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Abstract 

In this work we report the impact of using mid-infrared laser-induced thermal grating spectroscopy (IR- 
LITGS) for temperature measurements in flames by probing hot water lines. The measurements have been 

performed in the product zone of laminar atmospheric CH 4 /H 2 /air flat flames with equivalence ratio rang- 
ing between 0.6 and 1.05. LITGS is a technique based on thermalization through collisions of the excited 

molecules for generation of a laser-induced grating, which then decays through thermal diffusion. As such, 
it tends to have limited application in atmospheric flames compared to flame measurements at elevated pres- 
sures due to the faster decay at low gas densities. However, by using mid-IR pump laser beams, it enables the 
generation of laser-induced gratings with large grating spacing, resulting in strong signal intensities and long 
signal durations. Single-shot IR-LITGS signals were recorded in the different CH 4 /H 2 /air flames that covered 

a temperature range between 1500 and 1800 K. To test the accuracy, the IR-LITGS flame temperature mea- 
surements were compared with laser Rayleigh scattering measurements and the result were in good agreement 
with each other. The IR-LITGS flame temperature measurements show a repetitive single-shot temperature 
precision better than 1% and an accuracy of 2.5% of the flame temperature. An IR-LITGS excitation scan 

of water in the flame shows that some ro-vibrational transitions exhibit no IR-LITGS signal, probably due 
to less efficient collisional energy transfer mechanism. This is important when deciding the wavelength to use 
for IR-LITGS flame temperature measurements using water absorption. 
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Temperature is one of the most important pa- 
rameters in understanding combustion phenom- 
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ena. Many laser techniques have been devel- 
oped for non-intrusive flame temperature mea- 
surements in combustion environments, such as 
laser-induced fluorescence [1] , two-line atomic flu- 
orescence [2] and degenerate four-wave mixing 
(DFWM) [3] . Coherent anti-Stokes Raman scat- 
tering (CARS) has been widely employed for tem- 
perature measurements in combustion environ- 
ments with high precision and accuracy [4] . Laser 
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Rayleigh scattering (LRS) measures the elastic scat- 
tering from molecules, which can be converted to 

temperature with the pre-knowledge of the major 
species concentration and the Rayleigh cross sec- 
tions [5 , 6] . 

Laser-induced thermal grating spectroscopy 
(LITGS) is a promising laser technique for flame 
thermometry. In a typical LITGS experiment, two 

coherent pump beams from a pulsed laser are 
crossed in the measurement point, creating an in- 
terference pattern. Absorption of the pump beams 
and subsequent collisional quenching of the ex- 
cited molecules leads to temperature/density varia- 
tions. Thus, a periodic modulation of the refractive 
index in the medium, and a laser-induced grating 
(LIG), is formed [7] . In addition, the rapid density 
changes in the medium generates a standing acous- 
tic wave. A non-resonant LIG can also be formed 

by electrostriction, but this effect is often negligi- 
ble for cases of strong absorption. The formation 

and time-evolution of the LIG can be monitored by 
aligning a probe laser beam (usually a continuous- 
wave laser) across the LIG at the Bragg angle. The 
partial diffraction of the probe beam off the LIG 

forms the LITGS signal [7] . 
The LITGS signal oscillates at the frequency 

f osc = c s / �, where c s is the speed of sound in the gas 
and � is the grating spacing. Therefore, the tran- 
sient LITGS signal can be used for measurements 
of the sound speed in a gas [8] and the gas temper- 
ature can be derived if the gas composition in the 
measurement volume is known. Both electrostric- 
tive and thermal LIGs has been applied to temper- 
ature measurements in e.g. flames [9–11] , engines 
[12 , 13] and shock-tubes [14] . 

