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Abstract

This study explores the application of Laser-Induced Grating Spectroscopy (LIGS) for non-intrusive measurements of
temperature and water vapour concentration in premixed flames of air with blends of hydrogen and methane under high-
pressure conditions. Employing a swirl-stabilized burner, the research demonstrates the capabilities of tracer-free LIGS,
using thermal and electrostrictive gratings generated by a 1064 nm Nd:YAG laser, to measure local temperatures and water
molar fractions. The study also includes an extension of the thermoacoustic model for characteristics LIGS signals, built in
order to extract the relative concentration of water vapour from the ratio of second (thermal) to first (electrostrictive) peak
magnitudes. Experiments are conducted in non-sooting flames, leveraging a high-pressure optical chamber (HPOC) with
pressures up to 3 bar. The study evaluates mixtures of methane and hydrogen (100%, 70%, and 40% CH.,) and identifies
key relationships between LIGS signal characteristics, frequency distributions, and combustion dynamics. Results show
excellent agreement between measured temperatures and adiabatic flame temperatures, alongside measurements of water
vapour molar fractions. The spatial temperature and water vapour maps are related to the complex mixing and recircula-
tion patterns associated with the flame’s shear and recirculation zones. The results establish LIGS as a robust diagnostic
tool for combustion analysis, with potential applications in advancing hydrogen-rich energy systems.

1 Introduction

Accurate non-intrusive spatial-temporal measurements of
key scalars such as temperature and species concentration
in combustion environments are very important in under-
standing the structure and stability of pressurized turbu-
lent flames. Specifically, hydrogen has attracted particular
attention in the last decade as a flexible energy carrier and
a carbon-free alternative to conventional fuels used in mod-
ern gas turbines and aero-engines. Hydrogen offers high
calorific value per unit mass, wide flammability limits and
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premixed laminar flame speeds about 2-5 times faster than
hydrocarbons in the lean range, leading to shorter and more
compact flames [1-4]

A number of studies have by now indicated that the
substitution of hydrogen for methane in blends is feasible
without a significant change to the combustion process
for volumetric fractions of hydrogen of up to 70% [1-3].
Beyond that value, however, hydrogen properties dominate,
and the mixture becomes prone to flashback and instabili-
ties. In this study, we focus on mixtures below 70% hydro-
gen, which would likely be used in lowering the carbon
footprints of power plants if green hydrogen is available. In
general, it is important to map out not only the mean tem-
peratures produced, but also the instantaneous probability
distribution functions of temperature produced by burners
across a range of hydrogen/methane mixtures, in order to
generate realistic predictions of NO production.

Laser diagnostics in combustion environments aim to
achieve precise and accurate non-intrusive in-situ mea-
surements of temperature and species concentration with
high spatial and temporal resolution. A number of different
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techniques have been developed to fulfil this purpose. These
range from incoherent techniques such as Rayleigh or
Raman scattering [5—8], to line techniques such as laser
induced fluorescence [9], and coherent techniques such as
Coherent Anti-Stokes Raman Scattering (CARS), Degener-
ate Four-Wave Mixing (DFWM) [10] and Laser-Induced
Grating Spectroscopy (LIGS). Of the incoherent techniques,
spontaneous Raman and LIF are appropriate for high tem-
perature, high pressure environments for thermometry but
substantial calibration work is required to obtain accurate
results. Of the coherent techniques, LIGS is the simplest,
and requires significantly less expertise and equipment
than a comparably accurate CARS technique for purposes
of thermometry. LIGS has been used primarily to measure
temperatures, but in some cases also to extract pressure,
velocity, and molar concentration in both reacting and non-
reacting flows, as documented in various studies [10—14].
Spatially resolved measurements of water vapor concentra-
tions are particularly difficult in combustion diagnostics, as
the molecular Raman cross sections are relatively small. A
number of fs-CARS studies have highlighted some of those
difficulties [15—-17]. The present paper builds on previous
work on using the ratio of thermal to electrostrictive peaks
in LIGS for extraction of vapor concentrations [18], along
with temperature measurements.

A LIGS signal is generated in the form of an unsteady,
coherent signal beam arising from an incident laser beam
scattering off a stationary density perturbation interacting
with a moving pressure wave. Its special feature is that the
frequency of the scattered signal can be measured with high
precision, and this reveals the speed of a sound wave. The
thermal grating component of the signal arises primarily
from water vapor at the measurement location absorbing the
pump laser radiation, while almost all other gases contribute
mainly via electrostrictive grating formation. The dynamics
of the grating growth and decay have been treated theoreti-
cally by Cummings et al. [19, 20], by Paul et al. [21], and
Hemmerling and co-workers [22-26]. A useful introduction
to the physics of laser-induced gratings is given in the text-
book by Eichler et al. [27]. The technique has been amply
demonstrated by Ewart and coworkers for applications in
engines, and for a variety of gas measurement applications
[28-33]. Recent studies [18] have indicated that it is also
possible to correlate certain features in the signal to the
water vapour concentrations of water in the mixture. In par-
ticular, a previous paper showed that measurements of tem-
perature and relative water vapour concentration could be
extracted from turbulent premixed methane-air flames in a
gas turbine test facility [34, 35]. Recent advances have also
extended LIGS into the femtosecond regime, enabling ultra-
fast, high-sensitivity diagnostics using multi-photon excita-
tion. These developments have demonstrated improved
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temporal resolution, and enhanced signal-to-noise ratios,
allowing operation under a wider set of conditions, and
including non-resonant species [36-38].

In this work, LIGS is used to measure instantaneous local
temperatures and water molar fractions in premixed swirl-
stabilized methane/hydrogen/air flames at 3 bar. Further, we
extend a previously established model for the time signature
of the LIGS signal to extract water vapour concentrations
using features within the same signal. Measurements are
conducted in the high-pressure, optically-accessible com-
bustor facilities at the Cardiff Gas Turbine Research Centre
(GTRC) using the Portable In-line LIGS for Optical Ther-
mometry (PILOT) unit [34, 39, 40]. The effects of varying
the volume fraction of methane/hydrogen blends at pressure
for lean global equivalence ratios are investigated. Thermal
and electrostrictive signatures are used to measure local
temperatures and water molar fractions for 100% (0%),
70% (30%) and 40% (60%) methane (hydrogen) with global
equivalence ratios of 0.600, 0.525 and 0.390, respectively.
The PILOT unit is mounted on a motorized two-axis trans-
lation stage which enables scalar measurements at different
radial and axial positions in the chamber. Previous reports
have introduced the application of the LIGS technique to
premixed methane/air flames in a realistic high-pressure gas
turbine combustor [35]. The present work extends the previ-
ous measurements by detailing the procedure for extracting
water vapour concentrations in both premixed methane and
hydrogen flames.

