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ABSTRACT
Temperature and composition spots in a turbulent flow are

detected and time-resolved using Laser Induced Thermal Grat-
ing Spectroscopy (LITGS). A 355 nm wavelength PIV laser is
operated at 0.5 -1 kHz to generate the thermal grating using
biacetyl as an absorber in trace amounts. In a open laminar
jet, a feasibility study shows that small (' 3%) fluctuations in
the mean flow properties are well captured with LITGS. How-
ever, corrections of the mean flow properties by the presence of
the trace biacetyl are necessary to properly capture the fluctua-
tions. The actual density and temperature variation in the flow
are determined using a calibration procedure validated using
a laminar jet flow. Finally, travelling entropy and composition
spots are directly measured at different locations along a quartz
tube, obtaining good agreement with expected values. This study
demonstrates that LITGS can be used as a technique to obtain
instantaneous, unsteady temperature and density variations in a
combustion chamber, requiring only limited optical access.

NOMENCLATURE
c Speed of sound [m/s]
cp Specific heat capacity at constant pressure [J/kg/K]
c̄p Specific heat capacity at constant pressure [J/mol/K]
f LITGS oscillation frequency [Hz]
ṁ Mass flow rate [slpm-kg/s]
p Pressure [P]

patm Atmospheric pressure [Pa]
ps Partial pressure of the saturated vapour [Pa]
Q Power [W]
R Gas constant [J/mol/K]
t Beam thickness [mm]
T Temperature [K]
X Molar concentration [-]
Xs Molar concentration in saturated conditions [-]
W Bulk molecular weight [g/mole]
δ Dilution ratio [-]
γ Ratio of specific heat [-]
λ Laser wavelength [m]
Λ Grating spacing [m]
ρ Density [kg/m3]
σ f Standard deviation of the LITGS frequency [Hz]
θ Crossing angle (pump beams) [rad]
θB Bragg angle [rad]
τ Oscillation period [s]
∆TTC Temperature increase measured with thermocouple
∆TLIT GS Temperature increase measured with LITGS
[ ]ab Property of the air + biacetyl gas mixture [-]
[ ]a Property the air-only flow [-]
[ ]i Property secondary gas (CO2, Ar, He) [-]
[ ]0 Property of the reference point [-]
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1 INTRODUCTION
Combustion noise has become a major research interest

within the aerospace community. Stricter emission regulations
forced the introduction of lean premixed prevaporised combus-
tors, which produce less NOx but burn more unsteadily, gener-
ating more noise and creating the potential for combustion in-
stabilities. Fluctuations in the heat release rate of a flame pro-
duce isentropic pressure waves (direct noise), as well as pockets
of different temperature, density and composition. Once pro-
duced, these entropy and composition spots are advected with
the mean flow until they reach the first stage of the gas tur-
bine, where they are accelerated, generating sound waves (in-
direct noise) [1–7]. These acoustic waves are partially reflected
upstream in the combustor, where they may couple with the com-
bustor acoustics, triggering a low frequency combustion instabil-
ity often called rumble [8–10]. The complementary fraction is
partially transmitted downstream in the gas turbine, contribut-
ing to the overall noise emission [11, 12]. Understanding the
contribution of indirect mechanisms to combustion noise and in-
stability is an active research area. Studies suggest that they
contribute significantly to the core noise [11], but this has not
yet been clearly demonstrated in a turbomachinery environment,
as there are challenges to source identification by either experi-
mental or numerical methods. Combustion chambers are often
described using low-order and simplified models [4, 7, 13–16],
but those might not capture complex geometric and flow char-
acteristics [12, 17], which are crucial in determining the ampli-
tude and phase of the entropy-generated sound waves. A major
problem consists of the lack of experimental data [11]. A first
complication lies in the difficulties in separating direct and in-
direct noise in the pressure traces acquired in combustors, for
which simplified laboratory scale experiments which isolate in-
direct noise have been designed to test existing analytical and
numerical models [18–25]. A second limitation is the lack of
information on the dissipation and shear dispersion of the inho-
mogeneities produced by flames, as few techniques are able to
time-resolve unsteady temperature and density variations in com-
bustors. Probes, such as thermocouples, have been used to moni-
tor entropy spots [22], but they suffer from limited time response
and may perturb the flow. Non-invasive, high frequency tech-
niques to measure temperature and composition variations in re-
acting flows include acoustic source-receiver measurements, in-
terferometry, laser absorption spectroscopy, Rayleigh scattering,
CARS (Coherent Anti-Stokes Raman Spectroscopy) and LIGS
(Laser Induced Grating Spectroscopy). Acoustic source-receiver
measurements allow tomographic reconstruction of the tempera-
ture field, but involve a complex set-up with many microphones
and electrodes connected to a combustor section [26]. Interfer-
ometric and laser absorption techniques can achieve good accu-
racy, but are also limited to line of sight measurements [27, 28].
Rayleigh scattering allows high frequency measurements [29],
but signals are weak and reflection by surfaces and particles

limit the accuracy. Finally, non linear optical techniques, such
as CARS and LIGS offer local measurements and good signal to
noise ratio. High frequency CARS, however, relies on expensive
set-ups, high power lasers and complicated data analysis [30].
LIGS requires a significantly simpler set-up and data analysis
than CARS, as has been demonstrated in reacting and non react-
ing flows to measure gas properties such as temperature, pres-
sure, velocity and species concentration [31–39].

