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Introduction

Temperature (T) is of major interest in characterizing flames and combustion systems. Laserbased techniques offer the advantage of non-intrusive measurements with high spatial and temporal resolution. The most widely used laser-based thermometry techniques for gas temperature are based on Rayleigh scattering, Raman and Coherent Anti-Stokes Raman scattering (CARS), absorption spectroscopy, and laser-induced fluorescence (LIF) [1][2][3][START_REF] Foo | The accuracy and precision of multi-line NO-LIF thermometry in a wide range of pressures and temperatures[END_REF][5].

A number of these techniques are based on the direct proportionality between the collected signal and the total density (i.e., Rayleigh scattering) or the density of an individual species (i.e., Raman scattering). Thus, Rayleigh scattering has long been employed due to its apparent simplicity and to its applicability (1D or 2D) in a wide range of combustion configurations [START_REF] Zhao | The applications of laser Rayleigh scattering to combustion diagnostics[END_REF]. This technique depends on the elastic scattering from the species present locally in the mixture. The Rayleigh intensity is proportional to the sum of the densities of each species multiplied by their scattering cross-sections. The temperature is determined from the deduced local number density. Despite numerous advantages and applications, this technique suffers from possible spectral interferences and variation of the total scattering cross-section due to changes in the composition of the probed volume. On the contrary, data reduction from the inelastic Raman scattering techniques is more direct since the Raman signal is species-selective, besides the signal being very weak. Raman and Rayleigh techniques have led to many imaging applications (see, for instance, [START_REF] Zhao | The applications of laser Rayleigh scattering to combustion diagnostics[END_REF][START_REF] Lo | Nanosecond pulsed discharge in a propane-air mixture: Ignition and energy deposition[END_REF]), but these techniques are typically restricted to fields without particles.

Recently Zelenak and Narayanaswamy [3] proposed a thermometry approach based on the twophoton LIF (TPLIF) of krypton (Kr) seeded upstream into the reacting flow. Krypton has been used as a tracer species in several applications; using X-ray fluorescence for the probe perturbation analysis [START_REF] Hansen | 2D-imaging of sampling-probe perturbations in laminar premixed flames using Kr Xray fluorescence[END_REF], for thermometry [START_REF] Boigné | Simultaneous in-situ measurements of gas temperature and pyrolysis of biomass smoldering via X-ray computed tomography[END_REF], and using TPLIF of krypton to measure the mixture fraction in flames [START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF] or for high-speed flow diagnostics [START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF][START_REF] Shekhtman | Twophoton cross-section calculations for krypton in the 190-220 nm range[END_REF]. The thermometry technique in Ref [3] took advantage of the spectral line broadening with temperature. The Kr linewidth, which is the convolution between the laser and the absorption lineshape (the latter being T dependent), was determined by scanning over the 5p 3 P2  4p 6 1 S0 transition of Kr. The excitation wavelength of the nanosecond (ns) pulsed laser was around 214 nm with a pulse duration of approx. 7-ns and a spectral bandwidth of 0.06 cm -1 , fullwidth-athalf-maximum (FWHM). The fluorescence signal was collected at 760 nm.

After applying a deconvolution procedure, they could extract either the Doppler broadening or the collisional broadening of the Kr excitation transition. The temperature is then deduced from these linewidths, which were pre-calibrated as a function of T. This calibration was based on a complex and extensive procedure to independently measure T by Rayleigh scattering over a wide range of gas compositions and temperatures. Measurements were performed in an atmospheric-pressure laminar methane diffusion flame. The uncertainty was estimated to be 109 K in the "core" and 73 K in the flame zone. A two-line variant of this approach [START_REF] Zelenak | Demonstration of a two-line Kr PLIF thermometry technique for gaseous combustion applications[END_REF] was then applied to measure T in sooting diffusion flames [START_REF] Sahoo | Two-dimensional temperature field imaging in laminar sooting flames using a two-line Kr PLIF approach[END_REF].

It turns out that Zelenak and Narayanaswamy [3] took advantage of the narrow linewidth of their excitation laser as compared with the absorption lineshape. However, this condition is difficult to satisfy in many commercial pulsed laser systems.

