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Abstract

Modern gas turbines tend to employ some form of premixing to operate with lean mixtures,
thus reducing NOy emission. Besides this design requirement of combustors, today the use of
“hydrogen blends” is becoming usual, especially in IGCC (Integrated Gasification Combined
Cycle) power plants. Both the presence of hydrogen and the use of lean mixtures enhance
flame dynamics in terms of combustion instabilities, flashback and lean blow out. A
diagnostic system for monitoring unsteadyness of the flow and for “early detection” of these
phenomena would be desirable to provide significant payoffs. This article suggests a practical
and cheap strategy named ODC (Optical Diagnostics of Combustion) to perform real time
diagnostics, monitoring and, eventually, control in gas turbine combustors to operate them
with leaner mixtures safely. Theoretical aspects at the base of the technique are briefly
reminded. Example applications of thermo-acoustic instability detection and of effective
tracing of the flame dynamics approaching blow out conditions are provided.

Introduction

It is well known that combustion in gas turbines may exhibit pressure oscillations due to poor
flame stability. Flame anchoring and thermo-acoustic instabilities are, in fact, a major concern
for modern and future combustors, as they tend to employ some form of premixing to reduce
NOy. Efforts are currently focused on fuel lean premixed combustors or partially premixed
combustors with rapid mixing after fuel injection, with the tendency to operate close to the
Lean Blow Out limit (LBO). However, these combustion strategies are less stable than
conventional ones because lean mixtures imply weaker combustion processes and can
therefore be easily perturbed, thus increasing the risk of flame blow out. This scenario goes
against an acceptable operation of gas turbines.

Furthermore, today the use of CCS (Carbon Capture and Sequestration) derived fuels is
becoming more usual, especially in IGCC (Integrated Gasification Combined Cycle) power
plants. The big difference between these fuels (syngases or “hydrogen blends” in general) and
natural gas is that they contain hydrogen. Hydrogen has particular molecular properties
strongly affecting the features of fuels [1]. First, it tends to enhance flame stability in terms of
increased flame speed, decreased ignition delay time, and enlarged flammability limits. This
brings designers to use even more leaner mixtures to reduce NOyx. Second, “hydrogen blends”,
like syngases, have lower LHV (Lower Heating Value) with respect to natural gas. This
brings designers to increase the fuel mass flow rate, and hence its injection velocity, to obtain
a certain power. Besides these two issues, it has to be noticed that depending on the
gasification process and which solid is gasified, substantial differences in the resulting syngas
composition occur. Feeding lines contain fuels coming from different sites and inevitably gas
turbines will have different thermal loads due to changes in fuel composition. All these design
requirements and changes in composition enhance flame dynamics with respect to natural gas
(thermo-acoustic instabilities, flashback, LBO, localized extinctions and reignitions) [2]
whilst acceptable operation of gas turbines requires a “weak” dynamics.



Finally, combustion dynamics is expected to be “enhanced” in modern gas turbines
operating with lean mixtures or with “hydrogen blends”. This implies that undesidered and
dangerous phenomena, such as combustion instabilities, flashback and lean blow out (LBO),
are likely to occur not only in steady conditions, but also and more dangerously when rapid
power changes are required. A fundamental question is to understand when and how pressure
oscillations could make the flow dangerously unstable for engine operation. A diagnostic
system for monitoring unsteadyness of the flow and for “early detection” of these phenomena
would be desirable to provide significant payoffs. Instability precursor sensors would be also
the main part of an active control system to operate present combustors with leaner mixtures
safely.

Flame Radiant Energy and its Information

Total radiation emitted by flames consists of two type of sources. The first is
chemiluminescence, while the other is thermal emission associated to the Planck function
[3.4].