Much of the previous literature has covered LIGS measure-
ments using low repetition rate, high power lasers. Recent exper-
iments have demonstrated LITGS (Laser Induced Thermal Grat-
ing Spectroscopy) at frequencies up to 10 kHz [40] at 532 nm
using NO2 as an absorber gas. In the work reported here, high
repetition rate LITGS is employed to time resolve the passage of
synthetic entropy and composition spots in the Cambridge En-
tropy Generator [23]. Measurements are performed at 0.5 and 1
kHz using a 355 nm pulsed laser, using seeded biacetyl to absorb
the laser light. To extract density and temperature information
from the LITGS signals, a calibration procedure is developed
and then validated using a laminar jet, demonstrating that small
steady and unsteady changes in the flow composition can be well
resolved with LITGS. Finally, LITGS is successfully applied in
the Cambridge Entropy Generator to detect the passage of com-
position and temperature spots, using a quartz tube to visualise
the flow. These results suggest that LITGS could be used as a
diagnostic technique to time resolve unsteady changes in tem-
perature and composition inside a combustor.

1.1 MEASUREMENTS OF TEMPERATURE AND COM-
POSITION WITH LITGS

Laser Induced Grating Spectroscopy is akin to a Four Wave
Mixing technique based on opto-acoustic and acousto-optic ef-
fects arising from the interference of two pulsed laser beams [32].
In a typical LIGS experiment, two parallel polarised, pulsed
pump laser beams from the same laser source are crossed at an
angle θ to generate an interference pattern within the crossing
volume, called a grating, of spacing Λ, determined by the cross-
ing angle and the laser wavelength λ :

Λ =
λ/2

sin(θ/2)
(1)

The interaction between the medium and the radiation in the
interference pattern generates, in general, both a resonant and
a non-resonant process, The non-resonant process arises from
an electrostrictive interaction and leads to Laser Induced Elec-
trostrictive Grating Scattering (LIEGS) whereas the resonant
process arises from resonant absorption of the radiation energy
leading to Laser Induced Thermal Grating Scattering (LITGS).
The electrostrictive interaction involves the polarizability of the
molecules such that they are driven towards the regions of lower
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electric field intensity. The resulting pressure perturbation drives
two oppositely propagating acoustic waves which form a stand-
ing acoustic wave with a spatially periodic density perturbation
oscillating with time at a frequency determined by the transit
time of the sound waves across the grating period [32, 34, 41].
The resonant process requires that the wavelength of the incident
pump light correspond to a spectral absorption in some molecular
species in the gas. Molecular excitation is higher in correspond-
ing regions of high field intensity in the interference (grating)
pattern. The absorbed energy is subsequently released by colli-
sional quenching processes, resulting in localised perturbations
to the temperature and density in the form of a thermal grat-
ing. The latter modulation is accompanied by associated pres-
sure and density waves, which interact periodically in and out of
phase with the temperature grating, which can be detected as a
locally varying field. The matter of which of the resonant or non-
resonant processes dominates depends upon the properties of the
incoming light and the species present in the interaction region.
In absorbing media the thermal grating process dominates, lead-
ing to LITGS signals which can be observed using relatively low
energy pulses (1 10 mJ) [38]. Electrostrictive gratings, on the
other hand, do not require an absorbing species, and so can be
induced by non-tunable lasers, but, since they are normally sev-
eral orders of magnitude weaker than the thermal gratings, they
require much higher energy pulses (10 100 mJ) [32, 38].

Although the LITGS technique offers significantly higher
signal to noise than LIEGS, its main limitation is the need for
sufficient concentrations of a resonant species at the available
wavelength. On the other hand, both techniques benefit from
the higher densities available in experiments at higher pressures.
At present there is not a sufficient database of experiments at
pressure to identify which species and at what concentrations are
required.

A probe beam incident at the appropriate Bragg angle θB to
the grating generates the scattered a beam, which encodes the
frequency modulating the grating density oscillation.

θB = sin−1 λ

2Λ
(2)

The propagating wave in the grating moves at the local speed
of sound c, so that the modulation of the scattered signal has been
shown to appear at a frequency determined as:

f = n
c
Λ

= 2n
c
λ

sin
θ

2
(3)

where n = 1 for thermal gratings and n = 2 for electrostrictive
gratings. The local temperature or composition can be obtained
from this frequency of oscillation of the LITGS signal, assuming
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FIGURE 1: OPTICAL LAYOUT OF THE EXPERIMENT. PL:
355 NM PULSED EDGEWAVE LASER; CWL: CONTINU-
OUS SOLID STATE LASER; PD: PHOTODIODE; PMT: PHO-
TOMULTIPLIER; HRM: HIGHLY REFLECTIVE MIRROR;
CLT: CONVERGING LENS FOR TELESCOPIC ARRANGE-
MENT; BS: BEAM SPLITTER; BD: BEAM DUMP; CL:
CROSSING LENS; DC: DELAY COMPENSATOR PLATE; S:
SIGNAL; T: TRIGGER

an ideal gas equation of state, as

c2 =
1
n2 f 2

Λ
2 =

1
n2

γRT
W

=
1
n2

γ p
ρ

(4)

where γ is the ratio of specific heats, R the universal gas con-
stant, W the bulk molecular weight of the mixture, and p, T
and ρ the local pressure, temperature and density. Equation 4
shows that the measured frequency is proportional to the local
speed of sound, and can therefore be related to perturbations in
temperature, pressure or density if the thermodynamic properties
of the bulk mixture are known. Conversely, if the mixture is at
a constant temperature, variations in thermodynamic properties
(and thus the gas concentration) can be determined. In this pa-
per, the LITGS technique is used to probe both aspects of flow
fluctuations. Equation 4 refers only to the information that can
be extrapolated from the frequency of the oscillations. However,
it has been demonstrated that information about the pressure and
composition can also be inferred from the contrast and the decay
rate of the LITGS signals [42], which might be useful to evalu-
ate the contribution of temperature or composition variations in
complex flows when these change simultaneously.

