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Abstract To optimise the operation of gas turbine combus-
tors with respect to emission, cycle efficiency and compo-
nents lifetime, increased attention has to be attributed to
diagnostic techniques and more flexible control schemes.
Chemiluminescence is an obvious choice and a relatively
easy and low cost option for such a diagnostic tool. Appli-
cation examples include spectral analysis and light intensity
scaling, temporal analysis studying flame dynamic effects
and imaging techniques resolving spatial distribution of heat
release zones, as well as combinations of the methods like
phase matched imaging and tracking of ignition kernels us-
ing high speed imaging. Further fundamental work should
be triggered on the nature for the excited species and their
formation pathways as well as their connection to heat re-
lease and the NOx formation processes.

1 Introduction

In addition to fulfilling operational and fuel flexibility re-
quirements, the design of gas turbine combustors is fo-
cussed on the optimisation of emissions (CO, NOx ), com-
bustion stability (pulsations) and material lifetime. There-
fore, the experimental observation and theoretical modelling
of flames play a key role in gas turbine (GT) develop-
ment. For the control and optimised operation of gas turbine
combustion systems, respectively, the development of cost-
effective and reliable sensor and diagnostic systems, which
are effective over the whole operating range, is desired. The
most relevant parameters for diagnostics purposes are flame
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or hot gas temperatures, since they determine the overall
emissions, but from a practical point of view, a direct cor-
relation to engine emissions would be sufficient. Especially
for combustor homogenisation in annular premix combus-
tors like the Alstom GTs this is a commercially available
option [1].

While the NOx formation depends approximately expo-
nentially on flame temperature (Tflame) Tflame depends only
linearly on the fuel fraction. Therefore the lowest NOx

are expected at fully homogenised combustor conditions.
At real GT-conditions of an annular combustor inhomo-
geneities can derive from fuel distribution system, the air
flow, off design seal or leakage effects in the combustor. To
adjust such system to minimum NOx a large potential is in
the individual burner sensing and fuel flow control as de-
scribed in [1].

Where optical access is limited. a passive method would
be preferable over other optical or intrusive methods. Be-
ing relatively cheap to implement, chemiluminescence de-
tection bears the potential for a feasible flame diagnostic.
The chemiluminescence light emitted by the flame is well
suited for diagnostic purposes since it carries the informa-
tion about the local operation conditions. The chemilumi-
nescence light is provided without external excitation and
arises from excited species formed by the heat releasing re-
actions. The most important species in natural gas flames
are OH∗, CH∗ and possibly CO∗

2. While molecular tempera-
tures can in principle be obtained by spectral fitting, the link
to the corresponding equilibrium hot gas temperatures is not
always justified. Also, the spectral fitting at elevated pres-
sures and temperatures poses an experimental challenge as
well as a theoretical one, since individual rotational lines are
not discernible. It has been noted previously that the relative
intensities of different species depend on the fuel equiva-
lence ratios and show potential for a relatively simple sens-
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ing scheme. This approach has been successfully utilised in
recording fast phenomena like thermo-acoustic pulsations
and should be extended for operational control. This sensor
development also benefits from theoretical and experimen-
tal kinetic studies. Several fundamental aspects concerning
the origin and formation of the excited species await proper
analysis.

While qualitative information about the flames tempo-
ral, spatial and spectral emission can be deduced relatively
straightforward care has to be taken in the interpretation of
the data especially trying to quantify them. Problems arise
from chemiluminescence being line of sight technique and
resulting uncertainties in their spatial occurrence and their
link to heat release. Further the impact of turbulence, flame
strain and curvature in technically relevant applications on
the observable results makes the interpretation difficult es-
pecially for spatial imaging. This aspect is nicely studied
and critically reviewed by Lauer and Sattelmayer [2–4].

