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Abstract

An automated spectral fitting algorithm (named Thermo NO-LIF) designed for the ex-
traction of temperature information from experimental NO-LIF spectra is presented and
analysed. With the aid of the Thermo NO-LIF, the high-accuracy (0.5%) of multi-line NO-
LIF thermometry are demonstrated in the burnt-gases region of a near-adiabatic Bunsen-
type premixed flame. The results are compared with the temperature measured using
N, spontaneous Raman scattering (SRS). The current study also applies and analyses
the algorithm and the thermometry technique in a premixed flat-flame under various sub-
atmospheric pressures. The results suggest that choosing a long excitation scan range with
as few overlapping lines as possible can maximise the performance of the multi-line NO-LIF
thermometry. The uncertainty arising from the overlapping lines is especially crucial at at-
mospheric pressure. Additionally, the current study compares the performance of multi-line
NO-LIF thermometry using narrowband and broadband lasers. Thermo NO-LIF is available
to anyone interested in applying multi-line NO-LIF thermometry.

Keywords: Nitrogen oxide, laser-induced fluorescence, thermometry, MATLAB,
temperature, methane flame

1. Introduction

Accurate determination of temperature is always of critical part in characterising reactive
gaseous flow systems, where temperature plays a crucial role in physics and chemistry. In
this context, various thermometry approaches based on laser-induced fluorescence (LIF) have
been developed and widely applied in a broad range of combustion studies [1-6]. The princi-
ple of LIF thermometry relies on the temperature dependence of the population distribution
of different rotational, vibrational or electronic energy levels of the target species. Either
molecules (e.g. NO [4-6], OH [7, 8], CH, C, [9] and CN [1]) or atoms (e.g. indium [3, 10] and
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gallium [11]) can be employed as fluorescence tracers. Among the molecular species, NO is
a popular candidate due to several of its advantageous properties. Contrary to OH, CH, Cs,
and CN, which are short-lived combustion intermediates present in limited regions of flames,
NO is chemically stable at room temperature and elevated temperatures. Its stability allows
the measurement of a wide range of temperature accessible to LIF thermometry. Although
NO naturally occurs in most combustion systems, it is readily available for seeding if it is
necessary to increase the signal-to-noise ratio (SNR). Furthermore, the fluorescence quantum
yield of NO is independent of the rotational number [7, 12]. As a result, multi-line NO-LIF
thermometry is applicable without corrections for quenching and radiative lifetime [13].
Multi-line NO-LIF thermometry relies on the probing of multiple ground states by tuning
the laser over a range of excitation wavelengths [1, 4, 7]. It can be applied for either
single-point or imaging measurements. The limitation of the technique is that it requires
a data acquisition period longer than the timescales of turbulence and chemical reaction.
Nonetheless, the technique has been applied in mildly turbulent flames to obtain temporally
averaged temperatures [14, 15]. However, the temperature bias observed in the flame contour
region, where the ambient air and burnt gases mix vigorously, could be as high as +25%.
Despite its limitation, multi-line NO-LIF thermometry remains a robust and versatile tool
that has wide applications in different fields, for example, nano-particles synthesis [16],
plasma [17, 18], soot formation [19, 20], biofuels [6, 21] and evaporating spray systems [22].
There are multiple methods to extract temperature information from excitation scan
spectra. The most straightforward approach is to plot the peak intensities of individual
rotational line logarithmically against the corresponding rotational energy [1, 23]. The re-
sultant Boltzmann plot gives a straight line with a slope —1/(kp - T'), where kp is the
Boltzmann’s constant and 7' is the temperature. The Boltzmann plot method is insightful
because any point deviates from the slope is easily detected and the goodness of the linear
fit reflects the reliability of the temperature measurement. The determination of peak in-
tensities is often done by selecting the local maxima of a spectrum. However, if there are
not enough data points available to characterise the peaks precisely, a fitting procedure is
required to obtain the local maxima which potentially introduces additional uncertainties.
Additionally, if the instrumental resolution is broader than the spectral distance between the
rotational lines, spectral overlaps are inevitable. Even partially overlapping spectra can lead
to uncertainties in the Boltzmann plot method. In this context, the current study examines
the impacts of laser spectral resolution on the accuracy and precision of multi-line NO-LIF
thermometry using a frequency-doubled Nd:YAG-pumped dye laser with and without an
injection seeding system, which provide narrowband and broadband lasers, respectively.
Alternatively, temperatures can be determined via spectral fitting. There are publicly
available software packages that simulate spectra, for example, LIFBASE [24], LIFSim [25]
and PGOPHER [26]. LIFSim offers a direct fitting function on its website, unfortunately, it
lacks detailed documentation on how the fitting process works. It is still common to compare
the experimental spectrum to a library of predetermined synthesised spectra to obtain the
best-fitted temperature [6, 16, 19-22]. In general, the free parameters are temperature,
baseline and signal intensity, with the lineshape parameters determined by comparing the
experimental spectrum to simulated spectra [6, 19, 20]. The process is time-consuming
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and subjective. The current study proposes a spectral fitting programme, named Thermo
NO-LIF, that provides temperature by directly fitting the experimental spectrum; here,
temperature, baseline, fluorescence intensity, linewidth, peak position are free parameters.
However, it is necessary to fine-tune the peak position of each excitation line due to the
experimental deficiency arising from the sine bar driven grating in the laser tuning system [1,
6, 27]. Contrary to LIFSim, where both the Gaussian and Lorentzian linewidths are fitted
simultaneously, Thermo NO-LIF characterises the spectral lineshape using a pseudo-Voigt
function where the convoluted linewidth and Lorentzian factor are fitted to the experimental
spectra.