2 EXPERIMENTAL SET-UP
2.1 OPTICAL LAYOUT

The optical layout of the experiment is sketched in Fig. 1.
An Edgewave IS200-2-L laser generates pulsed laser beams with
a wavelength λ = 355 nm, delivering 0.5-4 mJ per pulse. The
frequency of the laser can be varied and in the present experi-
ments the frequencies are between 0.5 and 1 kHz. A 50/50 beam
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splitter divides the 355 nm beam into two identical beams. A
12 mm thick quartz plate compensates for the optical delay be-
tween the two pump beams. The probe volume is defined by the
region intersected by both pump beams as well as the the probe
beams in a forward folded boxcar arrangement [43]. The two
pump beams, separated by 12 mm, are crossed by a 300 mm fo-
cal length crossing lens, resulting in a crossing angle θ ' 2.3◦,
producing a grating of spacing 8.7 µm in the probe volume with
length and width of approximately 50 mm by 1 mm. The beams
in the probe volume are collimated by a telescopic arrangement
of lenses rather than allowing the crossing lens to also focus the
beams at the crossing point. This has two benefits. Firstly, the
diameter of the interaction region is kept large enough to en-
sure that the signal does not decay as a result of the transit of
the acoustic waves away from the probed volume, so the signal
oscillations are maintained within the time limited only by the
diffusion and viscous damping effects. Secondly, this arrange-
ment produces a collimated signal beam that can be propagated
to the detector efficiently without requiring a re-collimating lens
near the interaction region where it is prone to collect scattered
light that reduces the signal-to-noise ratio. [39]. The continuous
probe beam is produced by a CNI MLL-III-671 diode-pumped
solid state laser (λ = 671 nm, power = 300 mW, diameter ∼
1 mm) and sampled via a 99:1 splitter. The scattered signal is
detected using a Hammamatsu photomultiplier (H6780-20). A
photodiode (DET210) is used to provide a trigger signal for the
data acquisition using pump light scattered from the beam dump.
The signals are recorded using a 4-channel LeCroy 6104A os-
cilloscope (sampling rate 10 Gs/s, 1 GHZ bandwidth, 40 million
points maximum real time memory) in sequential mode, for 1
µs (10000 points) per signal. Oscilloscope memory limitations
mean that a maximum of 4000 shots can be sequentially recorded
and stored. Once the memory buffer is filled, a few seconds are
needed to store the buffer and start a new acquisition.

2.2 EXPERIMENTAL LAYOUT
The experiments are run in two different configurations (Fig.

2). An open laminar jet is used for calibrating the technique,
while an Entropy Generator Rig (similar to the one described in
[23]) with optical access is used to detect the passage of entropy
and composition spots in a weakly turbulent flow.

The laboratory air supply system provides filtered air, and
Alicat mass flow controllers regulate the flow: two 250 slpm ( ±
0.8% accuracy, ± 1% full scale) and one 20 slpm (± 0.8% ac-
curacy, ± 1% full scale). The mean flow is seeded with biacetyl
(2,3-Butanedione; 99 %; Acros Organics CAS: 431-03-8) using
two Dreschel bottle bubblers with sintered heads (a 0.25 l bottle
for flow rates lower than 20 slpm and a 0.5 l bottle for higher
flow rates). The bubblers are kept at ambient temperature, and
deliver nearly saturated mixtures of biacetyl, which are diluted
downstream. Density and mixture fraction variations are induced

in the air flow by adding carbon dioxide, argon or helium. The
gases are pulsated into the tube using a fast response solenoid
valve (Asco Numatics HSM2L7H50V) located in line with a 50
slpm Alicat mass flow controller (± 0.8% accuracy, ± 1% full
scale). The valve is activated using a relay driven by a signal
generator while powered by a separate power supply (Glassman
Lp 60-20).

TABLE 1: PROPERTIES OF AIR, CARBON DIOXIDE, AR-
GON, HELIUM AND BIACETYL

Air CO2 Ar He Biacetyl

W [g/mol] 28.97 44.01 39.948 4.002 86.09

c̄p [J/mol/K] 29.115 37.144 20.78 20.77 120.97

2.2.1 Laminar jet The laminar air jet (Fig. 2a), con-
sisting of a 21 mm diameter, 150 mm long stainless steel tube,
is used for calibration (30 mm diameter jet for temperature cal-
ibration). The LITGS beams cross about 2 mm above the tip of
the tube. The main gas line which passes through the bubbler
is connected to a secondary dilution line 1 meter downstream of
the bubbler. The jet tube has two ports: the air line (bubbler and
dilution) is connected at port A. The second port B is used for the
pulsated flow. An in-line heater (AHP-7562 Omega Engineering,
240 V, 750 W, 140 mm heated length) can be added to the flow
line for higher temperatures.

2.2.2 Entropy tube Entropy and composition spots are
generated via pulsed power to a heating grid [23] or pulsed in-
jection from a secondary flow [24]. The duct is adapted from
the Entropy Generator [23], to provide optical access to the flow
downstream of the entropy source. The system is positioned on
a 3-axes traverse, driven by three stepper motors controlled via a
Labview interface. The LITGS probe is aligned to the centreline
of the duct at different locations, marked 1 to 5 in (Fig. 2b).