The intensity of light emission is proportional to the production rate of some molecules;
this implies that chemiluminescence can be used to measure reaction rates [5] and heat release
rate [6-8]. Chemiluminescence intensity ratio OH*/CH* has also been used to measure
equivalence ratio in partially premixed flames [7] and it has been observed that
chemiluminescence intensities C,*/CH* may provide indication of strain rate in perfectly
premixed flames with known equivalence ratio [7]. Furthermore, OH* has also been
measured by means of PITLIF (Plcosecond Time-resolved Laser-Induced Fluorescence) and
used as tracer of turbulent scales [9]; the capability of this tracing has been confirmed by LES
simulations. On the other hand, the thermal contribution to the total radiation has been used to
estimate temperature, soot volume fraction, and gas species concentrations [10,11].

Flame radiation has also been exploited as a tool to investigate flame extinction. In fact,
both premixed and nonpremixed flames close to lean blow-off (LBO) are characterized by
large scale pulsations [12,13] and lack of OH* radical for a significant amount of time
[14,15]. The transition from stable combustion to LBO happens through a transient regime in
which the flame experiences localized extinctions and reignitions; large scale pulsations
produce noise, changes in radiative emissions [16-18], and cyclic thermal loads, that can be
dangerous for the combustor walls and for the turbine blades located downstream of the
combustor. These phenomena can be assumed as precursors for LBO; the number of
precursor events in a given time window, and the duration of the event (usually defined as
time spent outside of a threshold), increase as the LBO equivalence ratio limit is approached
[15]. Furthermore, frequency analysis shows that energy content increases dramatically near
the LBO limit, both in radiative [15-17] and acoustic [16,17,19] forms.

First analysis of flame radiation carried out in ENEA’s combustion laboratory [20] using
a photo-diode and considering data coming from different burners, fed with different fuels,
revealed that ensemble average of time spectra gives evidence of a wide range of frequencies
characterized by a clear scaling. And what is more curious is that this scaling, whose
exponent is —5/3, is the same of turbulent kinetic energy in the inertial range of a
homogeneous and isotropic non-reacting flow. In [20] a plausible explanation of such scaling
law was attempted. Furthermore, considering a bluff-body stabilized CH4/Air turbulent
premixed flame, the comparison between the radiative emission spectrum and a velocity
spectrum obtained by means of Laser Doppler Anemometry (LDA) at the center of the region
seen by the photo-diode [21], revealed that both the spectra exhibit a clear range of />
scaling and that the same main frequency, i.e., turbulent macro-scale, (10 Hz) is measured by
both techniques. Finally, information about the dynamics of the large turbulent scales of the
flow, its inertial scales and its small scales are gained. Small scales, being mainly related to



combustion (heat release) and (high frequency) acoustics, may reveal critical in combustion
instability detection.

It follows that flame radiative emission contains information related to both chemistry
and turbulence, and it could be successfully used for monitoring flame stability and to detect
flame blow out. Finally, the aim of this work consists in finding and propose a practical key
of reading these information to guarantee more regular and continuous combustor operation.

Proposed Strategy and Sensor Set-Up
The main and direct output that an observer in front of a combustion process can capture are
radiant energy, thermal energy and noise. The strategy proposed in this article to characterize
the unsteadyness of a turbulent flame and to detect its stable or unstable state is based on an
optical system called ODC (Optical Diagnostics of Combustion) that uses a photo-diode as
sensor [22,23]. To monitor combustion dynamics it is suggested that radiant energy is not
sampled point-like, but in a wide region of reacting zone, in order to capture eventual growing
of instability precursors in different parts of the flame. By means of optical devices like
photo-diodes, signal can be sampled at very high frequency (up to 10 MHz in the present
version of the ODC system), thus providing excellent statistics and information about
chemical and high frequency acoustic scales. Moreover, it is easy to implement efficient and
fast diagnostic algorithm suitable for real-time control.

The issues of combustion dynamics analysis and instability detection were tested in
several facilities (all located in Italy) at both laboratory and industrial scale:

e 250 kW Liquid Oil/Air Rapid Premixed burner in Savona Combustion Laboratory.
300 kW H2/02 MICOS burner in ENEA Casaccia Research Center in Rome.