The accuracy and precision of determining temperature using Thermo NO-LIF are ex-
amined and analysed in a wide range of temperatures and pressures. Coherent anti-Stokes
Raman scattering (CARS) is often used as a benchmark for the performance of temperature
diagnostic techniques [4, 28] since it provides the highest accuracy among all thermometry
techniques, especially with nitrogen as an indicator molecule [29-31]. Bessler and Schulz [4]
have compared temperatures acquired using multi-line NO-LIF with those employed No-
CARS and they agree to within ~150 K. The current study compares the measurements
obtained with multi-line NO-LIF to those provided using N, spontaneous Raman scattering
(SRS) [32] in the same CHy/air Bunsen-type premixed laminar flame. Ny SRS was cho-
sen because it provides an absolute measurement of temperature without any calibration
in a reference medium [33]. The current study applies multi-line NO-LIF thermometry in
isothermal flow (~290 K), flat-flames at sub-atmospheric pressures (1.33-40 kPa) and an at-
mospheric Bunsen-type premixed flame (101.3kPa). It examines the robustness of Thermo
NO-LIF by employing broadband and narrowband lasers to excite different spectral ranges.

2. Experiment

2.1. Burners

Investigations carried out at sub-atmospheric pressures were conducted in a stainless
steel enclosure (30 cm height and 24 cm diameter) connected to a vacuum pump. A bronze
water-cooled McKenna burner with a diameter of 6 cm was placed inside the enclosure with
the ability to translate vertically. The pressure inside the enclosure was monitored with a
pressure transducer and was regulated using an automatic control valve. The pressure can
be controlled to an accuracy of +1%.

The composition of the gas mixture was controlled using mass flow controllers of 1, 2
and 5 SLPM (with £0.5% full-scale precision) for CHy, O and Ny, respectively. For room-
temperature measurements, no flame was ignited and only Ny seeded with 120 ppm of NO
(2.002 mol% NO in Ny; £0.5% full-scale precision) flowed through the enclosure. For flame
temperature measurements, a laminar premixed flat-flame was established under pressures
4.0, 12.0, 24.0 and 40.0 kPa. The volumetric flow rates for CH4, O, and Ny were 0.533, 1.067
and 3.400 SLPM, respectively. Additionally, 120 ppm of NO was seeded into the cold fuel
mixture, substituting N,. Such an amount of NO provides a typical SNR of 65:1 without
perturbing the flames.



Measurements at atmospheric pressure were performed in a Bunsen-type burner [32]
that provides laminar, stable and well-characterised premixed flames. The current study
conducted measurements in the same stoichiometric CH,/air premixed flame that has been
investigated previously in this burner with Ny SRS [32]. Instead of using compressed air,
the current study synthesised air with 21% of O, and 79% of Ny. The volumetric flow rates
for CHy, Oy and Ny are 0.857, 1.718 and 6.463 SLPM, respectively. The flame height was
measured and compared with the previous study to confirm the reproducibility of the flame.
Similar to the sub-atmospheric pressure flames, 120 ppm of NO was seeded into the cold fuel
mixture, substituting No. Measurements were probed at a height above the burner (HAB)
of 24mm, in the burnt-gases region at the same location as in the SRS study [32]. It is
where the flame temperature was found to be nearly adiabatic in this CHy/air flame, due
to the weak effect of curvature and heat-loss far from the tip and the burner lip.

2.2. Laser and optical setup

A frequency-doubled injection-seeded Nd:YAG laser (Quantel Q-smart 850) was utilised
to pump a tunable dye laser (Quantel TDL+) that used a mixture of rhodamine 590 and rho-
damine 610 dissolved in ethanol. The mixture ratio was adjusted such that the laser energy
was optimised for operation around 572nm. The dye laser emission was first frequency-
doubled to 286 nm and then mixed with the residual fundamental beam of the Nd:YAG
using non-linear crystals mounted in a tracking unit. As a result, it generated an ultra-
violet (UV) beam at approximately 225nm which is ideal for exciting the NO A-X(0,0)
band. A motorised Pellin-Broca prism was utilised to isolate the desired wavelength with-
out deviating the laser beam axis. The UV beam passed through an iris diaphragm and
an attenuator in which the laser energy was limited to the linear LIF regime. The beam
was shaped into a 1x 5 mm sheet through a horizontal slit. For all measurements, the laser
scan rate was 0.35pms~! and the signal was continuously averaged over seven laser pulses.
The laser energy fluctuations were monitored with a photodiode after the sheet passed
through the flames. The LIF signals were subsequently collected via a two-lens-system and
focused onto the horizontal entrance slit of a 500 mm focal length monochromator with a
1200mm~*, 300 nm blaze wavelength grating. To compensate for the low local density of
NO at sub-atmospheric pressures, the entrance slit of the monochromator was 0.25x10 mm
for experiments conducted in the flat-flame. In contrast, it was reduced to 0.25x4 mm for
measurements at atmospheric pressure to obtain a spatial resolution adequate to the flame
region in which the temperature was found homogenous. Previous measurements performed
using Raman spectroscopy [32] showed that 7" was homogeneous up to a radius of 6 mm at
HAB probed in the current study. The monochromator was adjusted to provide an output
with a ~10nm spectral width around a centre wavelength of 245nm to obtain the fluores-
cence signals in the entire vibrational band of NO A-X(0,2). It was chosen to avoid the
interference from hot O, fluorescence [34]. The fluorescence signals were collected with a
photomultiplier tube (Photonis XP2020Q). The fluorescence and laser intensity signals were
simultaneously gathered and recorded via an oscilloscope (LECROY 9354A, 8-bit vertical
resolution, 500 MHz bandwidth, 1 GSs™1).