The current paper summarises several aspects of applica-
tions of chemiluminescence sensing used in combustor de-
velopment. Starting with some general remarks about opti-
cal flame spectra and filters, possible sensing strategies for
burner optimisation are discussed including:

• Optical chemiluminescence spectra and filtered intensi-
ties to deduce the combustor status, i.e. the flame temper-
ature, important for the emission of NOx and CO (which
itself depends on the equivalence ratio and inlet tempera-
ture as well as the composition of oxidiser (air) and fuel).

• Temporal variation to study dynamic and thermo-acoustic
phenomena to optimise the combustors stability.

• Spatially resolved chemiluminescence images (line of
sight integrated), which are used to monitor flame posi-
tions and their dependence on operating conditions to aid
the optimisation of the burner concepts with respect to
flame position, mixing quality, materials lifetime and to
validate CFD models.

• The individual behaviour of ignition kernels can be visu-
alised in high-speed imaging.

• Finally the combination of temporal and spatial variation
is used to visualise mode shapes of thermo-acoustic insta-
bilities, which can be compared to simulations and such
information can be used to reduce instabilities in engine
operation.

2 Flame chemiluminescence

Watching flames has been fascinating for people probably
since humans were able to control and use it. To study the
physics and chemistry of flames was an early trigger of sci-
entific curiosity leading to several more or less valid con-
cepts like phlogiston theory on one side or the foundations

of modern spectroscopy on the other side. With modern sci-
entific knowledge we currently understand the light emitted
from flames (chemiluminescence) as a number of compli-
cated exothermic physico-chemical processes that involve
molecules in ground and excited states as well as their dy-
namics, kinetics and relaxation processes.

Observing the fire is still the first choice as a diagnos-
tic tool for any flame in non-technical or technical context.
While the nature of light emission of different flames ranges
from atomic emission to particle and soot radiation a par-
ticularly promising kind of radiation is that from excited
molecules. The most important species and spectra in flames
have been previously described in the book of Gaydon [5].
For natural gas–air flames the most prominent species are
the spectra of OH∗ (A 2Σ → X 2Π), CH∗ (A 2Δ → X 2Σ−)

and C∗
2 (d 3Πg ↔ a 3Πu). The nature of some broader bands

has been noted and could be attributed to excited species of
CO2, CHO or CH2O [6]. Since the nature of the carrier of
that band is currently not unambiguously proven we will in
this work refer to it as “broadband emission“ and assume
CO∗

2 as the most likely candidate for the carrier. In practical
flames the broad background is sometimes not even noted
and appears to escape detection due to lack of structure,
but nevertheless carries most of the light intensity. The use
of well-calibrated instruments and careful reference spectra
avoids these problems.

Only a further investigation allows us to link the informa-
tion of the observable light to physical and chemical prop-
erties of the combustion and to explore the chemistry and
physics of excited molecules as well as their relaxation pro-
cess including fluorescence. Since the heat released in the
flame by reaction of fuel with oxidants supplies sufficient
energy the molecules are also formed in electronically ex-
cited states, which radiate in a fluorescence process. This
process is called chemiluminescence and competes with ra-
diationless transitions like collisions or competing reactions.

Little is known about the formation and further fate of
excited species, especially on the molecular dynamics level.
However the kinetic modelling of excited species has re-
cently gained some more attention [7–10]. For natural gas
flames the formation pathways are usually assumed to be

OH(A → X): OH∗ → OH + hν

CH(A → X): CH∗ → CH + hν

Broadband emission CO + O(+M) → CO∗
2 → CO2 + hν

unclear: CHO∗ → CHO + hν

unclear: CH2O∗ → CH2O + hν

As pointed out before, a primary goal of the present study
is a concept for a flame sensor to optimise technical flames
with respect to their pollutant emissions. While such a sens-
ing approach for a technical flame like a gas turbine combus-
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tor can also use empirical correlations, some justifications
for the methods should be given briefly.