This work is structured as follows: first, an overview
of the experimental setup is provided, including the high-
pressure optical chamber (HPOC), burner configuration,
and diagnostics instrumentation. The methodology section
outlines the signal processing techniques used to extract
frequency and intensity data from LIGS signals. Results
for the local temperature spatial distributions are then pre-
sented, including frequency and temperature for three meth-
ane-hydrogen-air mixtures, and a discussion of the overlap
with chemiluminescence measurements. A model for the
time signature of the signals, and corresponding ratio of
signal intensities between the second to first peaks are dis-
cussed, with a final model for the extraction of water vapour
concentrations. The spatial distributions of water vapour
concentrations are then presented. The overall results for
temperature and water vapour are analysed based on flame
structure, mixing behaviour. The study concludes with a dis-
cussion of the findings, the limitations of the technique, and
recommendations for future work to improve the applicabil-
ity of LIGS in combustion diagnostics.
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Fig. 1 Schematic of (a) the PILOT unit, showing the path of all three
(pump, probe and tracer) beams, along with (b) a schematic of the mod-
ified quartz tube and (c) back-end collection optics. Pump: 1064 nm
pulsed laser; Probe: 532 nm CW laser; Tracer: 532 nm DPSS Laser; A

Table 1 Air, methane (CHa), hydrogen (Hz2) flow rates and correspond-
ing volume fractions, and indicated corresponding equivalence ratio ¢

n Air CHy H> &
[g/s] [g/s] [g/s] [-]

1 19.6 - - -

2 19.6 0.68 (100%) - (0%) 0.600

3 22.0 0.60 (70%) 0.033 (30%) 0.525

4 28.5 0.47 (40%) 0.089 (60%) 0.390

2 Experimental methods

2.1 High pressure combustion rig and operating
conditions

A high-pressure optical chamber (HPOC) houses the fully
premixed methane-hydrogen-air swirl-stabilized burner.
The swirling motion is imparted using a nine-blade axial
swirler of geometric swirl number .S = 0.8. The HPOC has
two outer one-inch thick rectangular Spectrosil windows
(either side) which allow optical access. The flame itself
is confined in a cylindrical quartz tube (3.5 mm thickness)
with 100 mm inner diameter and 600 mm length contain-
ing five identical pairs of holes located at axial positions
z =15 mm, 35 mm, 55 mm, 75 mm and 95 mm (in Fig. 1)
from the gas inlet plane. These slits are square (4 x 4 mm?,
length x width) with rounded corners on the upstream and
down stream ends (2 mm radius). These allow passage of
the laser beams into the flame region with no distortion.
Although there is no flow in the outer pressure chamber,
air can be entrained into the flame tube or conversely prod-
ucts can leak out into the outer chamber at the nozzle exit.

Quartz Tube (ID = 100 mm)

Oscilloscope

(c)

/2: Half-Wave Plate; PBS: Polarisation Beam Splitter (for 1064 nm);
TS: Translation Stage; BS: Beam Splitter (for 1064 nm); P: Prism; C:
Camera; L: Lens; PD: Photodiode; BD: Beam Dump; PH: Pin Hole; F:
Fiber; BP: Band-Pass Filter (for 532 nm); PMT: Photomultiplier Tube

The methane and hydrogen flow rates are controlled using
Micro Motion ELITE Coriolis mass flow meters from pres-
surized gas cylinders. Air flow rates are controlled using a
pair of Bronkhorst F203 mass flow controllers. A variable
drive speed compressor, an air dryer, and two electric pre-
heaters in series are employed to preheat and deliver air at
a temperature of 500 + 2 K. The combustion experiments
are carried out under lean conditions, and the fuel flow rates
are carefully regulated to maintain a constant power scaling
(12.5 kW/1.1 bar) during combustion at 3.0 &+ 0.1 bar abso-
lute pressure. The mixture enters the chamber through the
burner exit nozzle (d = 40 mm). The burner is first ignited
at atmospheric pressure, and then the air and fuel mass flow
rates are adjusted using a back pressure valve to achieve
the desired operating condition. The resulting flame is rela-
tively compact (P ~ 34 kW thermal power at 3 bar), with
a conical shape anchored to the central lance which serves
as a bluff body. A comprehensive description of the experi-
mental rig and design is available in [41-43]. Table 1 shows
the air, methane and hydrogen flow rates along with the cor-
responding global equivalence ratios for the three premixed
cases used in this investigation.

2.2 PILOT system

Figure 1 shows the PILOT unit along with the perforated
quartz tube and back-end collection optics. The PILOT unit
[39] is used to perform tracer-free electrostrictive and ther-
mal LIGS measurements, the latter enabled by the presence
of water vapour in the HPOC. The system produces pump
beams at 1064 nm (Nd:YAG Merion C laser from Quantel)
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with repetition rates of up to 400 Hz and adjustable energies
of up to 35 mJ per 10 ns pulse. The continuous probe beam
at 532 nm (Verdi V-18 laser from Coherent) has an adjust-
able power of up to 18 W.

The spatial resolution of the measurement is deter-
mined by the geometry of the crossing pump beams, and
their intersection with the probe beam, as described in [39].
The pump beams are focused using a 750 mm focal length
lens, at a crossing angle of 3 degrees. The probe beam is
delivered through the same lens at 0.8 degrees to the pump,
leading to an overall intersection volume of approximately
0.3 x 0.3 x 6 mm. The calculated grating spacing is
determined to be 19.9 pym.

The PILOT unit and collection optics are mounted on a
2-axis (axial (z) and radial ()) motorised translation stage.
This stage is not fixed directly to the HPOC, in order to
minimise the effects of vibrations during rig operation. This
also ensured that the collection optics could be translated
in tandem with the beam delivery unit during the investiga-
tion. The motorized translation stage is used to collect LIGS
signals across a wide range of axial (z = 15 mm, 35 mm,
55 mm, 75 mm, 95 mm) and radial (» = & 0 mm, 10 mm,
20 mm, 30 mm, 40 mm, 50 mm) positions in the combus-
tor. Radial measurements were performed by directing the
pump and probe beams through opposing slits in the quartz
tube at each axial location, with the motorised translation
stage moving the PILOT system to record signals at the
specified radial positions along the horizontal plane. This
enables measurements in the shear layers as well as the cen-
tral and outer recirculation zones (in Fig. 4 for CRZ and
ORZ, respectively).

A photomultiplier tube (Hamamatsu H10721-20) and a
photodiode (Thorlabs DET210) are used to collect the sig-
nal and pump beams, respectively. The acquisition of the
LIGS signal is triggered by the pump beam on a 4-chan-
nel Teledyne LeCroy 6104A High Definition oscilloscope
(1 GHz Bandwidth, 4 Input Channels, 10 GS/s). The SNR of
the LIGS signals is improved by introducing a spatial filter
in the signal beam path (in Fig. 1)). This helped minimise

any reflected light from the HPOC windows and modified
quartz tube.

3 Determination of temperature
3.1 Frequency and temperature calibration

The relationship between LIGS signal frequency fand tem-
perature 7 is determined by the time it takes a pressure wave
to pass through the fringe spacing A generated by the cross-
ing laser beam, which depends only on the geometry of the
laser beams and the pump laser wavelength. The measured
frequency f'is related to the speed of sound and thus tem-
perature via [10]:

U _ny [ART 1
f*ﬂfA—A W )

where 5 is the speed of sound, ny takes the value of 1 or
2, depending on whether the signal arises from thermal
or electrostrictive density changes. The speed of sound is
given as the square root of the product of the ratio of specific
heats, ~, the absolute temperature 7, and the gas constant
R/W, where R is the universal gas constant and W is the
molecular weight. A reference temperature, T, in dry air
is used to either determine the fringe spacing, or directly
determine the temperature, 7, via [34]:

2
nga f\" AW
T=T\ || ——, 2

A(nf fA) Y Wa @

where the subscript A refers to the reference conditions,
which is here taken as the dry air temperature. In order to
determine accurate temperatures we must also have insight
into the reactant and product gas composition. Table 2
shows the calculated mixture values (calculated using Can-
tera 2.6.0 [44] and GRI Mech 3.0 [45] for the corresponding
temperatures at the respective operating conditions) for the

Table 2 Reactant and expected adiabatic flame temperatures (AFTs), water molar fractions (X, 0 ), molecular weights (/) and specific heat ratios
() for air (A), reactants (R) and products (P) for the four experimental conditions

# AFT

w

XH,0 o g=W/y
K] ] [g/mol] [-] [g/mol]
1 A 285 0 28.85 1.400 20.61
A 500 0 28.85 1.384 20.84
2 R 500 0 28.09 1.368 20.54
P 1818 0.118 28.09 1272 22.09
3 R 500 0 27.72 1371 20.21
P 1702 0.113 27.72 1.278 21.69
4 R 500 0 27.38 1377 19.88
P 1466 0.097 27.38 1.292 21.19
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factor g = W/~ for the reactant and product gas mixtures,
which change by up to 6% over the conditions investigated.