On the other hand, it may be possible to measure T using the attractive TPLIF of Kr method, but by simply following its density. Similar to Rayleigh thermometry, seeded Kr density in the flame is nearly proportional to 1/T. It is to be noted that the density of Kr in a helicon plasma was previously determined by TPLIF [START_REF] Magee | A two photon absorption laser induced fluorescence diagnostic for fusion plasmas[END_REF]. Among the possible Kr transitions from the ground state, we propose the 5p ' 1 D2 (2×204 nm) to take advantage of the proximity to the H-atom line for further detection by TPLIF [START_REF] Kulatilaka | Femtosecond twophoton LIF imaging of atomic species using a frequency-quadrupled Ti:sapphire laser[END_REF][START_REF] Lamoureux | Quantitative measurement of atomic hydrogen in low-pressure methane flames using two-photon LIF calibrated by krypton[END_REF] Hence the objective of this work is to evaluate the performance of TPLIF thermometry based on Kr density by analyzing both the effect of laser lineshape and collisional bandwidth. The first aspect was achieved by using a ns-laser (0.2 cm -1 FWHM) and a femtosecond (fs) laser (bandwidth of approx. 430 cm - 1 ). Note that the excessive bandwidth of the fs-laser can indeed be advantageous for efficient two-photon excitation of narrow atomic transitions [START_REF] Kulatilaka | Photolytic-interference-free, femtosecond two-photon fluorescence imaging of atomic hydrogen[END_REF] The collisional bandwidth impact was examined by studying premixed CH4/O2/N2 flames at different pressures: low-pressure flat flames (5.3 and 10.6 kPa) and atmospheric-pressure Bunsen flames. The temperatures determined by Kr TPLIF are compared to previous measurements obtained by LIF thermometry of NO or OH in the low-pressure flames and equilibrium calculations in the Bunsen flames assuming adiabatic conditions. In each flame, the quenching rate is evaluated either from the temporal LIF signal decay or by using literature collisional cross-sections.

The rest of the paper is organized as follows. Section 2 presents the experimental details of the burners and the excitation/detection systems using a ns laser system at University of Lille (ULille) and a fs-laser system at Texas A&M University (TAMU). Section 3 outlines the related theory for estimating spectral lineshape profile and collisional quenching. Results and discussion from the low-pressure flames (ns-excitation) and atmospheric-pressure flames (both ns and fs excitations) work are presented in Sections
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Experimental set-up

Burners

Experiments were undertaken in laminar methane flames stabilized either at low pressure on a 6-cm diameter bronze water-cooled McKenna burner (B1) or at atmospheric pressure in 13 mm-diameter (ID) Bunsen burners (B2 at ULille, B3 at TAMU). Details about the burners and the gas supply are given in Ref. [START_REF] Lamoureux | Quantitative measurement of atomic hydrogen in low-pressure methane flames using two-photon LIF calibrated by krypton[END_REF][START_REF] Foo | The accuracy and precision of multi-line NO-LIF thermometry in a wide range of pressures and temperatures[END_REF][START_REF] Jain | Effect of H-atom concentration on soot formation in premixed ethylene/air flames[END_REF] for B1, B2, and B3, respectively. At low pressure, three flames were selected (F1, F2, F3) because the temperature profiles as a function of height-above-the-burner (HAB) have previously been measured using LIF thermometry (OH or NO) [START_REF] Lamoureux | Experimental and numerical study of the role of NCN in prompt-NO formation in low-pressure CH4/O2/N2 and C2H2/O2/N2 flames[END_REF][START_REF] Lamoureux | Modeling of NO formation in low pressure premixed flames[END_REF][START_REF] Lamoureux | In Situ Laser-Induced Fluorescence and Ex Situ Cavity Ring-Down Spectroscopy Applied to NO Measurement in Flames: Microprobe Perturbation and Absolute Quantification[END_REF] and will serve as reference T profiles. Atmospheric-pressure Bunsen flames were selected because the temperature at the flame front and in the vicinity of the reaction zone can be assumed adiabatic, and the T profiles as a function of radial distance can be calculated using one-dimensional (1-D) simulation codes. The volumetric gas flow rates of the studied flames metered using mass flow controllers (MFC) are reported in Table 1. Krypton gas (Air Products, purity 99.999%) used as a tracer was introduced to the mixture gas line. 