The dominant parameter for NOx (NO+NO2) emissions
in flames is the temperature and its temperature distribution
in the combustor. The exponential behaviour of NOx forma-
tion on NOx is well known and has been described already
over more than 60 years ago [11]. It is mainly based on reac-
tions occurring mainly behind the original heat release zone.
A more detailed view [12] splits the NOx formation in a post
flame and a prompt contribution with slightly different tem-
perature scaling. The prompt NOx formation is linked to the
heat release according to “N2O” [13, 14] and the “NNH”
[15] pathways as well as the “Fenimore” [16] reaction of
hydrocarbon intermediates.

Since all of these processes depend strongly on tempera-
ture, control of this quantity, respectively, its distribution has
a priority in combustor development to improve the engine’s
overall emission behaviour.

3 Flame spectroscopy

3.1 Spectra and intensities

Naturally most fundamental studies on chemiluminescence
have been undertaken under slightly idealised conditions at
either atmospheric premixed or even laminar flames with
standardised fuels and their validity under more realistic
conditions has only recently received more attention [2, 17,
30]. From these standardised cases it can be deduced that
in general the brighter flames have the hottest temperatures
and also produce most NOx .

In principle, the same is true for modern technical flames
under partially mixed, highly turbulent conditions at ele-
vated pressures. The spectra under high pressures are, how-
ever, more difficult to obtain and are more difficult to in-
terpret as shown in Fig. 1. The optical access in a techni-
cal combustor that is part of a heavy duty power plant is
a challenge, since transparent windows are not an option
for commercial operation. Rather, optical probes with light
guides or fibres extending several meters have to be used
to detect the light. In the spectra, a large intensity of the

black-body radiation is clearly visible in the red end of the
spectrum, originating from hot structural parts of the com-
bustor. The black-body radiation is increasing with Tflame

and expected to be severe in GT applications. Especially the
increased heat transfer from gas to combustor liner results
in high background, which might not be observed in atmo-
spheric experiments or externally cooled combustor walls.
Furthermore, the relative intensity of the prominent peaks
for high pressures is smaller than for the atmospheric flames.
The broad background, usually assigned to CO∗

2, accounts
for most of the chemiluminescence intensity in lean flames
[18] and needs to be considered if CH∗ or OH∗ is to be in-
vestigated.

On the other hand it is clear that all chemiluminescence
intensities are closely linked to heat release processes, since
the excess energy to form excited species must come from
exothermic reactions. Therefore the broad background can
be taken as a whole to indicate the location of heat release
as in imaging studies. An additional problem in technical
applications under high pressure is the self-absorption fea-
ture of OH molecules, present in the combustor along the
line of sight between the emitter and the detection optics,
visible as a dip in the spectrum on the right side of Fig. 1.
Since the emission of hot OH∗ (formed in an exothermic
reaction with non-thermal internal energy distribution) is
broader and on a background of broadband emission, the
actual peak near the origin of OH appears negative. This is
due to colder ground state OH in the post flame zone (equili-
brated to the hot gas temperature, but less energetic than the
initially formed OH∗) between the emitting flame and the
detection optics, which actually absorbs more light than is
emitted by the OH∗. The CH∗ feature does not exhibit this
behaviour because the species occurs only in the real heat
release zone and its concentration does not lead to signif-
icant absorption within the path of the chemiluminescence
detection.

The rotational state distribution of the OH chemilumi-
nescence spectrum around 307 nm can be fit but has shown
not to be representative of the adiabatic flame temperature.
It rather resembles as much a rotational state distribution
corresponding to much hotter conditions [19, 20] not ex-
plainable by a Boltzmann type distribution law. This indi-
cates that the emission takes place from an excited state,

Fig. 1 Chemiluminescence
spectra of swirl stabilised
premix lab burners at
atmospheric (left) and elevated
gas turbine (>15 bar) pressure
(right) [32]
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which is formed in a “non-statistical” reaction yielding non-
thermal product distributions but rather a distribution with
preference for certain product states according to the nature
of their transition state. A quantum dynamical explanation
for this behaviour has, to the authors’ knowledge, so far not
been given. According to Gaydon [5] the reaction respon-
sible for OH∗ formation is CH + O2 → CO + OH∗. The
CH∗ spectrum around 431 nm however can be fit to prod-
uct distributions that can be described by the Boltzmann law
and seems to represent lower temperatures near the adia-
batic flame temperature [21]. CH∗ is either formed in a reac-
tion yielding statistically thermalised products or the prod-
uct states are thermalised sufficiently fast before they fluo-
resce (seen as chemiluminescence). This makes in the CH∗
feature around 431 nm in principle a good candidate for sen-
sor indicating flame temperature.