In order to better account for the change between prod-
ucts, P, and reactants, R, in the premixed mixtures, it can
be assumed that for all premixed flame properties, g varies
linearly with the progress of reaction, as marked by product
temperature, which is proportional to the square of the mea-
sured frequency. An interpolation based upon the square of
the frequencies is used to determine all changes via

9-—9r _ P-fR
gp — gr f%—ff%

€)

The frequency can be determined with a resolution given by
the signal frequency acquisition, fs =2.5 Gs/s, and an effec-
tive record length of Ny = 20002, leading to a frequency
resolution of Af = f;/Ns = 0.125 MHz for the FFT. The
corresponding estimated resolution for temperature except-
ing the precision of the estimate of the factor g is there-
fore AT/T =2Af/f, which is of the order of 1/140 for
typical electrostrictive frequencies of 35 MHz in room air,
with AT = 2 K. The final precision of the measurements
is dependent on that of the dry air temperature determina-
tion as a baseline, which is estimated as T = 285 £+ 2 K.

I (a)

3.2 Data processing

A detailed description of the signal processing steps carried
out to determine the frequencies has been described previ-
ously [34], and is summarized here. A total of 1000 shots are
collected at 11 different radial locations (—50 mm to 50 mm
in 10 mm steps) and 5 different axial locations (15 mm,
35 mm, 55 mm, 75 mm and 95 mm away from the burner
face). Each shot consisted of a voltage signal and time
array of N, = 20002 data points collected at fs =2.5 GS/s.
Examples of signals and corresponding frequency content
are shown in Fig. 2. Peak frequencies (between 20 and
90 MHz) and characteristic intensities are obtained from
individual power spectra of voltage-time signals, with fre-
quencies above and below 45 MHz classified as electrostric-
tive or thermal, respectively.

The procedure for determining frequency probability
distributions (Fig 2(b)) follows our previous approach [34].
Each single-shot LIGS signal (PMT voltage vs time) is Fou-
rier transformed to obtain its frequency spectrum. From
each spectrum, only the dominant peak frequencies and their
corresponding power magnitudes are retained. The peak
frequency values are then binned into histograms (bin size
0.175 MHz, larger than the frequency resolution of f,/Nj
= 0.125 MHz), with the power magnitude used as a weight
to reduce the impact of weak signals. Each histogram spans
400 bins between 20 and 90 MHz and is normalised by the
count in the modal bin. In total, each histogram is formed

(b) (c)

1 12 1
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Fig. 2 Measured normalised LIGS signatures and frequencies for the
four conditions row (1) dry air, row (2) 100% CH4 row (3) 70% CH4
and row (4) 40% CHy. The measured average left (a) reactant and right
(¢) product normalised LIGS signatures as a function of time. Column
(b) shows normalised weighted histograms for the four test conditions,

including data collected across all axial and radial measurement loca-
tions. Note both the reactant (R) and product (P) signatures contain
frequencies of both thermal (T) and electrostriction (E). The labels I;
and /> represent the first and second peak magnitudes, respectively
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from 55,000 LIGS signatures (1,000 at each of 11 radial and
5 axial locations).

3.3 Analysis of time and frequency domain signal
characteristics

The LIGS temporal signal is characterised by the growth
and decay of the induced thermal and electrostrictive grat-
ings. Signals obtained in mixtures of different composition
and density exhibit different characteristics due to their spe-
cific blend of thermal and electrostrictive response. For all
three fuel blends and 55 regions (consisting of 1000 shots
at each of the 11 radial locations at each 5 axial locations),
three different characteristic signals are identified. Exam-
ples of the LIGS signature temporal behaviour, typical for
air, reactants and products are shown in Fig. 2 (a) and (c) for
the four cases enumerated in Table 1. Each voltage signal is
normalised to the second (and often highest) peak.

Figure 2 shows normalised LIGS signals for reactants
(column (a)), and products (column (c)), for dry air (row
1), and the three operating conditions (rows 2—4). The mid-
dle column (b) shows the overlaid frequency histograms
for the four cases described in Table 1. The dry air signal
(Fig. 2 (a) row (1)), is purely electrostrictive, with several
oscillations over a time duration of 350 ns. The labels I; and
I, represent the first and second peak magnitudes, respec-
tively. For a purely electrostrictive signature, the first peak
is higher than the second.

The reactant time signals (Fig. 2 (a) (2, 3, 4)), are predom-
inately electrostrictive with a small thermal contribution as
a result of ambient water in air and water recirculating from
the products, formed during combustion. In this intermedi-
ate regime, between the electrostrictive and thermal limits,
the even-numbered peaks are enhanced, and the odd-num-
bered peaks are not enhanced [23]. All three reactant spec-
tra under investigation look very similar to that of dry air
but with a shorter acoustic transit time of approximately
260 ns in each case owing to the increased temperature. The
maximum molar fraction of water at atmospheric conditions
(300 K and 1 bar) in the incoming air to the compressor is
the saturation value corresponding to 2% by volume.

The product time traces (Fig. 2 (c) (2, 3, 4)), are domi-
nated by the thermal contribution to the signals instead. This
is shown by the presence of an electrostrictive peak which
appears as a prompt signal after the laser pulse, followed by
a second much higher peak delayed by a time correspond-
ing to half of the period of the thermal acoustic oscillations.
All three product signals under investigation have a strong
thermal contribution with decay durations limited by molec-
ular diffusion and acoustic packet loss. The presence or
absence of the second harmonic depends on the decay time
of the electrostrictive oscillations. In some cases, such as
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Fig. 2 (¢) (4) several subsidiary maxima due to electrostric-
tion are barely visible, whilst in product (c)(2-3), elec-
trostrictive contributions are limited to the first peak only.

We now turn to the central panel, column (b) in Fig. 2 for
the four cases described in Table 1. The spectra represent
data collected from all locations rather than at a single posi-
tion to allow a clearer identification of the characteristic fre-
quencies for the corresponding thermal and electrostrictive
values for each fuel blend. Each histogram is normalised
to the modal bin within each distribution. The lighter and
darker coloured frequency modes correspond to the reactant
(R) and product (P) temporal signatures shown in Fig. 2 (a)
and (c), respectively. Note that both the reactant and prod-
uct signatures contain frequencies of both thermal (T) and
electrostriction (E) of relative strengths corresponding to
the dominant (higher or lower energy) mechanism for each
case.

Figure 2 (b) (1) shows the distribution of electrostrictive
frequencies associated with dry air at atmospheric pressure
and a temperature value of T4y = 285 + 2 K. For dry air
the electrostrictive frequencies correspond to a value of
35.1 £ 0.2 MHz with a narrow standard deviation given
the minimal shot-to-shot variations of temperature and air
composition in the probe volume. The measured standard
deviation is only slightly higher than the nominal frequency
resolution of 0.125 MHz, so the room temperature was
clearly stable, and the measurement precision was similar
to the measurement resolution. We note that the precision
(STD/Mean) is equal to 0.6% for the measured electrostric-
tive frequencies.