The precision of LITGS temperature measure- 
ments relies on accurate determination of the os- 
cillation frequency. The time decay of the LITGS 

signal is given by τ th = ( �/ 2 π ) 2 / χ [15] , where χ
is the thermal diffusivity, which is strongly depen- 
dent on the gas density. LITGS temperature mea- 
surements in atmospheric pressure flames are of- 
ten limited by the fast signal decay in high temper- 
ature environments, which in turn affects the pre- 
cise determination of the LITGS oscillation fre- 
quency. Therefore, the main application of LITGS 

for temperature measurements in combustion en- 
vironments has been performed at high pressures; 
where many other laser techniques suffer from the 
increased collisional quenching, the LITGS signal 
intensity and precision increases at elevated pres- 
sures. Hayakawa et al. [16] measured the flame 
temperature in laminar CH 4 /O 2 /N 2 flames at pres- 
sures up to 1 MPa using OH absorption lines for 
LITGS generation. De Domenico et al. [17] demon- 
strated LITGS measurements using weak water ab- 
sorption lines at 1064 nm for flame temperature 
measurements at 1–6 bar, showing how the sig- 
nal intensity and the quality of the temperature 
measurement improved drastically with increas- 
ing pressure. However, the quality of the LITGS 

signals recorded at atmospheric pressure flames 
was low. 

Another way to increase the time duration of 
the LITGS signals is to increase the grating spacing, 
since the time decay τ th ∝ �2 . The grating spacing 
is determined by �= λpump /2sin( θ /2), where λpump 

is the pump laser wavelength and θ is the cross- 
ing angle between the pump beams. For practi- 
cal alignment purposes, there is a limit to how 

small the crossing angle can be. The other way 
to increase the grating spacing is to use a longer 
wavelength pump laser. Mid-infrared LITGS (IR- 
LITGS) using molecular ro-vibrational transitions 
around 3 μm has been demonstrated for detec- 
tion of C 2 H 2 in gas flows [18] . Water is an attrac- 
tive target for mid-infrared absorption since it is 
a main combustion product commonly present in 

large concentrations. The first flame temperature 
measurements using water-line IR-LITGS was per- 
formed by Sahlberg et al. [19] , showing the poten- 
tial of the technique for rich atmospheric pressure 
flames. However, this experiment still showed fairly 
rapid signal duration, which limited the precision 

of the temperature measurement. In this paper, we 
demonstrate an improved water-line IR-LITGS ex- 
periment for flame thermometry in atmospheric 
pressure lean CH 4 /H 2 /air flames. The large grating 
spacing in this setup contributed to a strongly im- 
proved signal-to-noise ratio and a much higher pre- 
cision in the temperature measurement, for both 

single-shot and time-averaged signals. To investi- 
gate the accuracy, the IR-LITGS flame temperature 
measurements are compared with LRS tempera- 
ture measurements. These results show that IR- 
LITGS can be applied for accurate, precise single- 
shot flame temperature measurements at atmo- 
spheric pressure. 

2. Experimental arrangement 

2.1. IR-LITGS measurements 

A schematic of the IR-LITGS setup is shown 

in Fig. 1 . The laser system has been described else- 
where [20] and only a brief description is given here. 
The 2nd harmonic of an injection-seeded Nd:YAG 

laser (Spectra Physics, PRO 290-10) at 532 nm is 
used to pump a dye laser (Sirah, PRSC- D -18, with 

dye LDS 798). The mid-IR laser radiation around 

3.1 μm was produced by difference frequency mix- 
ing the Nd:YAG output at 1064 nm with the dye 
laser output at ∼792 nm in a LiNbO 3 crystal. The 
generated mid-IR laser light was amplified in a 
LiNbO 3 crystal pumped with another part of the 
residual 1064 nm beam, producing tunable mid-IR 

radiation with pulse energies around 6 mJ and pulse 
duration of 3–4 ns. The linewidth of the mid-IR 

laser is 0.025 cm 

−1 [21] . The mid-IR laser beam was 
spatially overlapped with a HeNe beam to facili- 
tate alignment. A 50/50 CaF 2 beam splitter split the 
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Fig. 1. Schematic view of the IR-LITGS setup. GM: gold mirror, SM: silver mirror, DM: dichroic mirror, W: CaF 2 win- 
dow, BS: CaF 2 beam splitter (50/50), CaF 2 lenses L1: f = 500 mm, L2: f = 750 mm, A: aperture, IF: interference filter 
457.9 ± 10 nm, PMT: photomultiplier tube, OSC: oscilloscope. The photograph shows the CH 4 /air flame at �= 1 (Flame 
2). The LRS alignment is illustrated in the flame image. 