Filtered compressed air from the laboratory air supply sys-
tem is fed to the 250 slpm Alicat mass flow controller, which
is connected to the 0.5 l bubbler via an 8 mm internal diameter
plastic tube. An 8 mm diameter, 1.5 meter long hose connects
the bubbler with the system through a flange. The duct is 1 meter
long, divided into two parts, clamped together via metal flanges.
The first part houses the pulsating valve and heating grid and
consists of a 500 mm long PVC tube of 42.6 mm inner diame-
ter. The secondary flow is injected 450 mm downstream of the
inlet, connecting the solenoid valve to the rig via a 200 mm long,
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FIGURE 2: LEFT: SCHEMATIC OF THE JET EXPERIMENT SET-UP. RIGHT: SCHEMATIC OF THE ENTROPY WAVE GENER-
ATOR WITH THE OPTICAL ACCESS WINDOW

5 mm inner diameter plastic hose. The heating grid is held in
place using a metal cavity upstream of the optically accessible
section. The latter consists of a 42 mm inner diameter, 500 mm
long UV grade fused silica tube (wall thickness of 2 mm). Two
metal flanges hold the quartz tube in place, and two 500 mm long
rods reinforce the structure. The downstream end of the rig is left
open to the atmosphere.

3 RESULTS: MIXTURE FRACTION AND TEMPERA-
TURE MEASUREMENTS
In this section, we investigate how accurately LITGS fre-

quency measurements can be converted into temperature or mix-
ture fraction fluctuations. For the calibration experiments, a flow
of 5 slpm of air with saturated biacetyl forms a laminar jet (Fig.
2a), whilst the LITGS probe volume is located at the centerline of
the vertical jet at about 2 mm from the tube rim. A total of 1000
shots of 10000 points at 10 Gs/s are acquired. The raw voltage
signal is padded with zeros up to 219 samples (approximately 52
times longer) prior to taking its Fast Fourier Transform. The fre-
quency of the oscillation corresponds to the highest peak in the
power spectrum. In what follows, the standard deviation in the
frequency is denoted as σ f , and is shown as the error bars in the
experimental plots.

3.1 TRADE OFF BETWEEN INTRUSIVENESS AND
PRECISION

LITGS is based on the generation of a local density change
by absorption of energy, and is therefore slightly intrusive, un-
less the product of pump beam energy and the concentration of
the absorber are kept low [44, 45]. On the other hand, the signal
itself, proportional to the square of the density perturbation [37],

needs to be sufficiently high so as to provide suitable signal to
noise for an assessment of the frequency. This might require the
addition of a non negligible quantity of an resonant species to
the mean flow and the use of sufficiently high pump laser energy,
which can potentially perturb the flow characteristics. To avoid
thermalisation effects in the probe volume, the laser fluence must
be kept low. A compromise must be achieved between increas-
ing the diameters of the beams at the crossing point to obtain low
thermalisation, and the need for spatial resolution in the longitu-
dinal direction. To avoid the change in the mean flow properties
due to the absorber, low concentration of a seeding species with
properties similar to the mean flow should be used.

In this section we show how seeding the mean flow with an
absorber in trace amounts affects the mean flow properties and
therefore the extracted LITGS signal frequency. Figure 3 shows
how variations in the dilution ratio of the biacetyl stream cause
a decrease of the amplitude (a) and shift in the frequency (b) of
LITGS signals. A constant mass flow rate of 5 slpm (approxi-
mately 0.1 g/s) flows through the bubbler. This main stream is
diluted by adding extra air with the dilution line downstream of
the bubbler, for dilution ratios δ between the total mass flow rate
and the bubbler flow rate as δ = ṁtot/ṁbub between 1 (undiluted)
and 6. Figure 3a shows that the signals decrease ins strength from
the undiluted to the most diluted mixture, as expected from the
proportionality with the density change by absorption. The ex-
perimental plot (solid line) of the frequency f obtained for the
signal at each dilution ratio, normalised by the undiluted con-
ditions f0 is shown in Fig. 3b. The measured peak frequency
increases with increasing dilution, and so do the corresponding
standard deviations. The change in frequency (gradient of the
plot) decreases with increasing dilution, until the values reach an
approximately asymptotic value.

5 Copyright c© 2018 by ASME



0 1 2 3 4

time [s] ×10−7

0

0.1

0.2

0.3

V
o
lt
a
g
e
[V

]

1
2
3
4
5
6
pulse

δ

(a)

1 2 3 4 5 6

δ( ṁtot
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FIGURE 3: (A) ENSEMBLE AVERAGED LITGS TIME
TRACES OBTAINED BY INCREASING THE DILUTION
RATIO δ = ṁtot/ṁb; (B) FREQUENCY PEAKS FOR EACH
DILUTION RATIO, NORMALISED BY THE FREQUENCY
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A GIVEN MOLAR CONCENTRATION OF SATURATED
UNDILUTED BIACETYL Xv. BLACK LINE: NORMALISED
LITGS FREQUENCY FOR Xb = 0 (NO BIACETYL IN THE
MEAN FLOW).

Clearly one wishes to have high signals and low standard
deviations, but with a single value for the frequency, representing
the expected behaviour with zero added biacetyl to the mixture
and no temperature increase in the probe volume due to the laser.
An optimum dilution ratio must be used for which the signal is
sufficiently strong, the standard deviation sufficiently low, the

energy of the pump laser does not increase the probe volume
temperature and any corrections due to the changes in properties
produced by the tracer biacetyl must be taken into account. The
following development explains the underlying theory to resolve
the issues.