500 kW CH4/Air Centro Caldaie ANSALDO burner in Gioia del Colle (Bari).
3000 kW CH4/Air Centro Caldaie ANSALDO burner in Gioia del Colle (Bari).

5000 kW CH4/Air coal/water slurry ITEA flameless oxy-combustion burner in
Gioia del Colle (Bari).

The first four burners can experience thermo-acoustic instabilities. An example of the
analysis of the process dynamics towards instability and of the detection strategy of suitable
instability precursors will be provided for the first combustor. In particular, it will be shown
that the non-zero auto-correlation function of radiant energy signal identifies the onset of
thermo-acoustic instabilities. Similar results were found for the other burners experiencing
thermo-acoustic instabilities [24].

The main characteristics of the ODC system used in practical/industrial applications are
sketched in Fig. 1. The present configuration of the system implements a photo-diode with a
frequency bandwidth up to I0MHz (455HS version in the “Gain vs Frequency” plot) and with
a spectral response in the range [300—1100] nm, i.e., from the UV range up to the near
infrared (standard version in the “Spectral Response” plot).

The photo-diode and the diagnostic system is remoted far from the combustor by means
of a monomodal quartz optical fiber. Quartz fibers have high flexibility; the monomodal
feature permits also high lengths with low losses of signal. This fiber connects the
photodiode, through a collimator, to the optical head consisting in a monomodal sapphire
fiber with alumina protection and without cladding. The sapphire head has a view angle less
than 10 degrees and can face temperatures slightly above 2000 K. Both the optical fibers have
a diameter of Imm. The two junctions require particular attention to avoid dramatic loss of
signal.

The photo-diode signal is sampled by an acquisition system (DAQ) at 10 MHz. The
present DAQ system can manage up to four sensors. The signals is finally elaborated by an
in-house software on LABVIEW platform providing real time analysis of data.
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Figure 1. Sketch of the ODC system set-up and characteristics of the photo-diode currently
used. Above, it is shown the connection of the diode with the quartz optical fiber and then
with the sapphire optical head; the radius of the optical head and its actual angle of view are
also reported. The experimental set-up on the left is generic and shows two photo-diodes,
even though more diodes can be adopted depending on the DAQ system (in the present
configuration it has four channels).

Thermo-Acoustic Instability Detection

Combustion instabilities occur especially in lean mixtures, and bring to dangerous
operating conditions up to blow out. Nature of combustion instabilities can be fluid-dynamic
or thermo-acoustic. The former are related to vortex - flame interaction. The coupling
between fluctuations of the heat release rate and pressure oscillations drives thermo-acoustic
instabilities [25-27]. Apart from Lord Rayleigh postulate [28] or some new formulations [29]
there is still no reliable criterion to predict self-excited combustion oscillations.

It is interesting to observe that, although it is commonly accepted to think of precursor
events of instabilities as intermittent peaks with growing frequency and amplitude when
approaching unstable states, this is not confirmed by the present data. In particular, either
peak detection with constant or variable threshold (e.g., for a data series in a 1 ms time
window the local threshold can be assumed as its mean plus a percentage of its standard
deviation), neither wavelet analysis, were able to identify instability precursors in terms of
intermittent peaks or known waveforms. The present work shows that the non-zero auto-
correlation functions of the flame radiant energy or of the pressure can be associated to
precursor events of thermo-acoustic instabilities. The analysis also suggests to use the integral
(normalized by a reference area) of the module of one of these auto-correlation functions as a
thermo-acoustic instability factor.