Laser systems

At ULille, the pulsed laser system consisted of an approx. 7-ns-duration (FWHM) frequency-doubled Nd:YAG laser (Continuum, Powerlite DLS8000) pumping a dye laser (Continuum, ND6000) providing radiation at 615 nm, with a repetition rate of 10 Hz. The fundamental frequency of the dye laser was doubled using a KDP crystal. The doubled and the residual fundamental beams were then mixed in a BBO crystal to generate 205-nm radiation. The laser bandwidth of the doubled dye laser output was determined to be 0.16 cm -1 at 305 nm from previous work, and the 204.13-nm bandwidth is estimated to be around 0.15-0.2 cm -1 . The experimental set-up is identical to the one described in [START_REF] Lamoureux | Quantitative measurement of atomic hydrogen in low-pressure methane flames using two-photon LIF calibrated by krypton[END_REF], except that a fast photomultiplier tube (PMT) (Hamamatsu, H11625-20-NF, 0.5 ns rise time) was used. Each measurement represents an accumulation of 600 laser shots, and profiles along HAB or radial distance (r) were repeated at least three times. With burner B1, half of one of the collection lens was blocked in order to prevent additional correction of the variation of the solid angle of collection. This variation was found negligible with the burner B2 and, the lens was unblocked in order to increase the collected signal.

The fs-laser system at TAMU consists of a frequency-tunable, regeneratively amplified 1-kHz Ti:Sapphire laser (Spectra Physics, Solstice Ace). The ~80-fs-duration (FWHM) fundamental output near 820 nm was used to pump a custom-built fourth harmonic generator (FHG) unit to obtain deep ultraviolet (DUV) radiation centered at 204.1 nm [START_REF] Kulatilaka | Femtosecond twophoton LIF imaging of atomic species using a frequency-quadrupled Ti:sapphire laser[END_REF]. The DUV output beam was guided through several dielectric laser mirrors and focused onto the probe region using a +500-mm focal length lens. Kr-TPLIF line images were recorded orthogonal to the laser beam direction using an intensified charge-coupled device (ICCD) camera (Princeton Instruments, PIMax IV). The ICCD camera was fitted with a 50-mm focal length f/1.2 Nikon visible camera lens and a bandpass filter (Semrock, FF01-832/37-50). The intensifier gate width was set to 10 ns, and a gain of 100% was used. In a typical experiment, 100 laser shots were accumulated on the camera, and 100 such images were averaged and recorded at each flame height. The laser energy was held fixed at 3.5±0.05 µJ/pulse to avoid ionization and amplified spontaneous emission (ASE). Kr emission spectrum was also monitored in the 750-840 nm range by using a spectrometer/camera combination (Princeton Instruments Isoplane160)/PIMax IV) to ensure the signal collected through the filter bandwidth consisted of only Kr emission peaks [START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF]. Interference due to the fundamental laser wavelength at 820 nm was removed during data processing by subtracting a background image.

For both experimental schemes, the absence of ASE was checked, and measurements were performed in the quadratic regime of LIF. Flames were seeded with 0.4%, 1%, and 5% Kr substituted for N2, respectively, for flames F1-F3, F4 and F5.

Theory

Krypton is excited from the ground state 4p 6 1 S0 to the excited level 5p' 1 D2 at 97945.16 cm -1 via a twophoton absorption at 204.13 nm. For ns experiments, the TPLIF signal is collected at 826.5 nm from the 5p' 1 D2  5s' 1 P1 transition. To improve the quality of line imaging experiments, the signals collected in fs experiments include all 5p to 5s emission transitions at 760, 786, 811, and 826 nm [START_REF] Wang | Femtosecond two-photon laser-induced fluorescence of krypton for high-speed flow imaging[END_REF].