On the other hand this makes OH∗ alone a not a good
candidate for a robust sensing strategy but rather another
band or combination of bands pass filters should be chosen.
The effects of view angle variation and optical contamina-
tion resulting in changes of the total intensity lead to a sens-
ing strategy that allows one to use a relative measure like
the relative band intensity of two or more optical filters or a
spectral fit to certain spectral features.

3.2 Flame sensing

The use of chemiluminescence for flame sensing purposes
has been demonstrated before by several groups [22–26].
The industrial application for gas turbines has been demon-
strated for Alstom GT13 [1]. The difference in scaling of
the intensity of the different chemiluminescence emission
bands was noted previously [27, 28], and an equivalence
ratio (φ) sensing scheme was proposed. In particular the
varying slope with φ of the intensity of the bands around
310 nm and the one at around 431 nm, usually attributed
to excited states of OH and CH, made the ratio of the two
bands (OH∗/CH∗) a good candidate for a flame sensor.

For perfectly premixed flames the chemiluminescence in-
tensity (I ) depends linearly on the mass flow rate mair and
exponentially on φ and pressure p. In the case of a globally
uniform equivalence ratio distribution the following fitting
ansatz for that species was chosen as explained in Guyot et
al. [26]:

I = kmairφ
βpγ (1)

Here k is a constant for one chemical species accumulating
their optical and chemical specifics and β and γ are expo-
nents. Typical values for β are 4 ± 2. The pressure coeffi-
cient γ was given by Higgins [27, 28] to be −0.86 for OH∗
and −0.64 for CH∗. The non-integer polynomial fit has been
chosen for historical reasons, although most likely a more
exponential or Arrhenius type behaviour is to be expected

since the excited species are formed by chemical reactions
following Arrhenius type reaction rates [30]. For the current
approach, however, only the difference in slope in a rela-
tively small range of different species is relevant. In terms
of Tflame, an exponential fit like (2) also is also useful. We
have

I = I0 · eT ·BI (2)

with BI as exponential factor and I0 as pre-exponential fac-
tor. A fundamentally more accurate description would be
much more complicated. The fit should be done either on
temperature (assuming a constant inlet temperature) or on
equivalence ratio φ but not on both in the same expression.
In this case, for fitting this relatively small range, and for
simplicity this exponential function is taken to be sufficient.
In consequence, the ratio of two different intensity signals
(i.e. CH∗/OH∗) is a function of the equivalence ratio only.
After calibration measurements, the CH∗/OH∗ ratio pro-
vides a measure of the equivalence ratio [27]:

ICH∗

IOH∗
= kCH∗

kOH∗
φ(βCH∗−βOH∗ ) (3)

In combustion experiments the NOx concentration at the
combustor exit is often described by an exponential fit to
emission data (more precisely often Arrhenius type expo-
nential functions are formulated [29]):

[NOx] = [NOx0] · eT ·BNOx (4)

With BNOx as exponential factor and NOx0 as pre-exponential
factor. T represents the temperature of the heat release zone.
Since the light intensity can be approximately described as
scaling exponentially with Tflame similar to NOx formation
(4), it is reasonable to consider a direct link between the hot
regions of a combustor to the NOx forming regions.