The thermo-acoustic instability analysis performed on a 250 kW premixed liquid oil/air
burner is here described as an example. This burner, sketched in Fig. 2, is the LRPM (Liquid
Rapid PreMixer) facility in Savona Combustion Laboratory. This facility is equipped with an
air compressor and an air preheater. The mixer length is 1.5 m, the combustion chamber
length is 0.3 m, and the chimney length is 1.2 m. Air and liquid oil are uniformly mixed by
means of the Rapid Premixer swirler. Ignition does not require any pilot flame. This facility
was equipped with a photo-diode (ODC system) and a pressure transducer. Both the pressure
transducer and the ODC were located in front of the flame, as shown in Fig. 2. This burner,
when feeded by means of 288 g/s of air and 0.168 g/s of liquid oil, is in a stable mode.
Increasing fuel mass flow rate up to 0.232 g/s, the operating mode switches to unstable; the
type of instability is not fluid-dynamic, but thermo-acoustic. Air is preheated at 1073 K.
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Figure 2. Sketch of the 250 kW Liquid Rapid Premixed burner in Savona
combustion laboratory.
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Figure 3. Characterization of transition from stable to unstable mode in the 250 kW
premixed liquid oil/air burner located in Savona Combustion Laboratory (Savona,
Italy). The red line refers to pressure signal, while the black one to radiant energy.



Figure 3 shows the time evolution of radiant energy (black line) and pressure (red line)
raw signals in a 30 s time window during which there is the transition from stability to
“humming”. The radiant energy signal increases slowly as the fuel mass flow rate is
increased, meaning an increase of the averaged temperature inside the combustor. Seven time
windows, each of 0.5 s and marked in the same figure from A to G, are here examined as
representative of different operating conditions of the burner: they range from stability (A) to
situations showing precursors of instability without (B) and with (C) temperature increase
(drift), up to the quick onset of instability (D), then to “humming” (E) and then, through a
quick exit from this regime (F), back to stability (G). These conditions are reached by firstly
increasing and then decreasing the fuel mass flow rate.

Figure 4 shows some information associated to the intervals marked in Fig. 5. In
particular, the first column from left (index 1) reports cross-correlations between pressure and
radiant energy signals; the central column (index 2) reports auto-correlations for both signals
(calculated without subtracting the average value of the signals in the time window
considered, and normalized by their variance); the third column (index 3) reports semi-log
plots of frequency spectra.

Looking at Fig. 4, it can be observed that when the burner is in the stable operating mode
(A), pressure and radiant energy are not correlated (plot Al), nor auto-correlated (plot A2).
Furthermore, this condition does not show any dominant frequencies, apart from some peaks
with amplitude negligible with respect to those present in the other time windows (plot A3):
15, 39, 52 and 66 Hz for radiant energy and 17, 54, 74, 80 Hz for pressure. It is stressed that
pressure peaks are at frequencies slightly higher than radiant energy ones.

While increasing the fuel mass flow rate, some precursors of instability intermittently
appear, as in condition B, thus increasing correlation and auto-correlation of both signals
(plots B1 and B2).When this condition is reached the system shows a dominant frequency at ~
80 Hz (plot B3). It is interesting to note that this dominant frequency was in fact already
present in the pressure field of the stable regime (plot A3) with a much lower amplitude;
hence, increasing fuel mass flow rate forced radiant energy field to synchronize with pressure
field, and this can be due to the pressure field modulating the inlet flow rates and
consequently the heat release.