Figures 2 (b) (2), (3) and (4) show the distributions of
thermal and electrostrictive frequencies associated with the
reactant and product species for the 100% CHy, 70% CHy,
and 40% CHy, fuel blends respectively. Mean and standard
deviation of the (darker) shapes associated with thermal fre-
quencies measured from product gases are 42.5 + 0.8 MHz,
41.1 £ 0.6 MHz and 38.7 = 0.6 MHz, for the three operat-
ing conditions, respectively (darker colours, marked fr p).
We note that the precision (STD/Mean) is equal to 1.9%,
1.5% and 1.6% for the measured product thermal frequen-
cies, respectively. The corresponding mean frequency from
electrostrictive in product gases appears as a value approxi-
mately twice that of the thermal frequency associated with
each fuel blend (darker colours, marked fg p). The mean
thermal and electrostrictive frequency values decrease with
methane percentage because of the increase in excess air
resulting from the lower equivalence ratio (0.6 down to
0.375), corresponding to lower AFTs (1818 K down to
1466 K, in Table 2). The ratio of thermal to electrostric-
tive frequency content also decreases with a decrease in
frequency, as the thermal contribution fraction to the over-
all spectrum decreases for the lower AFT. This is shown
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by the emergence of extra electrostrictive peaks such as in
Fig. 2 (c) (4).

The electrostrictive peaks corresponding to the reac-
tants (lighter colours, marked fg r), appear between 46 and
50 MHz. For the 100% CHj4 fuel blend (b (2)), three distinct
mean electrostrictive reactant frequency peaks are measured
at 46.4 + 0.4 MHz, 48.3 + 0.4 MHz and 50.1 + 0.4 MHz.
The different values are associated with different regions in
the flame containing different fractions of product relative
to reactant, as discussed in section 3.6. The corresponding
peaks associated with thermal reactant frequencies appear at
a location corresponding to half the value of the electrostric-
tive reactant frequency associated with each mean (very
weak peaks at about 24 MHz). For the case of 70% CH4 and
40% CHy fuel blends, a wide distribution is also measured,
corresponding to different locations, but with frequencies
that are similar to (b (2)). We note that the precision (STD/
Mean) is equal to 0.8% for all measured electrostrictive
reactant frequencies. The thermal peaks originating from the
reactants are relatively short compared to the electrostrictive
reactant peaks because of the relatively low water content in
the reactant gas flow.

3.4 Calculated temperatures

The frequencies determined in section 3.3 are translated into
temperatures using the procedure discussed in section 3.1.
Figure 3 shows the calculated temperature distributions
for 1000 shots at each of the 55 locations for the three pre-
mixed cases described in Fig. 2. The height of each bin is
normalised by the modal bin height peak magnitude in the
histogram. The measured means and standard deviations

1
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Fig. 3 Temperature histograms derived from the LIGS signals shown
in Fig. 2. The plots contain the values for (2) 100% CHa (blue), (3)
70% CHy (red) and (4) 40% CHa (green). The grey vertical dotted
lines are the thermocouple-measured preheat temperature (500 K) and
computed adiabatic flame temperatures for each case

are determined from the black solid Gaussian fits to each
plot. Figure 3 (2)-(4) show calculated mean and standard
deviations for the measured reactant and product temper-
atures of Tr(z) =540 + 40 K, Tg(3) = 560 + 40 K,
Try =550 £ 40 K and Tpp) =1840 + 80 K,
Tpz) = 1690 £ 60 K, Tpy) = 1470 £ 60 K for (2)
100% CHy, (3) 70% CHy4 and (4) 40% CHy, respectively.

The calculated coefficients of variation on temperature are
4.3%, 3.6% and 4.0%. The mean product temperatures are
in excellent agreement with the calculated adiabatic flame
temperatures of 1818 K, 1702 K and 1466 K (described in
Table 2). The width of the product gas temperature distri-
bution is significantly larger than the technique’s underly-
ing frequency resolution (for 100% CH4 AT ~ 11 K and a
precision of 0.6%), and represents the true deviation, which
could arise from small fluctuations in global and local
equivalence ratio or fuel/air delivery about the mean.

The histograms of reactant temperature data are more
complex to interpret. For the 100% CHy (2) case, three
distinct peaks are observed. The central peak is consis-
tent for all three fuel blends and corresponds to the 6 mm
measurement volume averaging temperatures close to the
walls, capturing regions with mixing between reactants and
air outside the quartz tube. The higher temperature peak
in Fig. 3 corresponds to the ORZ, where temperatures are
slightly elevated due to mixing of product gases with air
entering through the holes in the quartz cylinder. This peak
becomes cooler and merges with the central peak from (2)
to (3) to (4), consistent with the decreasing AFT as methane
content is reduced. The lower temperature peak increases
with hydrogen content and is interpreted as the temperature
of reactants near the burner surface, potentially influenced
by heat transfer to the burner or expansion in the flow. These
reactant temperatures are slightly higher than the thermo-
couple-measured inlet air temperature of 500 K. Filtering
the data by measurement location will help clarify the origin
of the three distinct peaks. The differences across regions
reflect varying degrees of mixing with products, as further
highlighted in section 3.6.

3.5 Chemiluminescence maps

The chemiluminescence setup used in the study has been
described previously [46]. Chemiluminescence images
of the excited hydroxyl (OH*) radical at a wavelength of
310 nm are used as a marker of the location of localized
heat release rate. A high-speed camera (Phantom v1212
CMOS camera) coupled to a high-speed image intensifier
(SIL40HGS50) and a UV lens (78 mm focal length, F-stop =
f/11), together with narrow band pass filters (center wave-
length of 315 nm) is used to capture the OH* signals.
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Note that the chemiluminescence images (in Fig 4) of
the premixed operating conditions are not taken at the same
time as the data obtained by the LIGS PILOT system, as the
experiments are repeated without the laser system in place.
For the images taken, the setup allowed for a resolution of
approximately 5 pixels mm™~!, with the focus of the image
plane aligned to the center of the burner exit nozzle. The
optical access of the staged combustor within the HPOC
permitted respective view fields of 100 mm in the radial
and 100 mm in the axial direction. For each of the experi-
mental conditions the chemiluminescence results comprise
of 2000 images recorded at a rate of 4 kHz (sample time =
0.5 s). An intensifier gain value of 3 and a gate setting of
10 us is used. After a background correction is applied, an
averaged image is produced, from which normalised pla-
nar representations OH* chemiluminescence intensity dis-
tributions are generated using a modified open-access Abel
inversion algorithm [47], assuming cylindrical symmetry.

3.6 Temperature maps

Figure 5 shows temperatures obtained from the frequency
measurements, as a function of radial location at the five
axial locations of z = 15, 35, 55, 75 and 95 mm from the
burner edge. Only the positive radial locations are shown,
as the results are symmetrical about about zero radius.
The symbol colour intensity indicates the magnitude of
the individual power spectrum intensities. The dotted hori-
zontal grey lines correspond to the equilibrium adiabatic
flame (top) and thermocouple-measured inlet (bottom)

100 1 1
o 1
80 1
70 EABEIRE o 1

—~ 60 1

50

40 A

30 A

Axial Distance (mm
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temperatures for each combustion case. The vertical grey
solid bands indicate the location of the cylindrical quartz
tube. The solid regions highlight the approximate location
of the flame brush, which is located in different regions for
each fuel blend and measured separately using chemilumi-
nescence (in section 3.5). A reminder that small slots in the
flame tube wall are provided for laser beam passage without
damage to the tube and this may allow some leakage of air,
reactants or products across the quartz tube boundary. The
overlap of the laser beams defines the spatial resolution of
the LIGS sample volume, which is estimated as 6 mm in
length, and of the order of the beam diameter, 0.3 mm in
the other directions [39]. Measurements are therefore taken
radially every 10 mm.