In particular the formation of “prompt” NOx , usually for-
mulated through species like from CH (“Fenimore”), re-
quires energetic species with high internal energies helping
to overcome the high activation energy required for break-
ing of the stable N–N triple bond that makes molecular
nitrogen so stable (allowing combustion to operate at low
NOx -emissions far from equilibrium NOx levels of several
1000 ppm). Candidates for such reactions should also in-
clude hot excited states (electronically and rovibrationally)
of OH∗ or CH∗, as discussed here for optical emission. Their
lifetimes are limited by emission and collisional quenching
(mostly with N2 molecules). The collisions with N2 can,
however, also yield reaction products as they are formulated
for “prompt” NOx formation. Although the relative abun-
dance of excited species is orders of magnitude below that
of formed NOx at any given time it has to be considered
that the NOx once formed remains throughout the combus-
tor while the excited concentration decays fast. Since their
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Fig. 2 Chemiluminescence spectrum of sequential combustion flame
at engine scale burner and pressure conditions (>10 bar) in lean con-
ditions

formation pathways lead back to the fuel in a long series of
reactions the overall probability of excited species forma-
tion from fuel is comparable to that of NOx formation. The
high excess energy of these species and their ability to re-
act with N2 make this a possible alternative formulation of
the prompt formation pathway or at least an additional path.
From this it can therefore be rationalised that the bright-
est burners are also producing most NOx -emissions, which
gives a good concept for an optimisation strategy. Further-
more, the chemiluminescence reveals details about the na-
ture of the flame chemistry and physics. The importance of
chemiluminescence research from idealised kinetic experi-
ments to large scale applied detection does not only help
to understand NOx formation, but it can also yield insight
into the timescales of formation, which are probably closely
linked to the kinetically description of ground state chem-
istry [30].

In technical combustors the optical access is usually very
limited and the view angle has a strong influence on the
recorded spectra. If for example the flame is viewed from
down stream through a zone of hot exhaust gas the ground
state OH population (near Thotgas) is relatively high and
leads to absorption features near the band origin (visible in
spectra Figs. 1, 2 and 3), which can lead to a prominent
absorption peak, seen as dip rather than an emission peak.
The emissions of the electronically excited species, which
are also rovibrationally hot, are then detectable only through
their hot bands at lower and higher wavelengths compared
to the band head.

In order to approach a GT engine application this pro-
cedure is being validated in more and more realistic condi-
tions in terms of turbulence, flow field and pressure as well
as operation in the a secondary combustor operating at auto-
igniting conditions [31]. As an important step towards GT

Fig. 3 Chemiluminescence spectra for varying flame temperatures
(expressed as 	Tflame) for constant TSEV_in at engine scale burner and
pressure conditions. Also shown are the fitted black-body radiation and
the broadband emission background

application the previously presented demonstration [26] of
chemiluminescence sensing for a premixed swirl-stabilised
flame under atmospheric conditions was very promising.
However, the introduction of turbulence and the occurrence
of recirculation zones, common in technical combustion sys-
tems, made the straightforward interpretation of the two
photomultipliers’ signal difficult, since a strong and broad
background contributes to the signal at least on the CH∗
channel. A correction for that background contribution to
the CH∗ peak utilising a third photomultiplier similar to the
method described in [22] could improve the relation signifi-
cantly.

Validation of the multiple band photo multiplier tech-
nique in connection with siren excitation has been used to
derive the flame transfer functions (FTF) under pressure [32]
in a full-scale burner test rig. In continuation of the work,
studies on the reheat combustor (sequential environmental
burner—SEV) are a logical next step to extend the method-
ology for GT-applications. A spectrum recorded at the high
pressure rig is shown in Fig. 2. The spectra were obtained at
an Alstom full scale test rig running at full engine pressure
at the DLR Cologne facilities on a prototype engine reheat
burner. The reheat test rig has also been described in [33].
The view direction is upstream of the combustor through a
wide-angle lens covering almost all of the flame extension
through the hot gas near the emissions probe. The view port
is usually used for flame supervision by standard video (or
optionally also intensified) cameras and consists of a water-
cooled optical probe protruding in the hot gas flow.
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3.2.1 Spectral decomposition