The choice of NO transitions is of importance for high-quality performance of multi-line
NO-LIF thermometry. The current study selected several spectral ranges in the literature
and analysed their performance at various temperatures and pressures. Numerical analyses
conducted by Bessler and Schulz [4] suggested that, within the NO A-X(0,0) band, simulated
excitation scans in the spectral range 4430044 400 cm ™ exhibit high temperature-sensitivity
at 500 and 2000 K. They then proposed four shorter scan ranges: (a) 44376-44 381 cm™!,
(b) 44376-44386 cm ™!, (c) 44407-44417cm™!, and (d) 44402-44417cm™'. Among these,
the scan range 44407-44417cm™! exhibited the overall best performance [4]. One of the
proposed scan ranges, (b), coincides with the one derived from a previous study [5], which
is 44375-44 385 cm™~!. Both scan ranges are comparable although the latter one differs from
the prior one by 1cm™?.

In previous studies [6, 12], the authors employed a scan range 44306-44 352 cm ™! follow-
ing the work of Hartlieb et al. [7]. To determine the optimum excitation spectral range within
the NO A-X(0,0) band, the current study examined scan ranges 44306-44352cm™! and
44375-44 417 cm~! which includes the short scan ranges suggested by Bessler and Schulz [4]
and utilised by Denisov et al. [5]. Additionally, experiments were also conducted at constant
room temperature, but under systematically varied sub-atmospheric pressures. The objec-
tive was to study the practicality of Thermo NO-LIF against line broadening while isolating
the collisional effect from the Doppler effect. To increase the temperature sensitivity at
room temperature, the current study employed another scan range, 4419544 232 cm™!, that
included lower rotational quantum number transitions for room-temperature measurements.
The ambient temperature was measured to be 290 K using a type K thermocouple. Table 1
summarises the excitation ranges employed in the current study while each scan range is

assigned a symbol.
Table 1: Summary of the excitation ranges employed in the current study.

Symbol  Excitation range = Amount of peaks Reference

A 44375 44417 cm ! 16
A 4437644 381 cm™! 4 [4]
As 4437644 386 cm ! 6 [4] and [5]
As 44407-44 417 cm ™! 5 [4]
Ay 4440244417 cm ™! 4 [4]
B 4430344 353 cm™! 22 [6, 7]
B, ¢ 4430344 341 cm™! 17
ok 44195-44 232 cm ™! 23

To reduce the amount of overlapping lines.
Utilised for room-temperature measurements only as it includes transitions
with lower rotational numbers.

2.3. Spectral fitting programme Thermo NO-LIF

Thermo NO-LIF was built in-house using MATLAB® R2019a. It directly fits the ex-
perimental NO-LIF spectra to an equation that relates the LIF intensity to the rotational
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temperature. This section discusses the principle and procedures involved in the algorithm.
The LIF intensity and the line profile are the two essential constituents of an excitation
spectrum. The LIF intensity, [;, of the i® transition can be characterised as follows [35]:

> A j—llk +k (1)
i A T Rp T Ry

where Ny is the total number density, I; is the incident laser intensity, g, represents the
spectral overlap of the laser profile and the absorption line, B; is the Einstein absorption
coefficient obtained from LIFBASE [24] and fp; is the Boltzmann fraction of the initial level.
The last term is to describe the fluorescence quantum yield which depends on the Einstein
emission coefficient, A;, divided by the sum of A; over all vibrational states plus predissoci-
ation rate, k,, and quenching rate, k,. This equation is only valid if I, is maintained in the
linear LIF regime.

A few modifications are required to simplify Eq 1. Firstly, Ny is omitted in the following
equations because, throughout an excitation scan, the total number density of NO within
the probed volume is constant in steady flames. Secondly, the fluorescence quantum yield
of NO is neglected since it is independent of the rotational number [7]. Lastly, fp; can be
expressed as a function of T

Iiocc No- I - gy B; - [Bi~

R 2)
Qvib ' Qrot ' Qelec

where (2J; + 1) is the degeneracy of the rotational state and J; is the rotational quantum

number of lower state of i*" transition. Qui, Qror and Qe are the vibrational, rotational

and electronic partitions calculated numerically. The energy of the rotational state, E(J;) is

calculated following the equations and spectroscopic constants provided by Reisel et al. [36].