mid-IR laser beam into two pump beams, which 

were crossed and focused at ∼2.8 ° crossing angle 
by a 2 ′′ f = 500 mm CaF 2 lens, resulting in a grat- 
ing spacing of 63.5 μm and a measurement vol- 
ume of 16 × 0.5 × 0.5 mm 

3 . A CW solid state laser 
(Laserglow Tech., LRS-0457) with a wavelength of 
457 nm and output power of ∼170 mW was used as 
the probe laser. The probe laser beam was aligned 

to cross the LIG at the Bragg angle 0.2 °. A frac- 
tion of the HeNe beam reflected from a CaF 2 win- 
dow was aligned to cross the LIG at the oppo- 
site Bragg angle from the probe laser, thus tracing 
the signal beam path. The signal beam was colli- 
mated by a f = 750 mm CaF 2 lens and directed to- 
wards a photomultiplier tube (PMT, Hamamatsu 

H6780-04) connected to an oscilloscope (LeCroy 
WaveRunner 6100, 1 GHz). An interference filter 
(457.9 nm ± 10 nm) was placed in front of the PMT 

to suppress stray light. 

2.2. Flames 

The IR-LITGS measurements were performed 

in laminar, flat CH 4 /H 2 /air flames stabilized on 

a modified Perkin-Elmer burner with an inner 
porous plug diameter of 25 mm surrounded by a N 2 
co-flow, resulting in a total diameter of 45 mm. The 
addition of hydrogen increased the flammability 
and made it possible to produce stable lean flames 
with low flame temperatures, thus allowing mea- 
surements in a wider temperature range. Table 1 
shows the flame composition and equivalence ra- 
tio ( �) of the 8 different flames studied here. The 
measurements were performed in the product zone 
at 8 mm height above the burner (HAB). A bluff- 
body stabilizer was placed 20 mm above the burner 
surface. The fuel and air flows were controlled by 
Bronkhorst mass flow controllers. A 5 l/min nitro- 
gen co-flow was used to shield the flames. 

A program called CEA (Chemical Equilibrium 

with Applications [22] ) was used to simulate the 

Table 1 
Fuel/air flows in flames 1–8. The total flow rate for all 
flames was 5 l/min. 

Flame CH 4 flow 

[l/min] 
H 2 flow 

[l/min] 
Air flow 

[l/min] 
�

1 0.497 0 4.500 1.05 
2 0.475 0 4.530 1 
3 0.432 0 4.575 0.9 
4 0.381 0.164 4.455 0.9 
5 0.342 0.146 4.515 0.8 
6 0.264 0.264 4.470 0.7 
7 0.176 0.410 4.410 0.6 
8 0.136 0.544 4.320 0.6 

Table 2 
Simulated major species mole fractions (x i ) for flames 1–8 
[22] . 

Flame x N2 x H2O 

x CO2 x O2 

1 0.7198 0.1941 0.0847 0.0014 
2 0.7197 0.1878 0.0878 0.0047 
3 0.7233 0.1725 0.0855 0.0187 
4 0.7203 0.1804 0.0807 0.0186 
5 0.7260 0.1628 0.0739 0.0373 
6 0.7296 0.1519 0.0612 0.0573 
7 0.7320 0.1443 0.0460 0.0777 
8 0.7275 0.1559 0.0394 0.0771 

flame composition. Table 2 shows the simulated 

major species concentrations in the product zone of 
flames 1–8. Since the exact flame composition de- 
pends on the flame temperature, an iterative process 
was used together with the LRS flame temperature 
measurement in order to simulate the gas composi- 
tion at the correct temperatures. 