Unstable situations like the previous one are intermittent with short life-time: the system
quickly tends to dampen these fluctuations. Continuing to increase the fuel mass flow rate
more energy is released inside the system, and the temperature increases (as the radiant
energy drift of Fig. 3 from C to D confirms). It is interesting to note that precursor events (like
that in B) are not so frequent, as shown by the evolutions of the pressure-radiant energy
cross-correlation and of the above defined (radiant energy) thermo-acoustic instability factor
in Fig. 5. The dominant frequency evidenced in plot B3 (i.e., ~ 80 Hz) tends to become
steady, being present (plot C3), although with lower amplitude, also when cross-correlation
between pressure and radiant energy is negligible (plot C1). “Calm” situations like this may
arise during transition to “humming”. In plot C3 radiation shows a richer frequency spectrum
than pressure (as in A3), especially at frequencies lower than the dominant 80 Hz, with a peak
at 32 Hz; the amplitudes of both signals are lower than in plot B3 by one order of magnitude,
and by two orders of magnitude with respect to those in plot A3. Pressure is not auto-
correlated (plot C2) while the auto-correlation of radiant energy is not negligible and its form
is that associated to a drifting signal as shown in Fig. 3 from C to D. This observation
suggests that the photo-diode is better than the microphone, since it can identify eventual
drifts of the system energy. To gain this information with an acoustic sensor, a pressure
transducer should be adopted. Removing the local average of signal in the 0.5 s time window
used to calculate the auto-correlation (normalized by means of its variance) produces nil auto-
correlation as for the pressure signal of the microphone.
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Figure 4. Characterization of transition from stable to unstable mode in the Liquid Rapid
Premixed burner of Savona combustion laboratory. The letters from A to G refer to time
intervals in Fig. 3. The first column from left (index 1) reports cross-correlation between
pressure and radiant energy signals; the central column (index 2) reports auto-correlation for
both signals; the third column (index 3) reports frequency spectra. In the last two type of
graphics the red line refers to pressure signal, while the black one to radiant energy.
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Figure 5. Liquid Rapid Premixed burner in Savona combustion laboratory: evolution of
pressure—radiant energy cross-correlation and of the thermo-acoustic instability factors
(defined as the normalized integral of the auto-correlation function module of the radiant
energy and pressure signals) in the 30 s time window analyzed (see Fig. 3).

In correspondence of the steep radiant energy gradient (D) there is the onset of instability,
i.e, the transition to a fully established unstable condition (“humming”): cross-correlation and
auto-correlation grow (plots D1, D2, E1, E2); amplitudes increase at least by three orders of
magnitude with respect to A3; characteristic frequencies are shifted (112 and 136 Hz in plot
D3) according to the increase in temperature of the medium (that increases the sound speed,
i.e., the propagation velocity of acoustic waves), and then “selected” up to the establishment
of a single frequency (112 Hz in plot E3). It is observed that if the wavelength of the standing
acoustic wave is assumed constant during the transition from B to E, it follows that the ratio
between the dominant frequencies, i.e., 112/80 = 1.4, is equal to the ratio between the sound
speeds; thus, the average temperature inside the chamber in condition E increased to Ty =
1.96 Tg. The growing temperature trend is also confirmed by the increase of the flame radiant
energy amplitude in Fig. 3.

When the fuel mass flow rate is decreased down to its initial value the system tends to
exit from the unstable regime (F) in a way similar to its entrance (C). Pressure and radiation
are not correlated any longer exhibiting rich frequency spectra of low amplitudes (plot F3); in
particular, pressure spectrum spreads over a wide range of frequencies, while radiation is
confined to frequencies lower than the ~ 80 Hz dominant in condition B. It is interesting to
note that the acoustic frequencies 108 and 140 Hz, approximately already present in plot D3,
appear again. Note that the non-zero auto-correlation of the flame radiant energy is again due
to the drift of the system energy as in C.

Finally, the system slowly turns back to its stable initial configuration (G). Looking at
Fig. 3, the averaged temperature level inside the combustor stays still high (in the 30 s time
window analyzed), likely due to walls, now hotter than before “humming”. This means that
the backward transition to the stable mode is slow and that the system may turn back to
“humming” easier than before, i.e., by a less increase of the fuel mass flow rate.

As concluding remark, it is stressed that precursor events tend to grow many seconds
prior the fully establishment of instability; in particular, it is noted that the delay time between



the condition where the first precursors are detected by the photo-diode (condition B, see plot
B2) and the condition of fully established instability (condition E, see plot E2) is ~ 14 s.
Furthermore, the auto-correlation of the radiant energy signal evidences some important drifts
in the system energy not revealed by the pressure signal (coming from microphones), as in
conditions C and F (see plots C2 and F2), since the radiant energy has a non-zero average
value (as also the pressure has when sampled by pressure transducers). All these features are
strategic for active control applications.