The energies for rotational level J; are given by

E(J))=B!-[(J; +05)° =1 =D/ [(Ji +0.5)" = (J; + 05> + 1] F B - Va,  (3)

a:i+[(Ji+0.5)2—1}~
(T+2-p-[2- (L4052 =Y, ] +p*([2-(J+05)* =17 -1)), (4

A+C-(J;—05)

Y, = : (5)
D;
I (6)

p— BI/J/.
Here, B! is the rotational constant, D! is the centrifugal stretching of the molecule, A is
the spin-splitting term, and C' is an additional term accounting for spin-splitting in the
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Table 2: Spectroscopic constants for NO A-X(0,0) band taken from Reisel et al. [36].

Constant  Value (cm™!)
B! 1.696190
D’ 5.326x10°
A 123.0372
C —1.1871 x 10~*

rotational energy. The symbols F and =+ are used to distinguish between the *II; 5 state,
where the upper signs should be used, and the *II/, state, where the lower signs should
be used. Table 2 lists the spectroscopic constants used in the current study for the NO
A-X(0,0) band.

Excluding those rotational-independent parameters, Eq. (1) can be reduced to

Here, I; can be normalised through dividing the LIF excitation spectrum using the temporal
energy profile of the incident laser. Additionally, the spectral lineshape g, is best described
using a convolution integral of Gaussian and Lorentzian functions, known as the Voigt
profile [37] :

V(v)=G)® L(v) = /00 GW)-Llv—1v)-dv. (8)

—00

Here, G(v) is the Gaussian function

G(v) = exp [—4 n2- (”P_G v )2] ()

and L(v) is the Lorentzian function

\21 7t
v—1U
1+4- 10
where v is wavenumber in unit cm™, ¥ is the spectral position of the peak intensity ob-
tained from LIFBASE [24], I'; and I'j, are the Gauss and Lorentz full-width at half maxi-
mum (FWHM), respectively. Since the Voigt function cannot be expressed in finite terms
of elementary functions [38], for computational purposes, various alternate approaches [39—
42] have been proposed in an attempt to analytically approximate the complex function.
Schreier [38, 43, 44] has extensively reviewed this subject. The Voigt function is a powerful

tool that has important applications in many fields of science. Thus, most of the approxima-
tions are limited to solve specialised problems. The current study, therefore, selects one of

L(v) =

1
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the simplest approximation, the summation of G(v) and L(v), also known as pseudo-Voigt

function:
.\ 277!
v—1
1+4. 11
+ ( I )] o (1)

where 7 is Lorentzian weight factor. Instead of fitting both I'¢ and I';, as done in the previous
study [27], here, only the convoluted linewidth T'y is being considered, assuming I'y = T'g =
[',. This provides an approximation accurate to ~ 1% [45, 46]. Furthermore, Jain et al. [40]
demonstrated that the summation of G(v) and L(v) is a better approximation of the Voigt
function than the product of G(v) and L(v). Both the Doppler and collisional broadening
components can be deduced using the following equations (accurate to 0.02%) [47]:

+n-

Vo(v) =(1—n)-exp [_4 2 (VF_vﬁ)2

1
Ly =3 (1.0692 Te+ \/0.8664 T2 +4(Th + F?)) : (12)

where the collisional broadening, I'., is given by [48],

P 300\
I, = 0.585 i 13
(101.325> < T ) (13)

and the Doppler broadening is given by the general expression

/T
Ip=716x10"-0- i (14)

where P is pressure in unit kPa, v is the centre wavenumber of the excitation range in unit
cm~!. M is the molar mass of NO, 30.01 gmol~!. Here, instead of measuring I';, the value
is inferred by calculation using Eq. 12.

By combining Egs. (7) and (11) with a constant background ¢, the synthesised spectrum,
S(v), can be expressed as:

+

N\ 2
v—1U

1+4-

To solve S(v), the spectroscopic constants are available in the literature for NO. Thus, it

is expected that Thermo NO-LIF possesses the potential to fit excitation spectra of other

fluorescence species, provided that the spectroscopic parameters of the species are known.
The fitting parameters are 7', n, [', © and c. It is necessary to fit © because, as aforementioned,
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the spectral positions of the experimental and simulated transitions do not match exactly
even after fine-tuning the experimental spectrum. This approach further eliminates the
errors introduced by the uncertainty in spectral positions.

To perform the fitting process, both the experimental spectrum and Eq. (15) must be
normalised to the same order of magnitude, usually unity. The conventional way to normalise
a spectrum is to divide the total spectrum with the maximum intensity. However, it is
impossible to obtain maximum intensity without constructing the whole spectrum. Hence,
Eq. (15) is required to be divided with a temperature-dependent normalisation term. One
of the approaches is to construct a library of simulated spectra that has the same spectral
range as the examined experimental spectrum. Then, it extracts the maximum theoretical
fluorescence intensity, corresponding to the experimental ones, as a function of temperature.
The non-linear function is fitted with a Fourier series.

