-front. Note that the axial distance of 𝑧 𝑓 = 1 𝑝𝑖𝑥𝑒𝑙 in Figs. 7d to 7f corresponds to the flame-base. The radial locations of the inner and outer branches are marked by 𝑟 𝑓 = 100 𝑝𝑖𝑥𝑒𝑙 and 𝑟 𝑓 = 900 𝑝𝑖𝑥𝑒𝑙. The radial stretch range (100-900 𝑝𝑖𝑥𝑒𝑙) is arbitrarily selected. The distance between the flame-base and top edge of the field changes due to axial fluctuations of the flame-base. Therefore, in some of the PAH maps the data at higher heights is not available (white space).

3 . 1 .

 31 Figs. 10d to 10f. The scale of extinction is defined from the OH contour. Any breaks less than 1 𝑚𝑚 are referred to as the small-scale extinctions. These extinction regions are highlighted by the ellipses. The NO concentration

4 .

 4 At a few occasions (5% probability), higher NO concentration exists despite the large-scale local extinctions. These extinctions are marked by an ellipse with a dashed line in Figs. 10i to 10k. A few possible reasons for this behavior are -𝑎) extinctions are imaged in a plane, whereas out-of-plane flame-front may not have been locally extinct, 𝑏) NO may get transported from other zones to the locally quenched regions, 𝑐) the rate of growth of extinction hole may exceed the timescales NO formation/response and that of thermal diffusion. This could be the likely reason for non-negligible NO concentration despite the local quenching. Although, it cannot be confirmed since the present low repetition rate (3.3 𝐻𝑧) data do not provide the temporal evolution of local extinctions.

Figures

  Figures 13d to 13f show the mean detuned signal subtracted instantaneous NO-LIF images. The PAH-LIF noise is largely eliminated, however, a significant residual LII and correction artifact remain. Nevertheless, the NO concentration in Figs. 13d to 13f is valid along the entire outer branch (within the region bounded by OH-isocontour of B2), where PAH and soot are absent. The NO concentration is also valid along the entire B1 branch because of the negligible

  To facilitate the comparison, axial and radial NO profiles are plotted for all the datasets namely, F6, F3, F1, and F1-Inst. The axial profiles are obtained by spatially averaging the data within c = 0.45 to 0.55 region. The deduced profiles are shown in Fig. 15 along with the uncertainty (±30%). The radial profiles are plotted in Fig. 16 at 𝑧 = 38 𝑚𝑚 and 𝑧 = 55 𝑚𝑚. These profiles are obtained by averaging the data within 𝑧 ± 0.5 𝑚𝑚 region. The profiles in both Figs. 15 and 16 are smoothed (using a Savitzky-Golay filter) for better visualization. The raw (unfiltered) profiles are provided in Appendix D.

  Temperature and gas composition needed for the LIF simulations are obtained from the spray flame LES data. The LIF model and LES data are also used to incorporate the temperature-quenching LIF correction in the spray flame. To reduce PAH and soot interferences, the NO-LIF detection strategy is optimized by imaging LIF in different spectral ranges, namely broadband (F6), intermediate (F3) and narrowband (F1). F6 results in significant interference due to broadband detection. To minimize LII interferences in sooting regions, lower laser fluence and narrower spectral collection with high detection efficiency are recommended.

(

  𝑧 > 60 𝑚𝑚). The fuel droplet and flame interaction lead to the formation of composite reaction zones. Consequently, NO in the spray flame forms through different mechanisms. The mean 𝜒 𝑁 𝑂 along the inner composite branch (B1) is nearly constant (20 -30 𝑝𝑝𝑚) with height, suggesting non-thermal routes of NO formation. In B1-P (lean-premixed), nitrous oxide route could be prevalent, while in B1-D (diffusion) prompt route of NO formation is likely. A region of low NO in the vicinity of B1 is attributed to local extinctions, as confirmed by instantaneous NO fields. In the outer diffusion branch B2, the thermal mechanism of NO formation appears to be dominant as evidenced by the NO growth. 𝜒 𝑁 𝑂 along 𝐵2, increases from 35 𝑝𝑝𝑚 at the flame-base to 75 𝑝𝑝𝑚 at 𝑧 = 60 𝑚𝑚. The present work contributes to the spray combustion field on the following three aspects, 𝑖) NO measurement and data reduction strategies, 𝑖𝑖) database enhancement of mean NO concentration, and 𝑖𝑖𝑖) understanding of effects of local flame extinctions, soot radiation, and combustion mode on NO through instantaneous and mean quantitative imaging of NO concentration.

Figure 1 :

 1 Figure 1: Flame photograph with view fields (H1 and H2) and the schematic illustrating the expected regions of NO, PAH, and soot along with the OH-PLIF signal.

Figure 2 :Figure 3 :

 23 Figure 2: Laser diagnostics set-up.

Figure 4 :

 4 Figure 4: Mean (unconditional) LIF signal tuned to NO transition at 225.12 𝑛𝑚: (a) F6, (c), F3 (e) F1, and corresponding detuned signal: (b) F6, (d), F3 (f) F1, along with the mean flame-front c = 0.3 (solid white) and 0.9 (dashed black).