Figure 6 reports the distribution of pressure-radiant energy cross-correlations versus the
time delay between the two signals in three time windows: before the full establishment of
instability, within it and after it. It is observed that the delay time between the two signals
becomes constant (~5 ms) when the instability is fully established. This confirms the
pulsating mode of the instability (at 112 Hz, as shown in Fig. 4, plot E3). Due to the speed of
light propagation, the radiant energy signal has zero delay time with respect to thermo-
acoustic pulsations originating where acoustic waves and heat release are in phase. Since the
delay time between radiant energy and pressure signals is ~5 ms, this will be the time taken
by the thermo-acoustic pulsation wave to reach the microphone at the bottom of the
combustor. If another microphone had been located upstream, it would be possible to estimate
the average sound speed of the wave and then the location of the origin of the thermo-acoustic
instability.

0.8

T T T T

&t e[0s:10s]
1k #

¢t e[125:208]
0E QO te [22%:309] =
0.5 =
& 0.4 -
0.3 =

iy
&
0z & a il
gy = &
T &4 O o
- &b D O s

¥ (=] o] ke Y T

o&% s OOC()% C;b 3 O% - Qs E &

a a Y ]
0 I I I I
0.04 0.05 0.06 0.ov 0.03
At [8]

Figure 6. Liquid Rapid Premixed burner in Savona combustion laboratory: distribution of
pressure—radiant energy cross-correlations versus the time delay between the two signals in
three time windows, before the full establishment of instability, within it and after it.

Detection of a Generic Combustion Instability
Once understood that flame radiative emission is linked to both turbulence and chemistry, the
ODC system can be used to identify and dynamically trace a generic combustion instability.
An axisymmetric burner equipped with a conical bluff-body to anchor a premixed
CH4/Air flame was operated in ENEA’s combustion laboratory at a stable condition and at an
unstable condition close to the blow-off. Fig. 6a shows the time averaged spectra of flame
radiative emission acquired by the ODC system. The spectra were averaged over 60 spectra,
each one sampled in a 1 s time frame. The blue spectrum refers to the stable case, while the
red one to the unstable case.
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Figure 6. a) Time averaged spectra of radiative emission in a premixed CH4/Air flame
operated in a stable (blue line) and an unstable (red line) configuration. The unstable case is
close to blow out. The partition of the frequency range in large, inertial and small scales is
also shown. b) Dynamics of the energy associated to the large, inertial and small scales
evidenced in Fig. 6a when the flame approaches the extinction.

Upon measuring velocity fluctuation via LDA (Laser Doppler Anemometry) the
turbulent Reynolds was calculated and used to estimate the dissipative scale. The frequency of
this scale and the extension of the (average) inertial slope —5/3 were used to separate the
investigated frequency domain in three ranges associated to the large, inertial and small
scales, respectively. The two spectra are practically identical in the inertial range, while the
unstable one has higher energy at the large and small scales. Hence, small and large scales
interact non-locally in the wavenumber space; this does not happen in non-reacting flows.

Now, what are the first scales to be excited close to extinction? The small or the large
ones? To address this problem the energy of the three ranges was tracked in the unstable case
and Fig. 6b shows that the energy of small scales increases before that of the large scales
when close to extinction. The small scales energy largely oscillates due to fast localized
extinctions and reignitions. This pumps energy directly to the large scales without altering the
inertial scales. Finally, the excited large scales stretch effectively the flame up to blow out.
Hence, when a flame is stable, the large scale may drive small scale fluctuations, while in
unstable conditions close to extinction the small scales drive large scale fluctuations via fast
localized extinctions and reignitions.



Conclusions

An optical technique consisting in sampling flame radiant energy by means of a photo-diode
has been suggested as a practical way for monitoring the dynamical state of combustion
systems. The technique is able to detect the stable or unstable state of combustors and could
be adopted in an eventual feedback control loop.