Figure 1 shows the convergences of the best-fitted 7' ((a) and (c)) and I'y ((b) and (d))
for fitting processes using a temperature-dependent normalisation term (solid line) and using
a free-fitting normalisation term as done in LIFSim [27] (dashed line). The fitting processes
were executed using the same bounds and start points (300 and 2000 K for room-temperature
and near-adiabatic flame temperature measurements, respectively). It is clear that using a
temperature-dependent normalisation term, the best-fitted temperature converged (< 250
iterations) ten times faster than that of the case where a free-fitting normalisation parameter
was used (> 2500 iterations). In addition to facilitating the fitting process, this approach
also enhances the consistency between different evaluations.

3. Results and Discussion

3.1. Collisional and Doppler broadening

Figure 2 shows examples of experimental and fitted spectra of NO-LIF acquired under the
pressure of 40 kPa with the narrowband laser. The NO-LIF spectra in panels (a) and (b) were
obtained in the burnt-gases region (HAB=20mm) of a premixed flat-flame. Temperatures
derived from the spectra (a) and (b) are 1599 K and 1556 K, respectively. In contrast, the
spectrum in panel (c) was collected at room temperature where the best-fitted temperature is
293 K. Additionally, the shorter ranges in scan ranges A and B are shown as marked by their
symbols. Since I, is inversely proportional to 7', high temperatures have a counter-effect on
the collisional broadening. As a result, spectrum C exhibits a more Lorentzian appearance
compared with the other two spectra. Moreover, the calculations using Eqgs. (12), (13) and
(14) show that the total line broadening at 293 K is 0.28 cm ™!, which is slightly higher than
the values obtained at 1599 and 1556 K, 0.26 cm™!.

3.2. Room-temperature measurements

It can be seen from Eq. (15) that while both the fluorescence intensity term and the
lineshape profile are directly or indirectly related to the temperature, they are independent
of each other. Therefore, although the laser linewidth is not sufficiently narrow to accurately
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Figure 1: Convergence of the best-fitted temperature, T', and linewidth, 'y, as functions of the iteration
number, for measurements (a) and (b) conducted at room-temperature (293 K; 20kPa); (c¢) and (d) in the
near-adiabatic Bunsen-type flame (2145K; 101.3kPa). The solid line represents the convergence using a
temperature-dependent normalisation term. The dashed line represents the convergence using a free-fitting
normalisation term.

determine the temperature [1], the best-fitted linewidth can be employed as an alternate con-
firmation tool for the temperature measurements by comparing it with its theoretical coun-
terpart based on the best-fitted temperature. To accurately predict the theoretical spectral
linewidth at any pressure and temperature, the information of I'; is essential. Hence, the
room-temperature measurements were conducted where both the pressure and temperature
were known to the accuracy of 1% (the accuracies of the pressure gauge and the type K
thermocouple).

Table 3 shows the best-fitted temperature of spectra within scan range C collected at
room-temperature Ny gas flow with seeded NO at various sub-atmospheric pressures and the
best-fitted Voigt linewidth, I'y, with its theoretical counterpart, I'v neo. The temperature
average is 285 + 8 K, which agrees with the thermocouple measured temperature, 290 + 3 K.
Only one spectrum was collected at each pressure, hence, only the accuracy is presented in
the table. Fig. 3 plots I'y; and I'y 44, as functions of P to deduce the instrumental linewidth,
[';. The y-intercept is assumed to be the convolution between I'; and I'y, isolated from I
where P =0kPa. Using Eq (12), T'; is calculated to be 0.12cm™! while T'p is 0.10cm™!.
I'viheo 1s estimated based on the derived I'y and the theoretical collisional and Doppler
broadening. The plot shows that the largest disagreement occurs at the measurement at
24.0kPa, which is 3.1% lower than the thermocouple measurement, while the best-fitted
I'y agrees with the theoretical value to within 5%. In contrast, the largest discrepancy be-
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Figure 2: Examples of fitted experimental spectra collected at 40kPa and (a) 1599 K within scan range A,
(b) 1556 K within scan range B, and (c¢) 293 K within scan range C. Shorter scan ranges within A and B are
shown as well.

tween the best-fitted and theoretical linewidths occurs at 36.0 kPa, up to 16%. Nevertheless,
the accuracy of the temperature measurement under this pressure is better, 1.7%. Despite
the individual large discrepancy, the overall agreement between the best-fitted and esti-
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mated linewidths is within 8%. This is consistent with Rensberger et al. [1] who concluded
that the fitting of temperature is not highly dependent on the linewidth. Nevertheless, it
still serves as an indicator. Furthermore, the gradients of both linear fits agree with each
other to within 2%, indicating that the collisional broadening component of the best-fitted
linewidths can be well-characterised using the collisional-broadening coefficient derived by
Chang et al. [48]. This improves the confidence in using the fitting programme to derive
temperature measurements.

Table 3: Best-fitted temperatures, T', and linewidths, I'y/, for spectra collected using a narrowband laser at
different sub-atmospheric pressures, P. The theoretical linewidths, I'y ¢4,, are presented for comparison.
The relative differences between the best-fitted temperatures and the thermocouple measured temperature
are represented with AT.