According to Refs [START_REF] Lamoureux | Quantitative measurement of atomic hydrogen in low-pressure methane flames using two-photon LIF calibrated by krypton[END_REF][START_REF] Goehlich | On absolute calibration with xenon of laser diagnostic methods based on two-photon absorption[END_REF], the time-integrated TPLIF signal of Kr, SKr, that is T-dependent, can be expressed as a function of the Kr density [Kr] as follows:

∝ Δ ̅ Kr (1).
Here Δ ̅ is the normalized line profile of the two-photon excitation, which is composed of the convolution of the effective laser line profile and the atomic absorption line.

is the total spontaneous emission rate of the n = 3 excited level, A32 is the spontaneous emission rate along 3  2. QKr is the total quenching rate. A3+QKr is the total depopulation rate of the upper level or the fluorescence decay rate. is the laser intensity at the wavenumber ̅ . To extract the temperature, we need to consider the T dependence of QKr, Δ ̅ and [Kr]. In isobaric flows, [Kr] scales as XKr/T, where XKr is the Kr mole fraction. Hence, Eq (1) becomes:

∝ Δ ̅ (2)
XKr is equal to the ratio of the Kr mole number to the total mole number, which can vary along HAB. This latter is calculated using "Premixed laminar flame" of Chemkin-Pro software [24] and its variation was taken into account in the flames investigated in this work (See SM-1).

The Quenching rate can be evaluated from three different methods. The first is from the fluorescence decay, particularly if it is sufficiently long in comparison to the excitation laser pulse. Such can be achievable in low-pressure flames with a fast response time PMT (~0.5 ns) and ns laser. The second method is using the collisional cross-sections of Kr reported in the literature. Niemi et al. [START_REF] Niemi | Absolute atomic oxygen density measurements by two-photon absorption laser-induced fluorescence spectroscopy in an RF-excited atmospheric pressure plasma jet[END_REF] reported data for the reactant colliders in the level 5p' 1 D2, and Hsu et al. [START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF] reported data for the main colliders except for CO but for the level 5p 3 P2. This correction further requires the knowledge of the flame composition at any location, which can be determined from flame modeling. In the third approach, it can be estimated from the assumption of a T -0.5 dependence of QKr along the flame. These three approaches are examined in the present study as detailed in Section 4.1.

The lineshape profile Δ ̅ which depends on the Doppler, collision, and laser broadenings is estimated by scanning the ns excitation laser over the absorption line at different T and p. No widening was observed neither at low pressure with the ns-laser (Δ ~0 nor at atmospheric pressure with the fs-laser (Δ ≫ Δ

. But with the ns-laser at atmospheric pressure, the widening of the normalized lineshape profile is visible with the decrease of T and could be fitted by:

Δ ̅ 1.985 10 / K 0.580 (3) 
with Δ ̅ 1 in the hot gases (T=2116K).

Results from the low-pressure flames

The fluorescence decay is long enough to allow the measurement of the quenching rate profile using the ns-system in low-pressure flames (F1-F3). The complete procedure is detailed hereafter in flame F1, for which different thermometry methods have already been applied to determine the temperature profiles (NO-LIF, OH-LIF, and thermocouple) [START_REF] Lamoureux | Experimental and numerical study of the role of NCN in prompt-NO formation in low-pressure CH4/O2/N2 and C2H2/O2/N2 flames[END_REF]. The probe volume in burner B1 was estimated to be 6.0×0.2 mm 2 parallel to the burner surface and 250 µm in the vertical axis.

Quenching rate

The LIF decay rate is extracted using a deconvolution method described in [START_REF] Lamoureux | Quantitative measurement of atomic hydrogen in low-pressure methane flames using two-photon LIF calibrated by krypton[END_REF]. Rayleigh scattering signal at 615 nm was measured with the PMT used during this work. Additional Stern-Volmer plots of Kr highly diluted in N2 were measured from 1 to 15 kPa in a cell at room T. The results indicate the fluorescence decay rate follows a linear increase with p up to 4×10 8 s -1 (i.e.  =2.5 ns) with a quenching rate identical to the one given in [START_REF] Niemi | Absolute atomic oxygen density measurements by two-photon absorption laser-induced fluorescence spectroscopy in an RF-excited atmospheric pressure plasma jet[END_REF]. Since the quenching coefficients reported in [START_REF] Niemi | Absolute atomic oxygen density measurements by two-photon absorption laser-induced fluorescence spectroscopy in an RF-excited atmospheric pressure plasma jet[END_REF] for the level 5p' 1 D2 are incomplete, we chose to use the complete data reported in [START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF] for the main colliders even though they correspond to the excited level 5p 3 P2. The crosssection of CO was taken equal to that of CO2.