The expected ratio between measured frequencies for two
different dilution ratios δ can be calculated by expressing the
quantities in Eq. 4 as a function of the biacetyl concentration Xb,
and the expected local temperature rise by absorption, ∆T .

f 2 =
1

Λ2
γRT

W
=

1
Λ2

(
1− R

c̄p,a(1−Xb)+c̄p,bXb

)−1
R

Wa(1−Xb)+WbXb
(Ta +∆T )

(5)
Assuming negligible thermalisation effects (∆T ' 0), the ex-

pected frequency fa for the pure jet of air is obtained if either
Xb → 0 (which leads to a poor quality of the signal) or for ab-
sorbers with an identical specific heat and molecular mass as the
mean flow values (which is not the case of biacetyl, as shown in
Table 1).

Accurate measurements of the molar fractions of biacetyl Xb
in the flow after the bubbler are challenging in the absence of ab-
solute standards. However, from the knowledge of the vapour
pressure of biacetyl at a given bubbler temperature ps(T ), the
ideal maximum concentration of biacetyl in saturated conditions
can be estimated as Xb,s = ps/p0, where p0 is the total pressure
in the bubbler. From [46] the vapour pressure of biacetyl at room
temperature is ps = 0.058 bar, thus Xb,s,max = 0.058. A calibra-
tion procedure is introduced to estimate the actual molar concen-
tration of biacetyl in the mean flow, and the necessary correction
to the frequency.

For the laser fluences characteristic of the current experi-
ment, it can be demonstrated (not shown here) that the temper-
ature increase of the probe volume due to the thermalisation in-
duced by the laser is negligible (∆T → 0 in Eq. 5), so the ratio
of frequencies between two biacetyl mole fractions can be ex-
pressed as:

(
fδ2

fδ1

)2

=

(
1− R

c̄p,a(1−Xδ2)+c̄p,bXδ2

)−1

(
1− R

c̄p,a(1−Xδ1)+c̄p,bXδ1

)−1
Wa(1−Xδ1)+WbXδ1

Wa(1−Xδ2)+WbXδ2

(6)
where the total molar fraction of biacetyl Xδ for each dilution
ratio δ is:

Xδ =
Xb

(1−Xb)δ +Xb
(7)

The dashed lines in figure 3b show the frequency ratio f2/ f1 cal-
culated from Eq. 6 by varying Xb. The value Xb = 0.028 solves

6 Copyright c© 2018 by ASME



Eq. 6. The black line shows the limit case where no biacetyl is
added to the flow (Xb =0), so an increase in the total mass flow
rate does not change the bulk flow properties.

Figure 3b shows that even for low biacetyl concentrations
(Xb = 0.01), the frequency change for saturated conditions rela-
tive to no dilution (∆ fmax/ f0 = 2%) is not negligible. However,
in order to obtain high signal to noise ratios and low standard de-
viations, a relatively high concentration of biacetyl is required.
Thus, the change in the mean flow properties due to the addition
of biacetyl must be accounted for. Such a high variation of the
mean flow properties due to biacetyl addition is caused by the
substantial difference in the specific heat and molecular weight
between air and biacetyl, as shown in Table 1. In this experi-
ment, the use of biacetyl as the absorbing molecule is forced by
the wavelength of the pump laser: to the authors’ knowledge, bi-
acetyl is the only semi-harmless volatile substance which absorbs
the 355 nm wavelength to generate the thermal grating. The
maximum energy delivered from the pulses of the laser (4 mJ)
is not sufficient to obtain detectable electrostrictive signals. In
this study we aim to demonstrate the principle that laser induced
thermal gratings can be obtained with high frequency lasers, ob-
taining low standard deviations in the generated signals. In a real
combustor, LITGS can potentially be a suitable technique to de-
tect unsteady temperature and composition changes in the flow
by using a pump laser wavelength tuned to an absorption line of
a species in the mixture. Candidates in the reactant side exist for
quadrupled Nd:YAG frequencies 266 nm (e.g. toluene, which
is also present in the fuel), or even oxygen in the deeper UV
excimer range (172 nm). In the absence of absorbing species,
high power lasers can be used to generate electrostrictive grat-
ings, from which temperature and composition can be detected
as well. As the strength of the signal increases with the fourth
power of the pressure for LITGS and with the square power of
the pressure with LIEGS, these techniques are suitable candi-
dates to be used in pressurised gas turbines.

3.2 RELATIVE SPEED OF SOUND IN DIFFERENT
GASES

In this section, we deploy LITGS to measure the changes
in the speed of sound in different gases, using pure jets of air,
carbon dioxide, argon and helium seeded with biacetyl. Mass
flow rates of 5 slpm of air, CO2, Ar and 10 slpm of He flow
through the 250 ml bubbler with no further dilution.

Figure 4 shows the ensemble averaged LITGS signals in the
four gases, in the time (Fig. 4a) and in the frequency domain
(Fig. 4b). The speed of sound in CO2 and Ar is lower than in
air, so the corresponding oscillation frequencies are lower. For
helium, however, the speed of sound is much higher, and, as the
quenching efficiency is low, the amplitude of the LITGS signal in
helium is weak compared to the other gases, and only two peaks
could be observed in time (Inset in Fig. 4a). Therefore, in this
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FIGURE 4: (A) ENSEMBLE-AVERAGED LITGS SIGNALS
ACQUIRED IN A JET OF BIACETYL-SATURATED AIR,
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ON HELIUM SIGNAL. (B) CORRESPONDING FOURIER
TRANSFORM OF THE SIGNALS. INSET: RATIO BETWEEN
THE PEAK FREQUENCIES OBTAINED WITH DIFFERENT
GASES, NORMALIZED BY THAT WITH AIR

specific case of pure helium, the corresponding frequency can
not be extracted from the frequency spectrum, as it is mainly flat
(Fig. 4b), and it is instead estimated from the interval between
peaks as f = 1