2.3. LRS measurements 

The flame temperature was measured using an 

LRS setup. The 457 nm CW laser of ∼170 mW, 
with a diameter of 2 mm, was sent through the 
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Table 3 
Refractive index ( n ) and Rayleigh cross section ( σ R 

) at 
457 nm for different gases. 

Species ( n -1) × 10 −3 σR 

( × 10 −27 cm 

−2 ) 
N 2 0.301 a 1.1367 
O 2 0.256 b 0.8192 
H 2 O 0.278 c 0.9655 
CO 2 0.453 d 2.5769 
a From [25] . 
b From [27] . 
c Estimated from [6 , 26] . 
d From [28] . 

flame at 8 mm HAB, as illustrated in Fig. 1 . The 
Rayleigh scattering from the laser beam was col- 
lected by an EMCCD camera (Andor Luca EM R 

DL-604M-OEM) equipped with a Nikon (50 mm, 
f/2.8) camera lens. During the measurements, the 
exposure time of the camera was set to 0.1 s, and 

the EM gain to 10. Each signal was recorded as 
the average of 10 images. A background image was 
recorded to remove background noise. The cam- 
era was setup at a 90 ° angle to the CW laser beam 

path and to the laser beam polarization. A refer- 
ence LRS signal was recorded in a dry air flow. 

The Rayleigh cross section (when viewed at 
90 ° angle to the laser polarization) is defined as 
σ R,i = 4 π 2 (n i -1) 2 /N 0 

2 λ4 [5] , where n i is the refrac- 
tive index for molecule i, N 0 is the number density 
and λ is the wavelength of the laser radiation. For 
a completely accurate calculation of the cross sec- 
tions, the depolarization ratio should also be con- 
sidered; however, due to the difficulty in finding re- 
liable values for the depolarization ratio at 457 nm, 
the effect of this was assumed to be negligible in 

our measurements. This is usually a reasonable as- 
sumption for visible laser wavelengths [23 , 24] . An 

uncertainty of 2.5% in the Rayleigh cross sections 
was assumed in order to account for this and other 
uncertainties in the gas composition in the flames. 

The Rayleigh cross section for a mixture be- 
comes a weighted sum of the cross section of each 

molecule. The temperature was calculated from the 
LRS scattering intensity I a and I f in the air and 

flame, respectively, as T f = T a �I a /I f �σ f / σ a . Table 3 
shows the refractive index for the major species 
present in the flame, together with the calculated 

Rayleigh cross sections at 457 nm. 

3. Results and discussion 

Given the gas composition and relevant gas con- 
stants, the gas temperature T in the LITGS cross- 
ing point can be calculated from the oscillation fre- 
quency f osc and speed of sound c s = ( γ TR u / M gas ) 1/2 

as 

T = 

f 2 osc �
2 

R u 
(
γ / M gas 

) (1) 

where � is the grating spacing, R u is the universal 
gas constant, γ is the specific heat ratio and M gas is 
the molecular weight of the gas. 

Figure 2 shows the IR-LITGS signals recorded 

in Flames 2 and 7, respectively. The measure- 
ments are a time-average of 200 IR-LITGS signals 
recorded at 3231 cm 

−1 , which corresponds to the 
peaks of ‘line 2 ′ marked in Fig. 3 . The inset shows 
the fast Fourier transform (FFT) of the LITGS sig- 
nals, revealing the oscillation frequency which is 
used for temperature measurements. The vertical 
lines indicate the integration area used for record- 
ing the IR-LITGS excitation scan in Fig. 3 . 