In flames, QKr along HAB were also calculated using simulated species profiles, the collisional crosssections from [START_REF] Hsu | Mixture fraction imaging in turbulent nonpremixed flames with two-photon LIF of krypton[END_REF] and the temperature profile previously measured using OH-LIF thermometry [START_REF] Lamoureux | Experimental and numerical study of the role of NCN in prompt-NO formation in low-pressure CH4/O2/N2 and C2H2/O2/N2 flames[END_REF]. As shown in Fig. 1, the experimental QKr as a function of HAB is found to be in very good agreement with the calculated values for HAB > 3.2 mm. Below this height, i.e., in the low-temperature region, experimental QKr are found 20% larger probably because they exceed the limit abovementioned of 4×10 8 s -1 . Below this limit, the good agreement between experimental and calculated QKr gives confidence in the further use of these collisional cross-sections at atmospheric pressure (indeed, QKr is expected to reach 8×10 9 s -1 and is therefore difficult to measure). In addition, as shown by the dashed line in Fig. 1, it is also observed that QKr scales according to T -0.5 [START_REF] Kulatilaka | Interference-free two-photon LIF imaging of atomic hydrogen in flames using picosecond excitation[END_REF]. Since A3 is negligible (2.9×10 7 s -1 , [START_REF] Niemi | Absolute atomic oxygen density measurements by two-photon absorption laser-induced fluorescence spectroscopy in an RF-excited atmospheric pressure plasma jet[END_REF]) compared to QKr, the total depopulation rate (A3+QKr) can hence be assumed to vary as T -0.5 . The uncertainty in determining QKr is estimated to be 20% (absolute value) but only 2.5% for the relative variation of QKr.

Time-integrated LIF measurements

The time-integrated fluorescence signal of Kr, SKr, corrected for the square of the laser intensity fluctuations I was obtained as a function of HAB. At low pressure, the lineshape profile was found constant along the HAB, hence was not considered. Knowing the experimental (A3+QKr), the relative temperature is determined according to Eq. ( 2). Then, the relative T profile is converted into absolute T using the calibration point at HAB=20 mm from previous OH-LIF thermometry measurements [START_REF] Lamoureux | Experimental and numerical study of the role of NCN in prompt-NO formation in low-pressure CH4/O2/N2 and C2H2/O2/N2 flames[END_REF]. Figure 2 shows the temperature profile obtained in flame F1 using different techniques. We observe a near-perfect agreement with the temperature profiles previously determined using NO-LIF, OH-LIF thermometry. As the OH-LIF thermometry method is restricted to locations where OH radicals are naturally formed, the profile was completed in the fresh zone using a thin commercial thermocouple (type K). Here, the Kr TPLIF thermometry allows describing the full profile. Temperature profiles similarly measured in flames F2 and F3 also show a very good agreement with the T profiles previously measured using NO-LIF thermometry in [START_REF] Lamoureux | Modeling of NO formation in low pressure premixed flames[END_REF][START_REF] Lamoureux | In Situ Laser-Induced Fluorescence and Ex Situ Cavity Ring-Down Spectroscopy Applied to NO Measurement in Flames: Microprobe Perturbation and Absolute Quantification[END_REF], see SM-2. 

Prompt-LIF (temporal peak)

In section 4.2, the correction for QKr variation required a separate record of the fluorescence temporal trace at each location. We have also examined the possibility to determine the T profile directly from the inverse of the prompt-LIF measurements, i.e., without quenching correction. Prompt LIF is defined as the temporal peak value of LIF (pk LIF). Figure 2 shows that temperature profiles determined either from pk LIF or from Eq. ( 2) are also in good agreement. The experimental uncertainties are estimated to be equal to 5% when T is derived from Eq. (2) (including 2.5% due to the determination of QKr) and 2.5% when T is derived from the pk LIF signal as shown in Fig. 2.

To conclude about the thermometry measurements performed in low-pressure flames, it appears that the prompt-LIF is not affected by the quenching, unlike the integrated LIF, which must be corrected for its spatial variation. And, this method allows temperature measurements provided that there is a reference temperature along the profile either in the burned gas or in the fresh gas.
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Results from the atmospheric-pressure flames

At atmospheric pressure, it is expected that the prompt-LIF signal will indubitably be affected by the fast quenching rates, especially when excitation is performed with a ns-laser. Hence, experiments in similar atmospheric-pressure Bunsen burners were performed using a ns-laser and a fs-laser at ULille and TAMU, respectively. In these flames, the TPLIF thermometry of Kr is described along the radial axis at different HAB's. In these 13-mm exit diameter Bunsen flames, T is expected to be nearly uniform and estimated to be at the adiabatic flame temperature of 2115 K (and 2135 K) in the region of 5 < r / mm < 8, in flames F4 (and F5). Beyond approx. r = 8 mm, T drops rapidly because of the diminishing reaction zone and rapid mixing with outside cold air in the outer shear layer. Outside air mixing also result in XKr drop.