τ
from the averaged signal. In the inset of figure

4b, the theoretical oscillation frequency of the gases normalised
by that of air frequency f0 are compared with the experimental
values (a molar concentration of biacetyl Xb = 0.03 is included in
the calculation). Good agreement is found between predictions
and experimental data. The higher error obtained with helium is
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probably due to the large difference in molecular mass between
biacetyl and helium, for which the diffusivity of biacetyl in he-
lium is lower and therefore the concentration of biacetyl in the
jet of pure helium is lower than in the other gases

3.3 STEADY COMPOSITION VARIATIONS
LITGS can also be used detect relatively small changes in

the composition of a flow under steady conditions (Fig. 5). A
secondary flow of CO2 and Ar is steadily added (port B, no
solenoid valve) to the base laminar jet flow (Fig. 2a with undi-
luted vaporised air and biacetyl flow, port A). The flow at the
measurement point is assumed to be homogeneous, given the
long mixing length relatively to diameter. The addition of the
secondary flow changes both the specific heat capacity and the
molecular mass of the flow passing through the probe volume.
The molar concentration of the secondary gas Xi is calculated
using:

(
f
f0

)2

=

(
1− R

c̄p,iXi+c̄p,0(1−Xi)

)−1

(
1− R

c̄p,0

)−1
W

WiXi +W (1−Xi)
(8)

where the base flow of air and biacetyl (0) is used as a reference.
The density variation in the mean flow due to the addition of the
secondary flow is computed as

∆ρ

ρ
=

∆W
W

=
WiXi +W (1−Xi)

W
−1 (9)

These results show that changes in the mean flow properties can
be detected if the determination of the LITGS frequency is suffi-
ciently precise.
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FIGURE 6: MEASURED TEMPERATURE RISE FROM AM-
BIENT USING LITGS, PLOTTED AGAINST THE THERMO-
COUPLE MEASUREMENTS. DASHED LINE: THERMO-
COUPLE MEASUREMENTS IN THE PURE AIR JET, MA-
GENTA DOTS: LITGS MEASUREMENT IN THE AIR AND
BIACETYL JET, BLUE DOTS: EQUIVALENT TEMPERA-
TURE INCREASE IN THE PURE AIR JET FROM THE LITGS
MEASUREMENTS

3.4 TEMPERATURE MEASUREMENTS
In what follows we derive a calibration procedure to cor-

rectly evaluate the temperature increase from the LITGS data. A
base flow of 40 slpm of air passes through the bubbler (no dilu-
tion), is warmed up by the in-line resistance heater by varying
the applied voltage, and forms a jet in the 30 mm tube. A ther-
mocouple is used to monitor the temperature increase, using a
flow of 40 slpm of pure air (no biacetyl) while the resistance
warms up until the temperature stabilises, to reduce the biacetyl
consumption. The data recorded with the thermocouple (dashed
line in Fig. 6) refers to air-only case. Once the recorded temper-
ature is stable, the same mass flow rate of air is passed through
the bubbler and the heater and LITGS traces are recorded over
the tracer-laden laminar jet, at the same location where the ther-
mocouple was located. Once the LITGS signal is recorded, the
air flow is switched from the bubbler and the voltage on the re-
sistance is increased, repeating the same procedure for the next
temperature acquisition. The temperature increase ∆Tab in the air
and biacetyl flow (magenta circular markers in Fig. 6) is obtained
from the LITGS oscillation frequency as:

∆Tab =

[(
fab

f0

)2

−1

]
T0 (10)
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where T0 = 294 K is the ambient temperature and f0 is the corre-
sponding frequency. Part of the discrepancy between the LITGS
and the thermocouple measurements can be explained in the dif-
ferent molecular mass and specific heat of the flows with and
without biacetyl. The heater delivers a constant power Q to the
flow, so the relation between the temperature increase in the flow
with (∆Tab) and without (∆Ta) biacetyl is

∆Ta

∆Tab
=

Q
cp,aṁa

Q
cp,abṁab

=

(
1+

Xb

1−Xb

c̄p,b

c̄p,a

)
(11)

The measured temperature rise in the mixture with air only
would be higher than that measured with air plus biacetyl for a
given heating power. Once this factor is accounted for, the two
measurements agree within 2% (blue symbols in Fig. 6). For
high temperature variations, the temperature dependency of cp
should be also taken into account in Eq. 11.

4 TIME RESOLVED COMPOSITION VARIATION MEA-
SUREMENTS IN A LAMINAR JET
Since we demonstrated that LITGS can resolve the differ-

ence between different speeds of sound, it is possible to use it as
a marker of the mixture fraction in a binary mixture, if the molec-
ular weights of the mixing streams are significantly different. In
this section we show that LITGS can time resolve perturbations
in the density and composition of an air jet gas generated by un-
steady pulses of argon, carbon dioxide and helium. A steady
mass flow rate of 24 slpm of air is used as base flow in the lam-
inar jet (2b): half of the flow passes through the bubbler and
the other half through the dilution line, for a mean flow velocity
u = 1.15 m/s and a Re = 1558. Periodic spots of the alternative
gas are injected at the bottom of the jet (port B), using the fast