3.1. IR-LITGS excitation scan in a CH 4 /H 2 /air 
flame 

Figure 3 shows the IR-LITGS excitation scan 

recorded in Flame 7 at 8 mm HAB. Each point 
represents the IR-LITGS signal intensity at that 
wavenumber integrated over the time window as 
shown in Fig. 2 . The lower curve shows the ab- 
sorption coefficient ( σ ) at 1800 K simulated using 
the HITEMP 2010 database [29] . The intensity of 
the simulated absorption was adjusted to match the 
overall intensity of the IR-LITGS spectrum and is 
used for a qualitative identification of the absorp- 
tion lines. 

Comparing the IR-LITGS and absorption spec- 
tra, there are many strong absorption lines that 
are missing in the IR-LITGS spectrum, while other 
lines in the IR-LITGS scan have much higher inten- 
sity than expected from the absorption. These miss- 
ing lines are present in an IR-DFWM spectrum as 
previously measured by our group [3] , indicating 
the simulation is correct. The insets in Fig. 3 show a 
zoom of selected H 2 O absorption lines in the spec- 
trum, numbered 1–6. Line 1 contains six separate 
transitions, and the simulation shows three distinct 
closely spaced peaks. The first two peaks show a 
strong IR-LITGS signal, while the third peak is ab- 
sent in the IR-LITGS scan. Lines 1, 2 and 5 show 

a strong LITGS signal, while lines 3, 4 and 6 are 
missing. 

It is clear that the absorption coefficient is not 
the only factor affecting the IR-LITGS signal in- 
tensity. Hemmerling et al. [15] investigated how the 
collisional relaxation and energy transfer processes 
of O 2 influence the LITGS signal. They showed 

that the initial part of the O 2 -LITGS signal is 
mostly affected by the rotational energy transfer 
(RET), which redistributes the rotational popula- 
tion in the excited state to thermal equilibrium. The 
rotation-resolved LITGS signal was found to be 
strongly dependent on the type of rotational tran- 
sition being studied. 

Table 4 shows the HITEMP data for lines 1–6. 
The discrete transitions within a line are labeled a, 
b, c, etc. The table gives values for the transition 

wavenumber (v), line intensity (S) at 1500 K, Ein- 
stein A coefficient, lower state energy (E) and the 
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Fig. 2. IR-LITGS signals of the hot water line group (‘line 2 ′ in Fig. 3 ) at 3231 cm 

−1 in Flames 2 and 7, respectively. The 
inset shows the FFT of the signal. The vertical lines indicate the integration area used for the excitation scan. 

Fig. 3. The upper curve shows the IR-LITGS excitation scan recorded in Flame 7. The arrow indicates ‘line 2 ′ where the 
IR-LITGS signals in Fig. 3 were recorded. The lower curve shows the simulated absorption coefficient σ at 1800 K. The 
intensity of the simulation has been adjusted to match the IR-LITGS intensity. The insets show a zoom of the selected 
water lines 1–6 in Table 4 . 

upper and lower vibration and rotation energy lev- 
els. The rotational energy levels of H 2 O are char- 
acterized by three quantum numbers J, K a and K c , 
where J represents the total angular momentum 

and K a and K c are projections of J on the axes of 
inertia [29] . 

Comparing the rotational quantum numbers J, 
K a and K c in the upper and lower state, all tran- 
sitions have �J = −1 and �K c = ±1. However, lines 
1e-f, 3, 4, and 6 (marked with 

∗ in Table 4 ) have 
�K a = 0. These are also the same lines that are 
missing in the IR-LITGS excitation scan (or are 
too weak to be measured with this setup). The 
transitions 1a-d and lines 2 and 5 have �K a = −1 
(transition 1c has �K a = −2) and these lines all 
show a strong IR-LITGS signal. Analyzing the 

HITEMP data for the whole spectral range in 

Fig. 3 , it appears that lines with �K a � = 0 give 
rise to strong IR-LITGS signals, while transi- 
tions with �K a = 0 do not show an IR-LITGS 

signal. 
It seems that the main contribution to the IR- 

LITGS signal arises from RET. The most efficient 
RET occurs when the quantum number K a changes 
during the transition. The energy structure of an 

asymmetric top molecule like water is complicated. 
An in-depth analysis of the energy transfer pro- 
cesses in water is outside the scope of this paper. 
However, it is clear that for IR-LITGS thermome- 
try using water absorption, proper H 2 O lines (with 