P (kPa) T (K) AT Ty (em™) Typeo (em™)

1.3 289  -0.3% 0.17 0.16
4.0 284 -2.1% 0.16 0.17
8.0 289  -0.3% 0.20 0.18
12.0 286  -1.4% 0.21 0.19
16.0 292 0.7% 0.22 0.21
20.0 295 1.7% 0.23 0.23
24.0 281 -3.1% 0.25 0.24
28.0 284 -2.1% 0.26 0.26
32.0 284  -1.4% 0.26 0.27
36.0 285 1.7% 0.24 0.29
40.0 293 1.0% 0.28 0.31
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Figure 3: Best-fitted experimental and theoretical linewidths as function of pressures range from 1.3 to
40kPa.
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3.3. Near-adiabatic flame temperature measurements at atmospheric pressure

Instead of the room-temperature, measurements of elevated temperatures are where the
interest lies. Hence, the current study assesses the accuracy and precision of multi-line
NO-LIF associated with the proposed fitting algorithm via performing measurement in the
burnt-gases region of a stoichiometric CHy4/air premixed Bunsen-type flame. The measure-
ments are compared with those provided by Guichard et al. [32] and a computationally esti-
mated adiabatic flame temperature, T,; =2145 K. Table 4 presents the best-fitted tempera-
tures, averaged over three spectra, the corresponding standard deviation, o7, and accuracy,
AT, of each excitation scan range. Spectra B provide an average temperature of2142 K
which agree excellently with Txy =2134 £ 55K (averaged over 400 single-shot measure-
ments) and 7T,4=2145 K. The average temperature derived from spectra A is approximately
4% lower than the adiabatic flame temperature. However, spectra B exhibit a o significantly
larger than that of spectra A. The results show that, by narrowing the excitation spectra
to 44303-44341cm™! (B;), excluding the overlapping lines, R2(22)+Q1(24)+Q21(24) and
P1(32)+Q2(28)4+Q12(28), or is halved while the accuracy is unaffected.

Unfortunately, it is not always possible to employ a long scan range due to the fluctu-
ating nature of the system or the stability of the experiment over a long period of time.
In this context, Table 4 also presents the averaged temperatures, the corresponding o7 and
AT evaluated for narrower scan ranges Aj, Ay, A3 and Ay, following a previous study [4].
While Bessler and Schulz [4] examined the accuracy and precision of their fitting algorithm
using LIFSim corrupted with artificial noise, the current study assesses the issue using ex-
perimental LIF signals. As expected, shorter scan ranges, except Ay, exhibit larger standard
deviations than that of the long scan range A. The increase in standard deviation is not
significant, except for the 10 cm™! scan range, A3, where the standard deviation is 6.5%, five
times more than that of the scan range A. Accuracy-wise, the 5cm™! scan range, A, yields
the best result. However, the scan range that provides the overall best performance in the
previous study [4], Az, does not perform well in these measurements. Nevertheless, the worst
accuracy (AT = 7.2%) is still better than the absolute accuracy (AT = 8.0%) determined in
the previous study [4]. The results imply that more than three short-range (approximately
10em™!) spectra are required to yield a mean temperature that has a comparable accuracy
and precision that a 38 cm™!-long excitation scan B provides.
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Table 4: Best-fitted temperatures (averaged over three scans), T, the standard deviation, o7, and the
accuracy, AT (compared with T,4 =2145K), for NO-LIF spectra collected in the burnt-gases region of a
CH,/air premixed Bunsen-type flame.

Symbol Scan range (cm™!) T (K) orp AT

A 42 2063 1.3% -3.8%
Ay 3 2000 1.5% -2.6%
A,y 10 1993 0.2% -7.0%
As 10 1990  6.5% -7.2%
Ay 15 2041 42% -4.9%
B 20 2142 7.8% -0.1%
By 38 2143 38% -0.1%

3.4. Flame temperature measurements at sub-atmospheric pressures

Table 5 presents the best-fitted temperatures extracted from LIF spectra excited using
the narrowband laser in a premixed flat-flame across a wide range of sub-atmospheric pres-
sures: 4.0, 12.0, 24.0 and 40.0 kPa. It compares the mean temperatures (averaged over three
scans) and standard deviations op, derived from spectra A, B, By, A, Ay, Az and Ay, In
the absence of a reference temperature, the current study does not evaluate the accuracy
of measurements at sub-atmospheric pressures. Instead, the current study compares the
best-fitted temperatures derived from the scan range A with the mean temperature, T4,
averaged over those shorter scan ranges, A;, Ay, A5 and A4. The dispersion in the tempera-
tures derived from the short scan ranges is quantified by the standard deviation, oa1.4. The
results show that the temperature gradually decreases as the pressure increases. It is due
to the increased heat dissipation through the burner because the flame front is closer to the
burner surface as the pressure increases.

The mean temperatures Ta;4 obtained at different pressures agree with the best-fitted
temperatures derived from long scan A to within 25 K, except for those acquired at 4.0 kPa.
The dispersions in temperatures among the short scan ranges are also lower than that at
4.0 kPa. This indicates that there is a low-pressure threshold where the uncertainty increases
significantly if it is crossed. The analysis shows that it might be related to the narrow
linewidth of the excitation spectrum collected at these low-pressure ranges. The potential
reason of this effect is discussed in § 3.5.