In Figure 5 the temperature profiles are shown for the
100% CHy (blue), 70% CHy (red) and 40% CHy (green)
cases at the various radial and axial locations from the
burner face. The lowest temperatures are just above the
inlet heater temperature of 500 K. The highest temperatures
agree very well with the estimated adiabatic flame tempera-
tures based on the reactant mixture composition. Consider-
ing temperature evolution as a function of radial and axial
position, we observe a few different characteristics depend-
ing on the case. The regions where temperatures transition
from reactant to product largely overlaps with the observed
flame brush location based on previous studies of chemilu-
minescence, as marked by the regions. However, there are a
few deviations. We expect some mixing between reactants
and products in the ORZ. In case 2 (column (2)) for 100%
CH,4, measured temperatures remain relatively constant

0 10 20 30 40 50 0 10 20
Radial Distance (mm)

Fig. 4 Abel-transformed OH* chemiluminescence images as a func-

tion of axial and radial distances. The three columns indicate the
three combustion cases, (2) 100% CHa4, (3) 70% CHy and (4) 40%
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CHy, respectively. The black dotted lines correspond to the locations
of LIGS temperature and water concentration measurements. The solid
black box corresponds to the injector location
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Fig. 5 Temperature as a function of radial locations at axial distances
of 15 mm, 35 mm, 55 mm, 75 mm and 95 mm from the burner edge.
The three columns indicate the three combustion cases, (2) 100%
CHy4 (blue), (3) 70% CHy4 (red) and (4) 40% CHy (green), respectively.
The intensity indicates the magnitude of the individual power spec-

down stream. This suggests that the flames simply exhaust
down stream, with minimal recirculation of burned gases.

For the 70% CHy4 case (column (3)) there appears to be
a band around radius 30-40 mm in which both products and
reactants are present in the ORZ beyond the flame brush,
suggesting that there is a recirculation zone of products,
reactants and products mixing with reactants. Evidence of
mixing is also present in the down stream region beyond
75 mm. Finally, for the 40% CH, (4) in which the flames are
much shorter, there is a region around » = 30 mm for axial
positions 15 mm and 35 mm, where high temperatures are
detected, indicating recirculation, as well as regions down
stream of the flame brush in which mixed temperatures are
found, suggesting entrainment of reactants.

The highest measured temperatures appear near the edge
of the inner recirculation zone (IRZ) of the swirling flames,
with measured values of 1840 + 80 K, 1690 + 60 K and
1470 £ 60 K for the 100% CH4 (blue), 70% CHy (red) and
40% CH, (green) cases. This compares to calculated adia-
batic flame temperatures of 1818 K, 1702 K and 1466 K
for equivalence ratios of 0.600, 0.525 and 0.390, and a

trum intensities. The grey dotted lines correspond to the equilibrium
adiabatic flame and inlet temperatures for each combustion case. The
grey solid regions highlight the location of the cylindrical quartz tube.
The chemiluminescence images correspond to the flame brush regions
shown in Fig 4.

reactant inlet temperature of 500 K and pressure of 3 bar
(see Table 2). The temperatures at the centerline are slightly
lower by up to 100 K. This may be a result of the entrain-
ment of unburned reactants from down stream regions via
the extended inner recirculation zone (IRZ).

4 Obtaining water vapour concentration
from LIGS signals

Previous LIGS experiments in the product zones of lami-
nar flames have shown that there is a direct correlation
between the ratio of the second to the first peak intensities,
R =15/ (seeFig. 2 (1) (a)) and the molar fraction of water
vapour in the products [18]. The suggested explanation is
that the intensity of the second peak is proportional to the
fraction of energy absorbed by the water vapour present,
whilst the first peak is purely electrostrictive. In this section,
we discuss the theory of a generated LIGS signal, and apply
it to the present results. Then, we discuss how the ratio R is
expected to vary with equivalence ratio, and compare the
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predicted overall results to the corresponding experimental
values. Finally, we use the ratio of intensities to determine
the instantaneous molar fraction of water vapour.

4.1 Expanding the model for LIGS signals

A theory for the time evolution of the LIGS signal has been
proposed by previous investigators [23, 48, 49]. The model
describes how the spatially-modulated density perturbation
that underlies a laser-induced grating is generated by two
different processes, namely electrostriction and resonant
absorption. Note that a spatially stationary (yet time vary-
ing) density perturbation may coexist with a density per-
turbation generated by the transit of acoustic wave packets.
The acoustic component is only significant in the case that
the initial density perturbation happens on a timescale that
is rapid compared to the grating lifetime. Different time
scales govern the three energy transfer modes, denoted as
1) electrostriction (e), 2) instantaneous energy deposition
associated with absorption of light and thermalisation via
a rotational-translational (RT) transition (i), and 3) a slower
(but still fast) rate of deposition associated with energy
transfer from the excited states as they thermalise through
vibrational-translational (VT) energy transfers (f).

The theory can be summarized in the following equations
in terms of the grating scattering efficiency, 7)(t), defined
as the ratio of the scattered light intensity of the read-out
probe laser, I, to the incoming probe laser intensity, Iy, as
a function of time, ¢, for a laser pulse exhibiting a Gaussian
temporal profile [22].

I

n(t) = A

= {MJm <GXP(B) (1 +erf (? (- A>>)>
feostexn [~ (L) =) aexp (-
+ M; cos(wt) e p( <T”> Ta) J\je P( m.) (4)
+ Mg (Azk k2> sin (wt) exp (* <TL“> - Tia)
Al ) (o (L)

Tf

Tth

where
2 /1 1
A:C - |\ — — —i )
Te + 1 <7_a+7_tr 1w> %)
271 1 )\? 11
B:%<E+H_lw>_<T:+T7¢,r_lw>(t_‘rc)7 (6)

and 7 and 7, are the duration and coherence of the exci-
tation pulses, respectively, and the error function, erf, has
its normal definition. The other terms in eqs. 4, 5 and 6
are explained as follows. The angular frequency value

@ Springer

w = %{Tfug = 27 f arises from the interaction of a stationary

and acoustic modulation to the density. The amplitudes M,
M; and M represent the effects of electrostriction, instan-
taneous and fast energy deposition, respectively [50, 51].
They are described by the following expressions:

wL (On 2F w
Me = g o A . = k
r(8p>T P /\pr( )’ <CS pv2> (7)
;L (Ony\ BpAerr, _ 7L 2E @\ Aegr
M, e < op )T Cp Na= Apr (ke) (pcpT s> hvy, (®)
nL (On BoAeyr Tt Aeyr T
M = =2 = N = MR
' Apr ( dp ) Cp "Aerr TR ©)

In all cases, the amplitudes are proportional to the diffrac-
tion efficiency at the Bragg angle, {~, which accounts for

the fraction of light diffracted by the length of the probe
volume, L, at wavelength \,,. The factor is multiplied by
the sensitivity of the index of refraction n,, to the equilib-
rium mass density p, multiplied by the magnitude of the
density fluctuation Ap for the particular process. The mag-
nitude of Ap depends on the assumptions made regarding
the energy transfer process, and whether it is electrostric-
tive or thermal. For all terms, the assumption is made that

(6(;—2’) = % = k, assumed to be a constant for each
=k =73, k;Y;, where k; and Y;

are the Gladstone—Dale constant and mass fraction for each

species, respectively [52—-54]. The factor 5, = (%) = %
P

mixture and equal to “>—

is the expansion coefficient at constant pressure, and IV, is
the number concentration of molecules at the corresponding
upper state.