�K a � = 0) must be selected to generate a strong IR- 
LITGS signal. 
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Table 4 
Spectral data from HITEMP [29] for the H 2 O transitions for lines 1–6 in Fig. 3 . The columns show the values for transi- 
tion wavenumber (v), line intensity (S), Einstein A-coefficient, lower state energy (E), and the vibrational and rotational 
quantum numbers for the upper (‘) and lower (‘’) energy levels, respectively. Separate transitions within a line are labeled 
a, b, c, etc. The transitions marked ∗ have �K a = 0, and these lines are not visible in the IR-LITGS excitation scan. 

Line v [cm 

−1 ] S (1500 K)[cm/molecule] A [ s − 1 ] E [cm 

−1 ] v ’ v ” J ’ K a ’ K c ’ J ” K a ” K c ”

1a 3230.284 7.67 �10 −22 1.585 1718.719 0 0 1 0 0 0 9 3 7 10 5 6 
b 3230.333 2.97 �10 −22 3.023 3383.265 1 1 0 0 1 0 9 4 5 10 5 6 
c 3230.42 1.16 �10 −21 2.46 1631.383 0 0 1 0 0 0 8 4 4 9 6 3 
d 3230.437 6.62 �10 −22 3.044 2918.245 1 0 0 0 0 0 13 4 9 14 5 10 
e ∗ 3230.449 4.77 �10 −22 50.02 5471.966 0 0 1 0 0 0 20 4 17 21 4 18 
f ∗ 3230.513 1.43 �10 −21 50.11 5471.865 0 0 1 0 0 0 20 3 17 21 3 18 
2a 3230.983 7.74 �10 −22 6.511 1789.043 1 0 0 0 0 0 7 7 1 8 8 0 
b 3230.983 2.30 �10 −21 6.453 1789.043 1 0 0 0 0 0 7 7 0 8 8 1 
3a ∗ 3231.321 1.29 �10 −21 34.75 5035.127 0 0 1 0 0 0 17 8 10 18 8 11 
b ∗ 3231.332 4.33 �10 −22 49.89 5713.250 0 0 1 0 0 0 23 0 23 24 0 24 
c ∗ 3231.332 1.30 �10 −21 49.96 5713.250 0 0 1 0 0 0 23 1 23 24 1 24 
4 ∗ 3257.708 7.62 �10 −22 49.76 4855.152 0 0 1 0 0 0 18 5 14 19 5 15 
5a 3258.074 1.38 �10 −21 2.974 1631.383 1 0 0 0 0 0 8 5 4 9 6 3 
b 3258.159 5.39 �10 −22 3.489 1631.246 1 0 0 0 0 0 8 5 3 9 6 4 
c 3258.18 1.38 �10 −22 6.767 4756.394 2 0 0 1 0 0 7 3 4 8 4 5 
6 ∗ 3258.271 2.40 �10 −21 52.08 4851.821 0 0 1 0 0 0 18 4 14 19 4 15 

3.2. Temperature measurement using IR-LITGS 

The IR-LITGS temperature measurement de- 
pends on the determination of the oscillation fre- 
quency of the IR-LITGS signals. A theoretical 
LITGS signal, based on the model from [30] , was 
fitted to the recorded single-shot IR-LITGS sig- 
nals in order to retrieve the oscillation frequency 
in the signals. Figure 4 a and b shows single-shot 
IR-LITGS signals recorded in Flames 2 and 7, re- 
spectively, together with a fitted simulated LITGS 

signal. The insets show the oscillation frequency of 
the single-shot signal. The single-shot IR-LITGS 

signal-to-noise ratio was observed to be 800:1 for 
the weakest recorded signals and better than 5000:1 
for the strongest signals, which required the use of 
ND-filters to avoid saturating the PMT. 