In contrast with the results obtained in atmospheric Bunsen-type premixed flame, ex-
citation scan obtained with the spectral ranges B and B; do not show much difference in
performance. The best-fitted temperatures obtained from both scan ranges agree with each
other to within 22 K. Furthermore, excluding the overlapping lines does not lead to any
significant improvement in 7. This indicates that at sub-atmospheric pressures, where the
collisional broadening effect is not as severe as it is at atmospheric pressure, the uncertainty
arising from the overlapping lines can be neglected.
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3.5. Narrowband and broadband lasers

Figure 4 presents NO-LIF spectra within scan range B acquired in the atmospheric sto-
ichiometric CHy/air premixed Bunsen-type flame with (a) narrowband and (b) broadband
lasers. The instrumental linewidths for the narrowband and broadband lasers are 0.12 and
0.68 cm ™!, respectively. Under atmospheric pressure, even though the collisional broadening
is reduced significantly by the high temperature, the spectral resolution of the broadband
laser remains too broad to resolve most of the adjacent transitions within this range. For
example, the three peaks in the vicinity of 44320 cm™" (indicated by arrows) are indistin-
guishable using a broadband laser. Furthermore, due to spectral overlapping, it is more
challenging to identify the baseline using a broadband laser than a narrowband laser.

Table 6 presents the best-fitted temperatures extracted from the corresponding narrow-
and broad-linewidth spectra. Interestingly, NO-LIF spectra performed with a broadband
laser provides similar results as those using a narrowband laser. Both narrow- and broad-
linewidth spectra give a better performance if scan range B; is used rather than the longer
scan range B. To confirm whether this observation is consistent with the results obtained
under lower pressures, the current study also performs a similar investigation at 5.3 kPa.
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Figure 4: Examples of fitted experimental spectra (scan range B) collected in the burnt-gases region,
HAB=24 mm, of the atmospheric stoichiometric CHy/air premixed Bunsen-type flame using (a) narrow-
band and (b) broadband lasers. The vertical arrow points out the three fluorescence peaks which are
merged into a single peak due to the broader laser linewidth.

Figure 5 presents NO-LIF spectra obtained in a stoichiometric CH4/O5/Ny premixed
flat-flame stabilised at 5.3 kPa using (a) narrowband and (b) broadband lasers. In contrast
to Fig. 4(a), the spectrum collected at 5.3kPa (see Fig 5(a)) shows more experimental data
which deviate from the fitting curve and most of them occurs at the peaks. Figure 6 shows
the residuals from the spectral fit of the spectra collected at 5.3 and 101.3kPa. For clarity,
only every fifth residual in the spectral range of 4430544 315cm ™! is shown. It is clear that
the spectrum collected at 5.3 kPa exhibits more residuals compared with that obtained at
atmospheric pressure (101.3kPa). It appears that the narrowness of the spectral linewidth,
which is the result of low pressure, affects the fitting algorithm. At 5.3 kPa, several peaks are
so narrow that the height of the peak becomes ambiguous to the fitting algorithm. The issue
is aggravated by the uncertainty in the spectral position due to the imperfection possessed by
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the sine bar mechanism employed in the TDL system. This phenomenon indicates that extra
care must be taken when performing the multi-line NO-LIF thermometry in low-pressure
flames using narrowband lasers.

Table 7 presents the best-fitted temperatures derived from both the narrow- and broad-
linewidth spectra. In the absence of a reference temperature, the accuracy of measurements
at sub-atmospheric pressures remains undetermined. The values of T' do not differ much
despite the scan range and the laser linewidth. However, o increases significantly with the
decrease in the scan range. This trend is the opposite of that observed in the results acquired
at atmospheric pressure. It is most likely that the uncertainty introduced by the overlapping
lines, R2(22)4+Q1(24)+Q21(24) and P1(32)+Q2(28)+Q12(28), is nullified because they are
well resolved at low pressures. It appears that at sub-atmospheric pressures, it is better to
employ a longer scan range in performing the multi-line NO-LIF thermometry.
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Figure 5: Examples of fitted experimental spectra (scan range B) collected in the burnt-gases region,
HAB=25mm, of the stoichiometric CH,;/O2/Ny premixed flat-flame under 5.3 kPa using (a) narrowband
and (b) broadband lasers.
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Figure 6: (a) Comparison of the experimental data and the best-fitted curves between spectra collected
at 5.3 and 101.3kPa using a narrowband laser. (b) Residuals from the spectral fit of the spectra within
scan range B collected at 5.3 and 101.3kPa. For clarity, only every fifth residual in the spectral range of
44305-44315cm ™1 is shown.
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Table 5: Temperature measurements performed in the burnt-gases region, HAB = 20 mm, of a premixed
flat-flame at sub-atmospheric pressures: 4.0, 12.0, 24.0, 40.0 kPa using the narrowband laser. In addition,
the mean temperature, Ta1.4, averaged over different short scan ranges A1, As, Az and Ay is shown together
with its standard deviation, oa1_4.