response valve. The frequency of the pulses is set to 3 Hz, with
a duty cycle of 20%. The pressure in the gas tank is regulated
to about 3 bar. The LITGS signal is acquired at 1 kHz. Fig-
ure 7a shows the time-resolved (non averaged) LITGS frequency
traces acquired within 1 s, corresponding to three cycles of the
valve, normalised by the base flow frequency f0. The shape and
amplitude of the gas pulses can be clearly identified in the fre-
quency traces, including the time characteristics of the rise and
decay time. While the pulses of carbon dioxide and argon are
well defined, the helium pulses are more spread out at the end of
the pulse, when the highest quantity of helium is injected in to
the flow, causing a shorter signal with a smaller number of oscil-
lations, as shown in Fig. 4. Thus, the helium data are interpo-
lated with an interpolation envelope determined using the RMS
of 30 consecutive points. The molar fraction Xi of the injected
gas corresponding to each LITGS frequency is determined using
Eq. 8, and plotted in 7b. The volumetric flow rates injected by
the valves for the three gases are similar for the different gases,
as expected. From the molar fraction Xi , the density variation
at each point is obtained from Eq. 9. As the density of helium
differs substantially from the air, the variation of density after the
helium pulses is much higher than for CO2 and Ar.

5 TIME RESOLVED MEASUREMENTS IN AN EN-
TROPY GENERATION DUCT
The aim of the calibration and validation measurements re-

ported in the previous sections is to enable accurate unsteady
measurements of concentration and entropy spots through a duct,
so as to map out their convection and dispersion. Here these are
demonstrated along the optically accessible cylindrical section
described in Fig. 2b. The small diameter of the cylinder poses a
particular problem when aligning the beams into the quartz tube,
as small out of plane misalignments of the rig can easily deflect
the three beams towards different directions whereas they need
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to cross at exactly the same point, particularly as the probe beam
enters the probe volume at an angle with respect to the horizontal
plane. The duct height is adjusted using the traverse until the cen-
terline of the cylinder is coplanar with the the two pump beams.
A few iterations were required to maintain the crossing point be-
tween the two pump and one probe beams along the same plane
across the cylinder centreline. The larger the radius of curvature,
the less severe is this problem.

The mass flow rate of air in the experiment is set to 80 slpm
(1.57 g/s), which corresponds to an upstream velocity of about 1
m/s and a Reynolds number Re = 2800, so the flow is in a nearly
turbulent regime. Nearly saturated air flows are used, with low
or no dilution, and this is the main factor limiting the flow rates.
The maximum velocities are limited by the consumption rate of
biacetyl and the volume of the bubbler: relatively high mass flow
rates lead to lower biacetyl molar fractions, yet flow rates cannot
be increased without causing spillages of biacetyl. An alterna-
tive vaporisation method or a laser wavelength tuned to a more
strongly-absorbing region of the molecular spectrum would al-
low higher flow rates to be achieved.

Under these conditions, using 0.5 mJ of energy in the pump
beams, a typical base flow signal has an average amplitude of
200 mV, versus the 350 mV in the open jet. The standard devi-
ation over 1000 points in the LITGS signal of the base flow is
σ f = 3.5×105, so σ f / f0 = 1%. This corresponds to a standard
deviation of σT = 5 K. For a higher pump beam energy of 4 mJ,
the amplitude of the signal becomes 400 mV, and the standard
deviation decreases to σ f ' 105, so σ f / f0 < 0.3%. This corre-
sponds to a standard deviation of σT ' 1 K.

The laser pulse frequency in the present tests is limited 500
Hz, so as to allow the acquisition of longer periods of time in
the data set due to the limited space in the memory buffer. No
difference is found regarding either the laser pulses shapes and
amplitudes, or in the signal characteristics (mean frequency and
standard deviation) between the higher and lower pulse frequen-
cies used.

5.1 DETECTION OF COMPOSITION SPOTS
Composition spots are detected using LITGS in the quartz

tube at the five centreline positions indicated in Fig. 2. The dif-
ferent gases (CO2, Ar, He) are injected at a frequency of 1 Hz
and a duty cycle of 20 %. At each point, the passage of about
30 spots is recorded, then the rig is moved from one place to the
other using the traverse.

Figure 8 (First row) shows the instantaneous time resolved
traces at five of the locations for CO2, Ar and He pulses. The
passage of spot the can be clearly identified in these signals. In
order to decrease the standard deviation and obtain more accu-
rate measurements, the energy of the laser pulses is set to 4 mJ. It
was experimentally verified that negligible temperature perturba-
tion from absorbed energy was observed with this level of energy

in the pumps, but the standard deviation decreases substantially,
leading to more accurate measurements. . The consumption of
biacetyl level in the bubbler generates a small shift of the base
flow frequencies. As the level of biacetyl in the bubbler drops,
the vaporisation becomes less efficient, the concentration of bi-
acetyl decreases and the corresponding mean flow frequency in-
creases (Fig. 3). The change in concentration has to be taken into
account to properly evaluate the mean flow properties at each lo-
cation. The mean flow has a dilution δ = 1.3, and the molar
concentration of biacetyl in the point with the lowest mean flow
frequency (which corresponds to the highest biacetyl concentra-
tion) is find to be Xb = 0.013, with the procedure described in
section 3.1. The biacetyl concentration for the other flow rates is
then evaluated from the mean flow frequency using Eq.8 and 9 .