The oscillation frequency for the measurement 
in Flame 7 is lower compared to the measurement 
in Flame 2, due to the lower flame temperature. 
100 single-shot IR-LITGS signals were recorded in 

each flame, and the flame temperature was calcu- 
lated from the fitted oscillation frequency accord- 
ing to Eq. (1) . The normal distribution of the cal- 
culated temperatures for Flame 2 and 7 are shown 

in Fig. 4 c. The measured flame temperatures were 
1783 ± 15 K for Flame 2 and 1565 ± 7 K for Flame 
7. The precision is computed from the standard de- 
viation of the normal distribution from simulation 

fits to 100 single-shot LITGS signals recorded in 

each flame. 
The gas composition in Table 2 , simulated using 

the program CEA [22] , was used to determine the 
average molar mass of the molecules in the prod- 
uct zone of the flames, which is necessary for cal- 
culating the flame temperature from the IR-LITGS 

signals using Eq. (1) . The heat capacity ratio ( γ ) 
in the flames was calculated in the program REF- 
PROP [31] , also using the gas composition in 

Table 2 , and γ was evaluated to be 1.257 and 1.276 
for Flames 2 and 7, respectively. The temperature 
uncertainty given in Fig. 4 c reflects the single-shot 
precision of the measurement, which is better than 

1% of the calculated flame temperature. 

3.3. Product zone temperature 

Figure 5 shows temperatures measured both 

from IR-LITGS and LRS for flames 1–8. The 
IR-LITGS temperature in each flame is an average 
of the temperature derived from 100 single-shot 
IR-LITGS signals. The calculated temperatures 
are lower compared to the adiabatic flame tem- 
peratures for these flames, which is probably due 
to heat losses to the burner and the bluff-body 
stabilizer. The measurements were performed in 

the product zone of the flame and at 8 mm HAB, 
and the LRS measurements also showed that the 
temperature between 7 and 9 mm HAB decreased 

with approximately 300 K/mm, which could be 
due to radiative heat losses or other heat losses to 

the surroundings. As can be seen in Fig. 5 , there 
is a good agreement in the temperature measure- 
ments between the two techniques. Because of the 
temperature gradient in the measurement point, 
there could be up to ±75 K difference in the flame 
temperature measured by LRS and IR-LITGS 

due to the approximately ±0.25 mm uncertainty 
in the exact HAB in the IR-LITGS measurement. 
A small error in the precise value of the gas con- 
stants γ /M gas used in the IR-LITGS temperature 
measurement could also be a factor. 
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Fig. 4. Single-shot IR-LITGS signals of line 2 recorded at 3231 cm 

−1 in a) Flame 2 and b) Flame 7. From the simulation fit 
the precise oscillation frequency can be obtained (inset in a) and b)) for temperature calculation. The normal distribution 
of 100 single-shot measurements of the IR-LITGS temperature for the two flames is shown in c). A single-shot precision 
better than 1% is obtained for the flame temperature measurement. 

Both IR-LITGS and LRS require an initial cal- 
ibration at a known temperature. For LRS, the cal- 
ibration was performed in a room-temperature dry 
air flow, and the calibration was used to convert 
the LRS measurement in the flame into a quanti- 
tative temperature measurement. For IR-LITGS, a 
calibration measurement was performed in a room- 
temperature gas flow of N 2 containing trace con- 

centrations of C 2 H 2 , to determine the precise grat- 
ing spacing in this setup. IR-LITGS gives a direct 
measurement of the speed of sound in the flame, 
which can be used to calculate the flame temper- 
ature provided the gas constants in the flame are 
known. For LRS, the gas composition is needed 

to calculate the Rayleigh cross section ( σ ). The 
gas composition presented in Table 2 of the four 
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Fig. 5. Flame temperatures at 8 mm above the burner in flames 1–8, measured with LRS and IR-LITGS. 

major product species, N 2 , O 2 , H 2 O and CO 2 were 
used in the temperature calculation for both tech- 
niques. Additional minor molecular species had no 

significant impact on the temperature calculations. 
This indicates that for flames 1–8, which have 0.6 ≤
� ≤ 1.05, the bulk gas thermophysical properties 
are correlated with these four major species. How- 
ever, as shown in [19] , at fuel-rich flame conditions, 
the accurate mole fraction of hydrogen needs to be 
included in the gas composition for accurate IR- 
LITGS temperature measurements. 