As the determination of T from Eq. ( 2) is not direct (Q is not measurable), we propose to compare the experimental and the synthetic SKr profiles instead of the derived quantities (here T profiles). This approach follows the paradigm shift proposed by Connelly et al. [START_REF] Connelly | A paradigm shift in the interaction of experiments and computations in combustion research[END_REF] who argued that the comparison of the signals involves less data and is more straightforward. Here the main difficulty lies in the determination of both the quenching rate and the lineshape, which requires an estimation of the T profile to start with. First, the temperature and species profiles have been calculated along the normal axis of the flame front using Chemkin-Pro software for a freely propagating flame. This method allows the calculation of QKr and XKr. Note that the calculated QKr along the flame axis was found to evolve quite similarly to T -0.5 as in lowpressure flames (see SM-3). The simulated values are projected on the radial axis knowing the angle of the flame front, and Δ ̅ is calculated according to Eq. (3) for ns-TPLIF. Subsequently, the temperature is determined from the experimental TPLIF profiles, corrected as detailed below, and using a known T.

Using ns-duration laser pulses

Kr TPLIF measurements were performed along the radial axis at 7 mm above the burner exit, first using a ns-laser at ULille. The probe volume in burner B2 was carefully restricted to allow an adequate spatial resolution along the steep gradient of T in the flame front. It is estimated to be 200×200 µm 2 parallel to the burner tip and 250 µm in the vertical axis. Figure 3 shows the comparison between the experimental LIF profile along the radial axis and the synthetic LIF signal obtained from the simulated T and XKr profiles and corrected for the lineshape broadening and the quenching rate according to Eq. ( 2). The ratio of the LIF signals between the cold and the hot area is approximately a factor of 2 (right side), while the ratio of T -1 is approx. 7 (grey line in the left). On the left, indicated are the successive corrections applied to the calculated T -1 for (a) the variation of the total mole number XKr (dot-dashed line), (b) the lineshape profile Δ ̅ (dashed line), and (c) the total depopulation rate (A3+QKr) (solid line). The correction factor for the variation of the mole fraction is nearly equal to 1 while those for Δ ̅ and A3+QKr, are equal to 0.65 and 0.40, respectively. Finally, the ratio of the synthetic LIF signals between the cold and the hot area is equal to 2. This ratio is in agreement with the experimental LIF ratio shown on the right side of Fig. 3 (which is simply a magnification of the grey area on the left). These observations give confidence that the same corrections could be applied to obtain the relative T profile from the Kr TPLIF signals, as discussed below. Fig. 3. Comparison of the experimental and synthetic LIF signal at 7 mm using a ns-laser in a Bunsen burner. The left side shows the variation of the inverse of T, and the successive corrections applied to T -1 to calculate a LIF signal according to Eq. ( 2). The right side is a magnification of the grey area on the left.

Using an iterative procedure including the corrections for QKr scaled as T -0.5 and Δ ̅ , the temperature profile was determined from the Kr TPLIF, calibrated using the hot temperature of 2115 K. Figure 4 (left side) shows a good agreement between the experimental and the simulated temperature profiles obtained in Bunsen burner B2 using ns Kr-TPLIF. In particular, the steepness of the gradient is well reproduced and the deduced cold T is 287 K i.e. 4% lower than the temperature measured by thermocouple on the burner axis.

Using fs-duration laser pulses

Similarly, Kr TPLIF measurements were performed along the radial axis at three HAB locations using the fs-laser at TAMU. The raw fluorescence images recorded by seeding 5% Kr into F5 flame are shown in Fig. 5. The typical width of the line filled about 8 pixels in the camera plane, corresponding to a spatially calibrated beam waist of 0.220 mm. The typical signal-to-background ratio in the inner premixed reactants zone is approx. 13, and that in the hot flame zone is 7. Those values changed to 5 and 3, respectively, when the Kr seeding level was changed to 1%. However, the general profile shapes remained unchanged. The signal-to-noise ratio (SNR) values defined as the mean signal divided by one standard deviation are approximately 4.5 and 6 for 5% and 1% seeding levels, respectively. The ratio between the cold and the hot area of the LIF signal is equal to approx. 2.5, slightly higher than the ratio observed with a ns-laser in F4.