Once the mean flow properties for each location are deter-
mined, the mole fraction and density variation of the pulsed gas is
determined using Eq. 5. An error in the evaluation of the biacetyl
concentration in the mean flow of ∆Xb = 0.01 (e.g. if Xb =0.04
instead) would lead to an error in the density of the injected flow
∆ρi/ρi < 1%, thus the quantitative results are reliable. The 30
composition spot pulses are phase averaged to obtain clearer in-
formation on the shape and amplitude of the spots, reducing the
scatter of the measurements (third and fourth raws). However,
the features of the injected pulses can be observed directly from
the instantaneous measurements. For example, the signals ac-
quired in position x1 display a small hump in the first few mil-
liseconds, which corresponds to the first bounce of the compo-
sition spot off the opposite wall after being injected, a feature
which disappears in the following positions. Some effects of dis-
persion can be observed in the pulses, despite the short distance
within the five measurements locations. The spots at x1 have a
sharper shape, while at x5 they are more spread out. For the he-
lium, as expected, the signals are more noisy, relatively to CO2
and Ar. However, it can be observed that diffusive effects have
a higher impact on helium than on CO2 and Ar, as helium is a
smaller and lighter molecule, with a higher diffusion coefficient.

These preliminary experiments demonstrate that LITGS can
be used to detect the unsteady composition variations of a gas
mixture in a turbulent flow. As not many techniques are avail-
able, this may help the validation of diffusion-dispersion mod-
els. In a combustor or a gas turbine, time resolved measurements
of unsteady temperature and composition changes may allow to
quantify the strength and amplitude of the entropy and compo-
sition spots surviving through the chamber and entering into the
nozzle, and help to quantify the indirect noise generated from
their acceleration. The main barrier to achieving this at the mo-
ment is finding a good match between available species and laser
wavelength.
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5.2 DETECTION OF TEMPERATURE SPOTS

This section describes the results of LITGS measurements
applied to detect imposed temperature variations on the flow
via a heating grid, and advected and dispersed along the flow,
where they are acquired with LITGS at locations x1, x3 and x5
in Fig. 2b. The experimental conditions for this experiment are
chosen to be comparable to the experimental case C1 reported
in [23], in order to compare the LITGS results with the tempera-
ture data previously acquired with thermocouples and anemome-
ters. Pulses of time length τ =200 ms and input power 35 V
× 21 A on the power supply are delivered into the heating grid.
The mass flow rate and duct dimensions are chosen to be simi-
lar: here, a mass flow rate of 80 slpm (with dilution δ=1) runs
into the 42 mm-inner-diameter rig; in [23], a mass flow rate of
78 slpm flowed into the 42.6 mm-inner-diameter rig. The tem-

perature measurements are acquired at similar locations. In [23],
the temperature of the entropy spot at the grid and 40 mm down-
stream are reported to be ∆T = 26.6 and 21.1 K, respectively.

Figure 9a shows the time resolved frequency traces obtained
with LITGS. To reduce the scatter, the signal is averaged over
30 phase-locked traces (Fig. 9b). After taking the base flow
frequency shift into account, the temperature increase ∆T is de-
termined using the calibration procedure described in Sec. 3.4
(Fig. 9b) The averaged temperature traces obtained in this way
are compared with the measurements in [23]. The comparisons
between the thermocouple and LITGS measurements are very
favourable, even though the measurements are acquired in dif-
ferent facilities with different flow rates at slightly different po-
sitions. In [23] the thermocouple measurements are corrected
using a faster hotwire, and some inaccuracy is also expected, of
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the order of 1-2 K. Overall, the rise and fall of the temperature
measurements is very well captured, and the differences should
be attributed to differences in the experimental setup, including
the fact that the heating grid losses may be slightly different in
the two setups, as the pipe materials varied. More importantly,
it should be noted that there are few techniques capable of de-
tecting temperature variations of such small magnitude at high
frequencies. In the present work the upper limit of the measure-
ment frequency has not been explored owing to the limitation of
the repetition rate of the laser available. However, it would ap-
pear that these measurements are possible at rates exceeding 1
kHz if a suitable laser is available [40].

6 CONCLUSION
For the first time LITGS has been applied to make time-

resolved measurements of temperature and composition varia-
tions (< 3%) in a non-reacting flow. A low pulse energy, kHz
repetition rate laser is used to generate the grating, obtaining
high quality and precise measurements, with standard deviations
of the order of 1%. As LITGS is a relatively simple technique
which requires limited optical access to the measurement vol-
ume and offers simple data analysis, it is a good candidate to
detect unsteady temperature and composition variations in com-
bustion chambers. However, this study highlights some of the
limitations of the technique. The main complication lies in the
requirement of an absorbing species in the flow at the specific
wavelength of the laser, which may be achieved by seeding the
flow, thus altering the mean flow properties. The second disad-
vantage is the trade off between perturbing the temperature by
use of tightly focussed beams and degrading the spatial resolu-
tion. Larger beam diameters are desirable to obtain a longer res-
idence time of the acoustic perturbation within the measurement
volume and to minimize temperature perturbations caused by lo-
cal heating effects arising from absorption in high laser fluence.
However, a trade-off is demanded, since it is important also to
minimize the longitudinal extent of the measurement volume to
avoid probing regions of different temperature and to achieve the
highest possible spatial resolution.

In this experiment, biacetyl is used as a tracer in the flow
to absorb the 355 nm laser light and generate the thermal grat-
ing. It is demonstrated that the addition of biacetyl generates
non-negligible property changes to the local mixture. A cali-
bration procedure is developed to evaluate the concentration of
biacetyl, and thus recover the temperature and composition from
the oscillation frequency. A further validation experiment in un-
steady conditions demonstrates that LITGS could time resolve
unsteady perturbations. Finally, LITGS is successfully applied
to detect the passage of entropy and composition spots in an en-
closed quartz duct. This suggests LITGS as a suitable technique
to analyse the generation, dissipation and dispersion of entropy
spots. These measurements should allow the quantification of

the strength and amplitude of the entropy and composition spots
surviving through the chamber and entering into the nozzle, and
help to quantify the indirect noise generated from their accelera-
tion.
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