After having reviewed the fundamental theory at the base of the technique, two examples
were provided, one related to a thermo-acoustic instability and another one to a chemical/fluid
dynamic instability close to blow out. It was shown that the auto-correlation of the flame
radiant energy or of the pressure signals (coming from pressure transducers and not from
microphones) can be used to identify precursors of instability and to quantify the stable or
unstable state of combustors. The proposed ODC technique, compared with pressure
transducers, is more robust, standing higher temperature (2000 °C) than pressure sensors (900
°C), and has less intrusivity, due to its smaller size (1 mm optical fiber diameter). Moreover,
pressure transducers needs an amplifier.

Acknowledgments
The authors are grateful to Savona Combustion Laboratory and CENTRO CALDAIE
ANSALDO in Gioia del Colle (Italy) for having permitted measurements on their plants.

References

[1] Lieuwen T., McDonell V., Petersen E., and Santavicca D., “Fuel flexibility influences
on premixed combustor blowout, flashback, autoignition and stability”. ASME paper,
GT2006-90770, (2006).

[2] Tuncer O., Acharya S., and Uhm J.H., “Dynamics, NOx and flashback characteristics of
confined premixed hydrogen-enriched methane flames”, Int. J. Hydr. En., 34:496-506
(2009).

[3] Eckbreth A.C., Laser Diagnostics for Combustion Temperature and Species, Gordon
and Breach Publishers, 2nd edition, 1996.

[4] Planck M., The Theory of Heat Radiation, New York, 2nd edition, 1959.

[5] Gaydon A.G. and Wolthard H.G., Flames: Their Structure, Radiation, and Temperature,
Chapman and Hall, London, 4th edition, (1978).

[6] Mehta G.K., Ramachandra M.K., and Strahle W.C., “Correlations between light
emission, acoustic emission and ion density in premixed turbulent flames”, Eighteenth
Symp. (Int.) on Comb., The Combustion Institute, pages 1051-1059, Pittsburg, (1981).

[7] Hardalupas Y. and Orain M., “Local measurements of the time-dependent heat release
rate and equivalence ratio using chemiluminescent emission from a flame”, Combustion
and Flame, 139:188-207 (2004).

[8] Ghosh A., Young G., and Yu K.H., “Characterization of oscillatory heat release in
unstable combustion”, 41st AIAA/ASME/SAE/ASEE Joint Propulsion Conference and
Exhibit, number AIAA 2005-4325. AIAA, Tucson, Arizona, 10-13 July 2005.

[9] Renfro H.W., Chaturvedy A., King G.B., Laurendau N.M., Kempf A., Dreizler A., and
Janicka J., “Comparison of OH time-series measurements and large-eddy simulations in
hydrogen jet flames”, Combustion and Flame, 139:142-151 (2004).

[10] Jun Ji Jongmook Lim, Yudaya Sivathanu and Jay Gore, “Estimating scalars from spectral
radiation measurements in a homogeneous hot gas layer”, Combustion and Flame,
137:222-229 (2004).

[11] Hilton M., Lettington A.H., and Mills I.M., “Quantitative analysis of remote gas
temperatures and concentrations from their infrared emission spectra”, Measurement
Science and Technology, 6:1236-1241 (1995).



[12] Nicholson H. and Field J., “Some experimental techniques for the investigation of
mechanism of flame stabilization in the wakes of bluff bodies”, Third Symposium
(International) on Combustion, The Combustion Institute, Pittsburg (1951).

[13] Chao Y. C., Chang Y. L., Wu C. Y., and Cheng T. S., “An experimental investigation of
the blowout process of a jet flame”, Twenty Eight Symp. (Int.) Comb. (2000).

[14] Hedman P. O., Fletcher T. H., Graham S. G., Timothy G. W., Flores, D. V., and Haslam
J. K., “Observation of flame behavior in a laboratory-scale pre-mixed natural gas/air gas
turbine combustor from PLIF measurements of OH”, ASME TURBO EXPO 2002,
number GT-2002-30052, 3-6 June 2002. Amsterdam, Netherlands.