Figure 5 :

 5 Figure 5: Conditionally averaged 𝜒 𝑁 𝑂 (in 𝑝𝑝𝑚): (a) F6, (b) F3, and (c) F1, along with c contours of 0.1 (outer), 0.5, and 0.9 (inner).

Figure 6 :

 6 Figure 6: Instantaneous OH-PLIF signal (𝑎𝑢) with isocontour (3500 𝑐𝑜𝑢𝑛𝑡𝑠) at H1.

Figure 7 :

 7 Figure 7: PAH mapping at H1: (a-c) Instantaneous detuned LIF signal (PAH) with OH isocontours, (d-f) PAH mapping to inner and outer flame branches with flame-fixed coordinates.

Figure 8 :

 8 Figure 8: Mean PAH map at H1.

Figure 9 :

 9 Figure 9: Instant-wise PAH subtraction: (a) instantaneous NO (+ PAH) LIF, (b) PAH subtracted NO-LIF.

Figure 10 :

 10 Figure 10: Instantaneous NO concentration at H1: (a-c) without local flame extinction, (d-f) with small-scale (< 1 𝑚𝑚) extinction, (g-i) large-scale extinction with negligible NO regions, (i-k) large-scale extinction yet non-negligible NO concentrations. The OH isocontours are marked in magenta, while the extinction regions are highlighted by ellipses in cyan.

Figure 11 :

 11 Figure 11: PAH and LII interferences at H2, (a-c): instantaneous OH-PLIF with isocontour (2500 𝑐𝑜𝑢𝑛𝑡𝑠), (d-f): instantaneous detuned signal (PAH-LIF + soot-LII) with OH isocontour.

Figure 12 :

 12 Figure 12: Mean PAH-LII map at H2.

Figure 13 :

 13 Figure 13: Instantaneous NO concentration at H2: (a-c) tuned signal containing NO, PAH, LII contribution, (d-f) NO concentration in 𝑝𝑝𝑚 valid along the entire height of B1 and B2 branches (within OH-layer). The data within the region bounded by B1 and B2 branches (Zone-C) is valid only below 𝑧 = 60 𝑚𝑚.

Figure 14 :

 14 Figure 14: Conditionally averaged 𝜒 𝑁 𝑂 based on instant-wise PAH subtraction (F1-Inst), along with c contours of 0.1 (outer), 0.5, and 0.9 (inner).

Figure 15 :

 15 Figure 15: Mean NO concentration axial profiles along: (a) B1 branch, (b) B2 branch, with various strategies (F6, F3, F1, F1-Inst), (c) B2 branch for 𝑧 > 60 𝑚𝑚.

Figure 16 :

 16 Figure 16: Mean NO concentration radial profiles with various strategies (F6, F3, F1, F1-Inst) at: (a) 𝑧 = 38 𝑚𝑚 (b) 𝑧 = 55 𝑚𝑚.

Figure 17 :

 17 Figure 17: Mean 𝜒 𝑁 𝑂 conditioned on B2 branch.

Figure

  Figure C.23b shows the tuned to detuned LIF ratio along with an ideal curve. In ideal (interference-free) scenario, the detuned and tuned signals would be equal in a gas without any NO, and thus, the ratio is unity. For a finite NO concentration, detuned to tuned ratio should approach zero, as shown by the ideal curve in Fig. C.23b. However, interferences do exist in the measurement.The measured trend approaches the ideal curve at higher NO concentrations.The detuned signal contribution drops asymptotically with NO concentration, and accounts to only 2.7% at 200 𝑝𝑝𝑚 of NO. The ratios are almost identical with F3 and F1.

Figure D. 25 :

 25 Figure D.25: Mean (unfiltered) NO concentration axial profiles along: (a) B1 branch (b) B2 branch, with various strategies (F6, F3, F1, F1-Inst). The corresponding filtered profiles are shown in Fig. 15.

Figure D. 26 :

 26 Figure D.26: Mean (unfiltered) NO concentration radial profiles with various strategies (F6, F3, F1, F1-Inst) at: (a) 𝑧 = 38 𝑚𝑚 (b) 𝑧 = 55 𝑚𝑚. The corresponding filtered profiles are shown in Fig. 16.

Table 1 :

 1 Detuned to tuned signal ratio at 𝑧 = 42 𝑚𝑚.

		Detuned/Tuned (%)
	c			
		F6	F3	F1
	1	54	51	44
	0.9	38	13	10
	0.3	27	13	9

Table 2 :

 2 Soot volume fraction statistics from[START_REF] Mulla | Simultaneous imaging of soot volume fraction, PAH, and OH in a turbulent n-heptane spray flame[END_REF] at radial maxima.

	𝑧 (𝑚𝑚) ⟨𝑓 𝑣 ⟩ 𝜎 𝑓𝑣	⟨𝑓 𝑣 ⟩ 𝑐
	60	0.06 0.08 0.26
	76	0.15 0.18 0.30
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Appendix C.1. Calibration in McKenna burner

The measurement and data processing protocols to calibrate the NO-LIF signal are identical as of [START_REF] Mulla | Quantitative imaging of nitric oxide concentration in a turbulent n-heptane spray flame, Combust[END_REF]. The data reduction steps are also provided in