The resulting expression for the electrostrictive term M,
involves the non-dimensional term (kp)2, representing the
sensitivity of the index of refraction to the density change
produced by the electric field, multiplied by the term (2£)
as the energy input, 2F, per unit swept volume and time, (cs)
as the product of speed of light ¢ and s is the cross sectional
area of the interaction volume along the pump beam path,

divided by the term (p :2 ) , representing the product of the

acoustic energy per unit volume and acoustic time [23].
The second term, M, is associated with the instantaneous
energy transfer via absorption/release via the higher ro-

vibrational energy state, Aerr , and the population density
where a is the density-dependent absorption coefficient (in
units of reciprocal length), A, is the pump wavelength for
each absorption line. The final term is proportional to the
term (kp) representing the sensitivity of index of refraction
to density change, multiplied by the pulse energy absorbed

of excited states, /N.. The latter is expressed as N, =
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per unit volume divided by the total enthalpy of the mixture
per unit probe volume (2£2), divided by the total enthalpy
of the gas per unit volume, (pc,T"), where ¢, is the specific
heat capacity at constant pressure. The quantity is multiplied
by the ratio of the energy gap for the rotational-translational
transition Aegrr to the pump photon energy, hvy,, where £ is
Planck’s constant and v}, the frequency of the pump beam.

Finally, the amplitude M is associated with a slower
energy transfer mode, and is assumed as in the original work
[23] to be equal to the amplitude M;, but scaled to the cor-
responding energy level difference, and by the ratio of cor-
responding relaxation times.

The time constants due to thermal diffusion, 7}, acoustic
damping, 7,, acoustic transit, 7¢,, molecular mass diffusion,
7q and collisional relaxation, 7¢ are given by

2
S <A> _G_Gh (10)
a \ 27 « v
2 -1 -1
Ta:2<%) (gqu('yfl)a) :2%<%+<’7*1)) (11)
Wo
Ter =
1 T, (12)
AN’1 @
Td (27r> D « (9
1
e T (14)
T™VT Td

Here the thermal diffusion time 7y, is proportional to the

. 2 . . .
ratio G = (%) , the squared fringe spacing distance, A, to

the thermal diffusivity, o = &, where v is the kinematic
viscosity, both connected by the Prandtl number, Pr.

The molecular mass diffusion time, 74, is assumed to be
similar to that of the thermal time. The acoustic damping
time 7, is proportional to the thermal time but for a constant
depending on Pr and the ratio of specific heats. The acoustic
transit time 7, is the time for a wave to traverse across the

pump beam width wg = %, where d is the pump beam

diameter at the lens with focal length F.

The overall fast rate of relaxation 1/7¢ is taken as the
sum of the mass diffusion relaxation rate and the relaxation
rate for the vibrational-translational transfer, 1/7yr. The
latter rate is assumed to be a first order function of number
density, 1 /7yt = kvt Ny [55, 56]. There are many different
routes by which excited water molecules can release energy,
and 7vT should describe the overall relaxation time for
the particular process. The value for £y is obtained from
previous work, and is further described in section 4.4 [50,

56-58]. The remaining parameters in Eq. 4 are defined as:
Tf

kf:(UTfal’ldAf: - -

The temporal signatures of thermal and electrostrictive
gratings are quite different [21]. The electrostrictive signal
rises promptly, while the thermal signal exhibits an induc-
tion period. Both mechanisms produce density perturba-
tions that oscillate at the same frequency. However, the
electrostriction signal arises through adiabatic compression;
thus the density fluctuates about the mean; conversely, the
thermal source involves net energy absorption, leading to a
net increase in temperature and decrease in mean density,
with a density oscillation about the lower mean value.

The shape of the resulting LIGS signature described by
Eq. 4 is such that the ratio of the second to the first peak
intensity depends on the ratios of the absorption to elec-
trostrictive constants, along with the average energy con-
tributions from translational, rotational, and (if thermally
accessible) vibrational energies. We next define the follow-
ing scaling ratios in the description of the overall intensities:

Mi 1 AERT ca
ie — = —-1)— -
" M, 9 )k‘p hvp w (15)
M 1 Aeyr 7 ca
e = pr— _ 1 —_— [ —
"t M, (v )kp hv, TvT W (16)

The sign of 7 is related to the direction of the correspond-
ing energy exchange that is defined by the rovibronic tran-
sition used for excitation. The heat exchanged per excited
molecule, Aegrr, is positive or negative when the energy
is released or absorbed into the medium, respectively. The
sign of 7y, is positive and scales with the ratio of the upper
number density to total number density. Section 4.2 dis-
cusses how the values of Aegrt, AeyT and a are obtained,
and section 4.4 the method to determine 7y .

4.2 Absorption properties of H,0 molecules

The pump excitation wavelength used is A, = 1064 nm
(vp = 9398.50 + 0.70 cm™!). A number of rovibrational
transitions are covered in this range, between 9397.8 and
9399.2 cm~!. We therefore adopt a mean value of the den-
sity-dependent absorption coefficient, a, over the range of
wavelengths with the value calculated using the HITEMP
database via SpectraPlot [59]. Figure 6 (a) shows the simu-
lated water absorption, a, spectrum near 1064 nm at 3 bar as
a function of wavenumber for several temperature and water
vapour molar fractions. The simulation is performed using
SpectraPlot and the NIST ASD database [59]. Figure 6 (b)
shows a polynomial fit to the absorption coefficient values,
a, across this spectral range as a function of temperature
and water vapour molar fraction for each experimental
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Fig. 6 (a) Simulated water absorbance spectrum at different tem-
peratures and water molar fractions near 1064 nm at 3 bar for 100%
CHy. Line colours represent molar fraction values of 0.008 (600),
0.024 (800), 0.040 (1000), 0.058 (1200), 0.076 (1400), 0.096 (1600),
0.117 (1800) and 0.138 (2000). These values are calculated using Can-
tera 2.6.0 [44] and GRI Mech 3.0 [45] at the 100% CH4 operating con-

condition. Temperature and water molar fraction are related
by an equilibrium relationship, calculated using Cantera
2.6.0 [44] and GRI Mech 3.0 [45] for each condition. The
connection is discussed further in section 4.4.

In order to determine the magnitude of the average ener-
gies exchanged per input photon for instantaneous and fast
relaxation we must first determine the most probable path of
excitation. Sahlberg et. al. [32, 60] have shown that strong
LIGS signals in the mid-IR using water absorption are pos-
sible when the difference in a particular quantum number
between the ground and excited states is non-zero [50]. The
energy levels of an asymmetric top molecule like water can
be expressed in terms of its rotational constants A, B, and
C. The rotational energy levels e(.J, K, K.) are given by:

e(J, Ko, K.)=AK2 +BJ(J + 1)+ CK? (17)

where J is the total rotational quantum number, K, and
K. are the quantum numbers associated with the projec-
tions of the rotational angular momentum on the prin-
cipal axes. The values of A, B and C are equivalent to
27.88 cm™1, 14.52 em~! and 9.29 cm ™!, respectively [61,
62]. The R, P and Q branches involve transitions where A
J =+1, -1 and 0, respectively. Using integration over the
relevant energy range, one can determine the average rota-
tional energy difference between all the possible states as
AerT = %A + %B + %C =47.24 cm~!'. The value of
Aeyr is approximated as 9398.50 cm~!, based on the
energy of the pump excitation wavelength. These values are
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Temperature (K)

dition. (b) Polynomial fit to the average absorption coefficient values
from (a) for 100% CHy. The 70% CHy4 and 40% CH4 conditions are
also shown even though the relationship between equilibrium tempera-
ture and absorption coefficient are very similar. The second horizontal
scale indicates the equilibrium molar fraction of water vapour for com-
bustion of 100% CH4

used in Egs. 15 and 16. In section 4.3 we calculate the mea-
sured ratio value, R, for each condition under investigation.

4.3 Measured peak ratios

We now evaluate the second to first peak ratios from the
experimental signals (see Fig. 2 (1) (a)). Figure 7 shows the
measured ratio distributions for 1000 shots at each of the
55 locations for dry air (1) and the three premixed cases
(2-4) described in Fig. 2. The height of the bar for each bin
is normalised by the tallest bar in the histogram. The mea-
sured means and standard deviations are determined from
the black solid Gaussian fits to each plot. Figure 7 (1) shows
a measured mean and standard deviation for dry air ratios of
Ra(1) = 0.87 £ 0.03 (see Table 3). Due to zero moisture
in dry air the signal is purely electrostrictive.