The conversion of the fs TPLIF signal into temperature profile requires only the knowledge of the quenching rate along the radial axis. Since the bandwidth of the fs laser is so large, the variation in Δ ̅ across the flame can easily be neglected. Hence, assuming a T -0.5 dependence of QKr and neglecting the variation of XKr, Eq. ( 2) simplifies to: Hence, fs TPLIF returns an easy way to extract the temperature simply from the inverse square of the fluorescence signal (provided the excitation laser intensity is held fixed). This method has been applied to the Kr TPLIF line images recorded with the fs-laser at TAMU. The conversion to the absolute temperature was performed using a calibration point where the hot area of the flame is assumed to be at the adiabatic temperature of 2135 K. Accordingly, the radial TPLIF signals profiles shown Fig. 6 are converted to the corresponding T profiles using Eq. 4 and are shown in Fig. 7. Again, for better clarity, only the right half of the nearly perfectly symmetric radial T profiles are shown. The T profile measured at HAB = 5 mm is also reproduced in Fig. 4 (right side) and compared with modeling. Again, the increase in T ( 7 between the burner axis and the burnt gases is very well reproduced. The advantage of the fs-approach over that of ns is clearly the simpler conversion of the TPLIF signal to temperature using Eq. ( 4). The accuracy is estimated at 5% over the entire T range.

Conclusions

In this study, we report a comprehensive investigation of LIF-based thermometry in flames using Kr as an inert gas tracer. Two of the major obstacles for quantitative LIF measurements are, i) interaction between the laser bandwidth and the broadening of atomic excitation transition, necessitating spectral overlap corrections, and ii) the effect of spatially varying non-radiative decay of the excited state population due to collisional quenching. We investigate narrowband ns-duration as well as broadband fs-duration excitation pulses for Kr TPLIF thermometry. When using ns pulses, no lineshape correction was needed in low-pressure flames; however, atmospheric pressure flames required a lineshape correction based on a T-dependent empirical model. In contrast, fs pulses have linewidths in excess of ~400 cm -1 , hence, do not require any spectral overlap correction with varying pressures.

In the low-pressure premixed flames investigated, the experimentally measured quenching rates QKr agree satisfactorily with those calculated using quenching cross-sections reported in the literature and simulated species mole fractions. It is also shown that the experimental QKr scales as T -0.5 . The flame temperatures, estimated after correction for the T dependence of QKr, agree well with previously reported NO and OH LIF thermometry data, as well as those estimated using prompt-LIF without any quenching corrections. The uncertainty using prompt-LIF is estimated to be 2.5 %. In the atmosphericpressure flames, the ns experimental Kr fluorescence signals could be fitted well using an iterative procedure using calculated QKr, T -1 number density dependence, and empirical lineshape profile model. The extracted radial T profiles in a Bunsen-type flame agree well with simulated 1D temperature profiles using Chemkin-Pro.

In contrast, the conversion of the fs TPLIF signal into temperature profile requires only the knowledge of the quenching rate, which can be approximated by T -0.5 dependence. Hence, fs TPLIF provides an easy way to extract the flame temperature, with an accuracy estimated at 5 %, simply by taking the inverse square of the fluorescence signal. Accordingly, fs-TPLIF line images were recorded at several HAB locations in the Bunsen flame and converted to radial T profiles. It was confirmed these T profiles agree well with 1D flame model predictions. Therefore, fs-TPLIF is a promising approach for thermometry in atmospheric and higherpressure flames. In addition, nearly impulsive excitation using fs-duration pulses provides a means of measuring species-specific quenching rates of Kr at atmospheric and elevated pressures, which will be a topic for future investigation. 

3/ Calculated quenching rate at atmospheric pressure

The quenching rate QKr was calculated according to the temperature and the main species profiles obtained from Chemkin-Pro (for a freely propagating flame) and the collisional cross sections given by Hsu et al. [5]. Figures S5 andS6 show the comparison between the calculated QKr and T -0.5 along the radial axis in flames F4 and F5, respectively. 