P (kPa) Symbol T (K) or TA1_4 (K) OA1—4

40 A 1813 1.0%
A 1922 3.9%
Ay 1687  8.7%
As 1868 4.0% 1761 94%
Ay 1565 12.1%
B 1745  1.9%
B, 1739 3.7%
120 A 1625 2.1%
A 1644 4.3%
A, 1617 11.5%
A, 1718 1.8% 1660 2.5%
Ay 1661  5.5%
B 1734 2.1%
B, 1736 2.4%
240 A 1640  4.3%
A, 1620  3.8%
Ay 1548 5.5%
A, 1705  4.3% 1627 3.9%
Ay 1636 5.1%
B 1613 1.9%
B, 1628  0.8%
100 A 1571 1.7%
A, 1598  1.4%
Ay 1550  0.6%
As 1583 3.0% 1550 3.7%
Ay 1470 6.3%
B 1612 3.0%
B: 1590  2.6%
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Table 6: Temperature and linewidth measurements performed with narrowband and broadband lasers in
the stoichiometric CHy/air premixed Bunsen-type flame. Additionally, the standard deviation or and the

accuracy AT are presented.

Laser linewidth Symbol Scan range (cm™!) T (K) o7 AT

Narrowband B 50 2142 7.8% -0.1%
B, 38 2143 3.8% -0.1%
Broadband B 50 2184 7.0% 1.4%
B; 38 2174  4.5% 0.9%

Table 7: Temperature and linewidth measurements performed with narrowband and broadband lasers in
the stoichiometric CHy/O2/Ny premixed flat-flame under 5.3 kPa, along with the standard deviation op.

Laser linewidth Symbol Scan range (em™!) T (K) op

Narrowband B 50 1727  1.4%
By 38 1685 2.8%
Broadband B 50 1716  0.3%
B, 38 1719  4.8%
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4. Conclusions

A new spectral fitting programme, named Thermo NO-LIF, for multi-line NO-LIF within
the A-X(0,0) band was applied and analysed in a wide range of temperatures and pressures.
The programme automates the fitting process providing a consistent approach to evaluate
NO-LIF spectra and derive temperature measurements without artefactual contributions.
A series of experiments were performed in sub-atmospheric CHy/O4 /Ny premixed flat-flame
and atmospheric Bunsen-type stoichiometric CHy /air premixed flames to evaluate the versa-
tility of the fitting algorithm along with the accuracy and precision of the multi-line NO-LIF
thermometry technique.

In the fitting algorithm, the spectral lineshape is fitted with a pseudo-Voigt profile, where
the convoluted linewidth and Lorentzian factor are considered. The accuracy of the linewidth
fitting is validated through the comparison between the best-fitted linewidths of LIF spectra
collected under various sub-atmospheric pressures at room-temperature (~290K) and the
corresponding theoretical linewidths. The overall agreement between the best-fitted and
estimated linewidths is within 8%. The derived temperatures agree with the thermocouple
measurement to within 3%. Additionally, Thermo NO-LIF employs temperature-dependent
normalisation term which increases the convergence time of the fitting process by a factor
of 10 compared with the conventional method. Thermo NO-LIF, in its current form, is
designed to evaluate spectra obtained point-wise. Nonetheless, it can be improved to process
imaging measurements in the future. Furthermore, Thermo NO-LIF can be extended to fit
excitation spectra of other fluorescence species, provided that the spectroscopic parameters
of the species are known. The spectral fitting programme is available to anyone interested
in utilising the multi-line NO-LIF thermometry.

The current study demonstrates that, by employing the optimal scan range, high accu-
racy (0.5%) and precision (4%) can be achieved in a near-adiabatic premixed Bunsen-type
flame. It is important to note that, the high standard deviation is due to a small sample
size (only three scans because of the long data acquisition duration). The best accuracy
and precision occur where scan range B; (44303-44 341 cm™') was used. The accuracy and
precision decrease slightly with the utilisation of shorter scan ranges (10 and 15cm™1). The
optimal strategy to select a suitable spectral range for multi-line NO-LIF thermometry is to
choose a long scan range with least overlapping lines. However, if the experimental condition
requires the shortest possible time, the alternative would be to increase the scan rate and to
collect more samples to ensure the best accuracy and precision. In this case, a narrowband
laser could be a better option than a broadband laser since it provides spectral resolution
fine enough to isolate adjacent lines in most cases. Technically, multi-line NO-LIF thermom-
etry requires a minimum of two individual lines to work (similar to the working principle
of two-line NO-LIF). Nonetheless, a direct fitting method provides a more robust tempera-
ture determination because in addition to the fluorescence peak, the linewidth, which is a
function of temperature and pressure, is also considered.

The uncertainty introduced by the overlapping lines might be negligible at sub-atmospheric
pressures, but it is a concern at atmospheric pressure. The results also show that while a nar-
rowband laser has the advantage of resolving adjacent transition lines, additional uncertainty
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may occur if the resultant spectral linewidth is too narrow. Interestingly, the multi-line NO-
LIF thermometry performed with a broadband laser yields a similar performance compared
with using a narrowband laser.
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