Figure 7 (2)-(4) shows histograms of the values of the
ratio of second to first peak, R, for reactant and product
ratios. The values are shown on Table 3 for the three react-
ing cases considered. The measured peak ratios for the reac-
tants in all three cases are slightly larger than in the purely
electrostrictive case of dry air, suggesting that there is some
residual moisture in the compressed air. The fractional
width of the measured ratio distributions is the same for all
reactant and air values, corresponding to about 3% for all
cases. We note that the ratio histogram has a wider distribu-
tion than the frequency histogram (frequency width was on
the order of 1%). This is consistent with the fact that water
molar fractions are primarily a function of temperature, and
that temperature is proportional to the square of frequency.
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Table 3 Measured value of mean plus or minus standard deviations
for the ratio R between second and first peak intensity of LIGS signals
across all locations

Case Ry (reactant) Rp (product)
1 (dry air) 0.87 + 0.03 -

0,
2(1024 CHa) 1.07 + 0.04 4.33 + 0.66
3(7004 CHy) 1.08 + 0.03 3.34 + 040
4 (40% CHa) 102 £ 002 184 + Q.18

In the absence of significant fluctuations in equivalence
ratios, water vapour fluctuations should be twice as large as
that of temperature.

The mean ratios measured in the product regions shown
in detail on the right hand column of Fig. 7 decrease from
case (2) to case (4). The result is consistent with a decrease
in the total water molar fraction, as the overall equivalence
ratio decreases (maintaining fixed power) from 0.60 to 0.39
(see Table 1). The standard deviation also decreases; the
behaviour is discussed in section 4.4.

4.4 Calculating the water molar fraction

Sections 4.2 and 4.3 outlined the model (summarized
in Egs. 15 and 16) and experimental data describing
the ratio of second to first peak. In LIGS signals we use
k ~ ky, =238 x 107% m3 kg=! [52] for the Glad-
stone-Dale constant and 7 and 7. to be equal to 10 ns [39]
and O for the duration and coherence of the excitation pulses,
respectively. The one factor still missing is 7. In this sec-

tion we discuss the method to determine 7yT = WlNo

Ratio (I/1,)

and outline how to fit mean measured ratios to the simu-
lated ratios from the calculated temporal LIGS signatures
described in section 4.1

Firstly we compute the equilibrium properties of dry air,
reactants and products for the four experimental conditions
under investigation using equilibrium calculations (Can-
tera 2.6.0 [44]) and thermodynamic properties (GRI Mech
3.0 [45]). These include the adiabatic flame temperatures,
water molar fractions, molecular weights and specific heat
ratios (see Table 2), densities, dynamic viscosity and diffu-
sion constant values. Finally, using the fixed fringe spacing
(from dry air speed of sound and temperature), one can cal-
culate the angular frequency, ks and A¢ parameter for each
condition.

The four time constants (thermal diffusion, acous-
tic damping, acoustic transit and molecular diffusion) are
calculated using Egs. 10, 11, 12 and 13. The characteris-
tic times due to the diffusion and collisional relaxation are
shortest, the acoustic decay times the longest, and the acous-
tic transit times are intermediate. All times are significantly
shorter at high temperatures, leading to fewer peaks in the
LIGS signals at high temperatures.

It is not possible to calculate the collisional relaxation
time constant given by Eq. 14 as we do not know the value
of kv, which depends on the convolution function between
the laser excitation, the detailed vibrational levels, and their
transition probabilities. Therefore, we choose to fit the
value of 7y knowing the value of Ny and using the con-
stant kyT as a variable. We then compute the ratio for the
simulated signals and compare that to the ratios measured
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experimentally. We then perform a least squares fit analy-
sis to find the value of 7y that causes the simulated ratio
values to be the best match to the experimentally measured
signals.

Figure 8 (a) shows the simulation results after minimis-
ing the error using a calculated value for parameter kv,
assumed to be the same for all mixtures. The value for kyr
is 2.35 x 1077 m3 s~!. This gives fast (VT) molecular
relaxation times of 3.5 ns, 3.3 ns and 2.8 ns for the prod-
ucts in the fuel blends (2) 100% CHy, (3) 70% CH4 and (4)
40% CHy, respectively. The RT relaxation time is expected
on the order of the characteristic binary collision timescale,
which is instantaneous relative to the pulse duration and is
on the order of 0.2 ns for 1 bar at 295 K [50].

Figure 8 (b) shows the (solid coloured) measured average
(of all three combustion cases) reactant (1) and product (2)-
(4) normalised LIGS signatures, and the (solid black) cal-
culated temporal evolution using the optimised parameters
extracted from the fit. For the product spectra (2)-(4) we see
excellent agreement between model and experiment. Any
minor discrepancies likely result from experimental imper-
fections not captured in the model, such as the finite size of
the laser beams causing acoustic energy loss. Nevertheless,
it is remarkable how this relatively simple two-energy state
simulation model captures the detailed and complex tempo-
ral behaviour for a range of LIGS signatures.

Finally, using calculated equilibrium values of water
vapour concentrations, we can extract the values of water
molar fractions for individual cases. Figure 9 (a) shows the
mean measured values of the ratio for conditions 1-4 (dry
air and 3 products for the different operating conditions),
along with their corresponding standard deviations shown
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Fig.8 (a) Simulated vs. measured mean value of R, showing maximum

dispersion for an uncertainty of kv . The dotted black lines highlight
the sensitivity of the fit to changes in kyT. (b) Average measured and
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as error bars. The simulated ratios are shown as colour
lines. They intersect at the mean calibration condition used
for determining the molar fraction. All cases converge to
the limiting case for the fraction at dry air temperatures,
showing a power behaviour associated with temperature,
and low dependence on stoichiometry. The findings indicate
that the previously used empirical linear models employed
to connect water molar fractions and the ratio of thermal
to electrostrictive signal peaks in premixed flames are not
appropriate.

Figure 9 (b) (2)-(4) shows the calculated water molar
fraction distributions across all locations for the three pre-
mixed cases described in Fig. 9 (a) (2)-(4). The mean cal-
culated values are not significant, as they are used to obtain
the necessary best-fit constants. However, note how the
calculated vapour molar fraction distributions now show
similar distribution widths (unlike the measured ratio values
in section 4.3) of around £0.006 molar fractions. The dry
air results represent an effective zero water molar fraction.
However, the mean reactant water molar fractions are non-
zero everywhere, as there is some mixing between reactants
and products in the ORZ, along with entrainment of burned
products from down stream regions via the extended IRZ.
‘We also notice that in the case of reactants for case 2, there
are two overlapping distributions, which may be due to the
difference in mixing for pure methane (case 2) compared to
methane-hydrogen blends (cases 3 and 4). Section 4.5 dis-
cusses the local variation of the molar fraction of water as a
function of radial and axial locations.
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Fig. 9 (a) Simulated ratio values versus molar fractions of water and (b) calculated normalised water histograms for all measurement locations.

The experimental ratios and errors bars from Table 3 are also plotted

4.5 Water vapour molar fraction spatial
distributions

Figure 10 shows the calculated water molar fractions
obtained from the ratio measurements, for the 100%
CHy (blue), 70% CHy (red) and 40% CHy4 (green) cases at
various radial and axial locations from the burner face. The
intensity indicates the magnitude of the individual power
spectrum intensities. The dotted grey lines correspond to
the equilibrium water molar fractions for each combustion
case (see Table 2). The grey solid regions highlight the loca-
tion of the cylindrical quartz tube (measurements are taken
at the centreline of the slots). The solid regions highlight
the location of the flame brush. The lowest water fractions
found near the inlet where we expect little water in the fresh
reactants. Considering the evolution as a function of radial
and axial position, we observe a few different characteristics
depending on the case. The regions where water fractions
transition from reactant to product overlap largely with the
observed flame brush location.