Fig. 1 .

 1 Fig. 1. Measured (solid circles) and calculated (solid line) quenching rates as functions of HAB in flame F1. Also shown is the variation of T -0.5 (dash line), scaled by 0.8 for easy comparison. The error bar indicates the total experimental uncertainty (20%) on QKr.

Fig. 2 .

 2 Fig. 2. Temperature profile as a function of HAB measured from the Kr TPLIF signal in flame F1.

Fig. 4 .

 4 Fig. 4. Comparison between the simulated and experimental T profiles determined from the Kr-LIF signal measured with a ns-laser at 7 mm (left) or with a fs-laser at 5 mm (right).

Fig. 5 .

 5 Fig. 5. fs TPLIF line images in F5 recorded at three different HAB locations.

Figure 6

 6 Figure 6 shows the corresponding LIF signals obtained by vertically integrating the line images shown in Fig. 5. Only the right half of the nearlyperfectly symmetric line profiles are shown. The relative signals are normalized to the values of 5 < r / mm < 8 region.The ratio between the cold and the hot area of the LIF signal is equal to approx. 2.5, slightly higher than the ratio observed with a ns-laser in F4.The conversion of the fs TPLIF signal into temperature profile requires only the knowledge of the quenching rate along the radial axis. Since the bandwidth of the fs laser is so large, the variation in

Fig. 6 .

 6 Fig. 6. Normalized LIF signals along the radial axis measured at HAB = 5, 7.5, and 10 mm with a fs-laser.

Fig. 7 .

 7 Fig.7. Radial T profiles obtained using fs-TPLIF in F5 at HAB = 5, 7.5, and 10 mm using the calibration procedure outlined in Eq. (4).

Figures

  Figures S3 and S4 present the temperature profiles measured in flames F2 and F3, respectively stabilized at 5.3 and 10.6 kPa. Three methods have been applied; thermocouple for T < 800 K, NO-LIF thermometry (for details, see Lamoureux et al. [2,3]); Kr-TPLIF thermometry (present work, see the main manuscript).

Fig. S3 .

 S3 Fig. S3. Temperature profiles measured in a stoichiometric CH4/O2/N2 flame (F2) at 5.3 kPa. Comparison with previous measurements performed with thermocouple and NO-LIF thermometry [2].

Fig. S4 .

 S4 Fig. S4. Temperature profiles measured in a stoichiometric CH4/O2/N2 flame (F3) at 10.6 kPa. Comparison with previous measurements performed with thermocouple and NO-LIF thermometry [3].

Fig. S5 .

 S5 Fig. S5. Calculated quenching rate and T -0.5 as function of the radial axis in flame F4.

Fig. S6 .

 S6 Fig. S6. Calculated quenching rate and T -0.5 as function of the radial axis in flame F5.

  references

Table 1

 1 Flame compositions. Gas flow rates are reported in slpm (at 273.15 K and 101.3 kPa).  is the equivalence ratio.

	Flame	p (kPa)	CH4	O 2	N2 +Kr	
	F1	5.33	0.60	0.96	3.29	1.25
	F2	5.33	0.48	0.96	3.35	1.00
	F3	10.66	0.48	0.96	3.35	1.00
	F4	atm	0.857	1.718	6.463	1.00
	F5	atm	0.775	1.55	5.858	1.00

&

5, respectively, followed by some concluding remarks in Section 6.
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1/ Variation of the calculated mole fraction of Kr in the investigated flames

In low-pressure flames (F1-F3), the temperature profiles were previously measured using OH, NO LIF thermometry and thermocouple as explained in Lamoureux et al. [1][2][3]. The variation of the total mole number is calculated using the "burner stabilized flame module" of Chemkin-Pro [START_REF] Foo | The accuracy and precision of multi-line NO-LIF thermometry in a wide range of pressures and temperatures[END_REF]. The atmospheric flames are assumed to be adiabatic, and the simulated variation of the total mole number along the radial axis was calculated using the "flame speed module" of Chemkin-Pro. For clarity, the results are presented in Figs. S1 andS2 for the low-pressure and the atmospheric pressure flames, respectively.