[15] Muruganandam T.M., Nair S., Neumeier Y., Lieuwen T., and Seitzman J. M., “Optical
and acoustic sensing of lean blowout precursors”, 38th AIAA/ASME/SAE/ASEE Joint
Prop. Conf. and Exh., number AIAA 2002-3732. Indianapolis, 7-10 July 2002.

[16] Bruschi R., Giacomazzi E., Stringola C., Casasanta V., Manfredi F., and Caruggi M.,
“Diagnostics of flow dynamics bringing to the onset of thermo-acoustic instabilities in
gas-turbine combustors”, /4th I[FRF Memb. Conf., The Netherlands,11-14 May 2004.

[17] Gonzalez-Juez E.D., Lee J.G., and Santavicca D.A., “A study of combustion instabilities
driven by flame-vortex interactions”, 41st AIAA/ASME/SAE/ASEE Joint Prop. Conf.
Exh., AIAA 2005-4330, AIAA, Tucson, Arizona, 10-13 July 2005.

[18] Muruganandam T.M. and Seitzman J.M., “Characterization of extinction events near
blowout in swirl-dump combustors”, 41st AIAA/ASME/SAE/ASEE Joint Prop. Conf. and
Exh., ATAA 2005-4331. AIAA, Tucson, Arizona, 10-13 July 2005.

[19] Nair S., Muruganandam T.M., Hughes R., Wu L., Seitzman J.M., and Lieuwen T.,
“Acoustic characterization of a piloted premixed flame under near blowout conditions”,
38th AIAA/ASME/SAE/ASEE J.Prop. Conf. and Exh., AIAA 2002-4011, 7-10 July 2002.

[20] Giacomazzi E., Troiani G., Giulietti E., and Bruschi R., “Effect of turbulence on flame
radiative emission”, Experiments in Fluids, 44(4):557-564, 2008.

[21] Giacomazzi E., Giammartini S., Picchia F.R., and Giulietti E., “Experimental and
numerical tools for unsteady flows”, XXVIII Ev. Italian Sec. Comb. Inst., 4-7 July 2005.

[22] Bruschi R., Stringola C., Casasanta V., Giacomazzi E., Coratella D., and Caruggi M.,
“Sistema di rivelazione e diagnosi di stato di combustione e relativo procedimento,
applicabile in particolare a combustori”, Italian Patent RM2004A000157, 2004.

[23] Bruschi R., Grottadaurea M., Giacomazzi E., Giulietti E., Stringola C., Casasanta V., and
Giammartini S., “Metodo e relativo dispositivo per la misura della velocita assiale dei
gas combusti”, Italian Patent RM2006A 000159, 22 March 2006.

[24] Bruschi R., Giacomazzi E., Giulietti E., Pagliaroli T., Stringola C., and Nobili M.,
“Optical investigation of thermo-acoustic instabilities in turbulent flames”, 13th
AIAA/CEAS Aeroacoustics Conf., AIAA 2007-3424. Rome, Italy, 21-23 May 2007.

[25] Candel S.M. and Poinsot T.J., “Interactions between acoustics and combustion”,
Proceedings of the Institute of Acoustics, volume 10, pages 103-153, 1988.

[26] Culick F.E.C., “Combustion instabilities in liquid-fuelled propulsion systems-an
overview”, Technical Report AGARD-CP-450, AGARD (1988).

[27] Dowling A.P., “The calculation of thermoacoustic oscillations”, J. of Sound and
Vibration, 180(4):557-581, 1995.

[28] Rayleigh J.W.S., “The explanation of certain acoustical phenomena”, Nature, pages 319-
321, 18 July 1878.

[29] Chu B.T., “On the energy transfer to small disturbances in fluid flow (part 1)”, Acta
Mechanica, pages 215-234, 1965.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