For 100% CH,4 case (column (a)), calculated water frac-
tions remain relatively constant in the IRZ. The temperature
maps in section 3.6 did not indicate significant temperature
rise in the ORZ, yet we observe increased water vapour con-
centrations in these regions. For the 70% CH, case (column
(b)) there appears to be a band around radius 30-40 mm in
which significant molar fractions of water vapour are pres-
ent in the ORZ, suggesting recirculation of products into
the reactants. Finally, for the 40% CHy4 case (column (c)) in
which the flames are much shorter, the radial values around
40 mm also indicates recirculation, but the overall con-
centrations are lower. In section 5 we bring together both

temperature and molar fraction to understand the role of
addition of hydrogen.

5 Frequency/temperature/ratio/water
vapour correlations

Figure 11 (a) shows correlations of measured intensity ratios
versus frequencies for the three premixed cases described
in Fig. 2. The solid blue, red and green circles correspond
to each of the combustion cases (2) 100% CHy, (3) 70%
CHy and (4) 40% CHy, respectively. Frequencies below and
above approximately 45 MHz correspond to thermal (T) and
electrostrictive (E) frequencies, respectively, as indicated by
the vertical dashed black boundary. For frequencies below
45 MHz, dominant (has a larger power spectra magnitude)
thermal (DT) and minor thermal (MT) signatures corre-
spond to ratios above and below the horizontal dashed black
boundary. The opposite dependence is seen for frequencies
above 45 MHz where dominant electrostrictive (DE) and
minor electrostrictive (ME) signatures correspond to ratios
below and above this line, respectively.

The dashed black line naturally splits the distributions
from those where electrostriction is dominant versus ther-
mal behaviour being dominant. For ratios below the dashed
line the frequency of each mechanism can increase substan-
tially with very little change to the overall measured ratio.
However for ratios above the dashed line a small increase
in frequency leads to a larger almost exponential increase
in ratio. This is because these data points describe combus-
tion phenomena in which the temperature is very closely
related to the water concentration. Note that in the flame
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Fig. 10 Molar fraction of water vapour as a function of radial loca-
tions at axial distances of 15 mm, 35 mm, 55 mm, 75 mm and 95 mm
from the burner edge. The colours indicate the three combustion cases
(2) 100% CHgy (blue), (3) 70% CHy (red) and (4) 40% CHa4 (green),
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Fig. 11 (a) Measured ratio versus frequency values for the temporal
LIGS signals in Fig. 2. The plot contains values for 100% CH4 (blue),
70% CHy (red) and 40% CHy (green). Vertical and horizontal dashed
black lines separate out the dominant and minor regimes for frequency
and ratio, respectively. (b) Calculated water concentration versus
temperature values for the temporal LIGS signals in Fig. 2. The plots
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power spectrum intensities. The grey horizontal dotted lines cor-
respond to the equilibrium water concentration for each combustion
case. The grey vertical solid bands highlight the location of the cylin-
drical quartz tube enclosing the flame. The chemiluminescence images
correspond to the flame brush regions shown in Fig 4.
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The black circles and lines are the calculated equilibrium conditions
and calculated water molar fractions versus temperature (see Table 2)
for all three combustion cases
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brush regions we measure frequencies around 30—40 MHz
with ratios less than the dashed line, along with frequencies
around 60—70 MHz with ratios more than the dashed line.

Figure 11 (b) shows the calculated molar fraction of water
versus temperature for the three premixed cases described
in Fig. 2. The vertical black dashed line corresponds to the
preheat temperature of 500 K. The solid black circles corre-
spond to the calculated equilibrium conditions (see Table 2)
for each of the combustion cases (2 - blue circles) 100%
CHy, (3 - red circles) 70% CH,4 and (4 - green circles) 40%
CH,4 used for calibration. The solid black lines are the cal-
culated molar fractions of water versus temperature using
equilibrium simulations.

We note that in the product regions the water vapour
molar fractions and temperatures agree well with the equi-
librium simulations, as these values are used to calculate the
simulated curves in section 4.4. Fluctuations are therefore
not expected to be a result of changes in equivalence ratio,
for example. The temperatures measured in the reactant
zone show water vapour concentrations that are higher than
expected from maximum saturation conditions for reactants
(which would be around 2-3% at 500 K). Instead, we sug-
gest that the higher concentrations are associated with recir-
culation of water vapour from the products to the base.

6 Conclusion

This study shows the first application of LIGS in high-
pressure methane-hydrogen flames. The findings highlight
the versatility of LIGS signals, which not only allow for the
assessment of local temperature but also provide insights
into local water concentration. This observation is partic-
ularly important in the context of pure hydrogen flames,
where the combustion products consist solely of water and
nitrogen. In addition, the present work suggests for the first
time a quantitative method for accurate temperature and
vapour concentration measurements using LIGS.

Measurements in the swirl-stabilised flame are made
across radial and axial positions. These signals are analysed
to extract both peak frequencies, which range from 20 to
90 MHz, and characteristic ratios of intensities of second to
first peaks. Frequencies above and below 45 MHz, are clas-
sified as either electrostrictive or thermal, respectively. The
peak frequencies are utilised to estimate temperatures, while
the magnitudes of the first and second peaks in the signals
are used to estimate water molar fractions. The uncertainties
associated with each of these measurements are determined
by assessing the spread in the probability density functions
corresponding to the frequencies and intensities.

The experimental findings indicate that the previously
used empirical linear models employed to connect water

molar fractions and the ratio of thermal to electrostric-
tive signal peaks in premixed flames are not appropriate.
A new methodology was developed for this work, employ-
ing chemical equilibrium calculations and more sophisti-
cated modelling of the LIGS signals to derive the non-linear
relationship between water concentration and ratio param-
eter. Future work will improve this further by focussing on
measurements in a controlled-environment such as a heated
gas cell or a standard calibration flame, to fully assess the
sensitivity and precision of the method for HoO quantifica-
tion across a range of conditions. Temperature and species
measurements are then mapped across the domain to better
understand the structure of these premixed swirling meth-
ane/hydrogen/air flames. For example, temperature values
(derived from signal frequency) were unexpectedly high in
some locations outside the flame brush but this was seen to
correlate with an increase in the measured water concentra-
tion (derived from the ratio parameter). This supports the
hypothesis of a recirculation process mixing combustion
products with reactants near the base of the flame.

Although adding holes reduced reflections and improved
signal extraction, it introduced unwanted air entrainment
and mixing. Therefore two features to be modified in a
future setup to overcome this difficulty are: (a) use thicker,
flat surfaces to deliver the light rather than a curved tube.
This has already been demonstrated in a recent study [63].
(b) alter the geometry of the beam relay, allowing for shorter
focal length lenses to allow lower light intensity to cross the
tube. This of course poses difficulties associated with organ-
ising the delivery of the beams in a compact unit. Finally,
new developments in fs-LIGS may resolve some of these
issues (but perhaps create new ones), by allowing signifi-
cantly higher signal via multi-photon excitation.

The data allows us to gauge local mixture ratios within
the combustion chamber, thereby enhancing our compre-
hension of the intricate dynamics in swirl-stabilized meth-
ane/hydrogen/air flames. Implementing LIGS in this setting
not only provides valuable insights but also holds the prom-
ise of future applications in various industrial contexts
where there is a demand for spatially resolved, real-time
measurements of temperature and chemical species. This
technology could prove essential in evaluating the stability
and efficiency of systems powered by eco-friendly, carbon-
free fuels.
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