The error bars in the IR-LITGS temperature in 

Fig. 5 are affected by the uncertainty in the gas 
constants γ /M gas (estimated to be ± 2%), and the 
uncertainty in determining the grating spacing �, 
(around ± 1 μm). This results in an overall accu- 
racy of 2.5% in the IR-LITGS temperature mea- 
surement. The error bars of the LRS measurement 
take into consideration the intensity fluctuation in 

the LRS signal intensity, as well as the uncertainty 
in the gas composition and the calculated Rayleigh 

scattering cross sections. This results in a total un- 
certainty of around 7% of the calculated product 
zone flame temperature. There are many LRS mea- 
surements with better precision than this simple 
measurement (see, e.g. [6 , 32 , 33] ) but the main tar- 
get of this article is the IR-LITGS measurements. 

4. Conclusions 

In this work, we investigated the feasibility of 
IR-LITGS in atmospheric flat CH 4 /H 2 /air flames 
by probing hot water absorption lines around 

3.1 μm. The measurements were performed in the 
product zone where the main combustion product 
water is present. Measurements can also be per- 
formed in the reaction zone as long as water is 
present in sufficient concentrations, although quan- 

titative measurements are limited by the spatial res- 
olution and complicated by the uncertainty in the 
gas composition. The excellent signal-to-noise ratio 

enables temperature measurements with high preci- 
sion and accuracy in single-shot approach. By us- 
ing a mid-infrared pump laser, it was possible to 

achieve an IR-LITGS setup with the large grat- 
ing spacing of 63.5 μm, leading to relatively long 
signal durations of the transient IR-LITGS sig- 
nals even in the atmospheric pressure flames. A 

repetitive single-shot temperature precision of bet- 
ter than 1% was achieved in the laminar flames, and 

the accuracy of the temperature measurement was 
estimated to be 2.5%. This is comparable to typi- 
cal CARS experiments that have demonstrated ∼1–
1.5% single-shot precision for flame thermometry 
(see e.g. [34 –36] ) and 3–5% accuracy for fs/ps rota- 
tional CARS [34] or 3.3% accuracy for fs/ps vibra- 
tional CARS [35] . While CARS is still more appli- 
cable in environments where the gas composition 

cannot be accurately estimated, LITGs is less sen- 
sitive to quenching and line-broadening. The reli- 
ability of the IR-LITGS measurements were fur- 
ther confirmed by the good agreement with LRS 

measurements, where both techniques provide ab- 
solute temperature measurements. An IR-LITGS 

excitation scan of the hot water lines in the flame re- 
vealed that some ro-vibrational transitions of water 
do not exhibit an IR-LITGS signal, which is likely 
due to less efficient collisional energy transfer for 
these absorption lines. This implies that a selection 

of proper water absorption lines is needed for IR- 
LITGS measurements. 

In conclusion, this paper shows the potential 
for IR-LITGS technique for precise and accurate 
flame temperature measurements in atmospheric 
pressure flames. The IR-LITGS temperature mea- 
surement is expected to improve even more for mea- 
surements in high pressure environments, such as 
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gas turbines or reciprocal engines. For turbulent 
conditions, the applications are currently limited to 

characteristic length and time scales larger than the 
spatial resolution 16 × 0.5 × 0.5 mm 

3 and the 0.5 μs 
LITGS signal duration. IR-LITGS also has good 

potential for temperature measurements in sooty or 
particle-laden combustion environments, since par- 
ticle scattering has a small effect on mid-IR laser 
beams. 
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