Light is collected through a sapphire window by a lens and
is than lead from the rig via a 20 m long UV transparent
optical fibre to the control room where the light was split
onto several photomultipliers and a spectrometer in the vis-
ible and UV range (USB4000-UV-VIS from Ocean optics).
Per measurement point 10 spectra with of 1 s integration
time were averaged. This allowed the recording of spectra
for further analysis and the direct recording of photomulti-
plier signals for fast and time dependent detection simulta-
neously. The spectral resolution (∼1.5 nm), obtained with
the used instrument, is sufficient to resolve the broad band
structure required to determine a sensing strategy based on
filters. However, it is probably not sufficient for reliable fits
of rotational envelopes.

As a first step the recorded (raw) spectra have to be cor-
rected for dark current of the detection array, transmission
of the optical elements and the detector sensitivity. The cor-
rect calibration of the spectral intensities over a wide range
(i.e. 250 and 900 nm) is crucial for the understanding of the
spectrum and the following analysis. An example for such
a spectrum is shown as a blue line in Fig. 2 (from 250–
600 nm). It resembles the actual light, as it is detectable by
any instrument (spectrometer, camera or spatially integrated
photo sensor). Most intensity stems not from the flame, but
from the black-body radiation (shown in red) of the hot com-
bustor, which is in the background of the view field. This
part dominates the spectrum in the red part and can be fit a
by the well-known Planck formula (5) based on regions with
minimum interference from optical transmission curves and
reveals an averaged combustor wall temperature (actually
probably closer to the maximum combustor wall tempera-
ture in the line of sight). We have

IBB(λ,TBB) = A · 2hc

λ5
· (e hc

λ·kTBB − 1
)−1 (5)

with IBB = black-body intensity, λ = wavelength, h =
Planck’s constant, k = Boltzmann constant, c = speed of
light, TBB = black-body temperature, A = scaling constant.
The fit works relatively well using only two fitting constants
A and TBB if the λ-region is properly selected to exclude any
irregularities in the transmissions spectra of the optical setup
like i.e. absorption features of the silica fibre. The obtained
temperatures scale very well with thermocouple measure-
ments on the combustor walls and could be used so as to
do surface temperature measurements in the context of heat
transfer studies.

The remaining spectrum can be interpreted as stemming
from the flame resembling the actual chemiluminescence
shown in green and is dominated by broad background (al-
ready described in [18, 23]) with the known features of OH∗
and CH∗ as discussed earlier. It is important to note that

the prominent features known from laboratory flames seem
not to be dominant anymore at GT conditions in terms of
overall intensity or spectral significance. Also visible is a
broad feature on the shoulder of the black-body radiation
around 470 nm, which currently cannot be assigned. The
large width and the absence of a C∗

2-origin (around 516 nm)
makes the explanation as C∗

2 hot band unlikely and cannot
serve as explanation of this feature.

A further step in the decomposition of the spectrum is
the attempt to fit the broadband emission background as de-
scribed in [26] to formula (6) given by Brockhinke et al. [34]
for low pressure flames:

ICO∗
2
(λ,TBB) = A · e(−e(

−(λ−λc)
w )− λ−λc

w
+1) (6)

with ICO∗
2

= intensity of the broadband emission back-
ground (tentatively assigned to CO∗

2 by the authors [34]),
λc = wavelength of maximum intensity, A = scaling con-
stant, and w for the width of the peak. The fit was used
to isolate the known molecular band around 431 nm and
310 nm and separate them from the assumed broadband
emission. Therefore, the fit was performed to match the in-
tensities at 400 nm and 450 nm leaving the 431 nm feature
visible and the 310 nm also in reasonable band shape. The
fitting was done varying λc,A and w. The width w had to be
restricted to a maximum of 80 nm to avoid the overlap with
the molecular band of OH∗ extending in blue part of band.
The peak maxima are then around 400 nm and leave a resid-
ual spectrum consisting of only molecular bands, as they are
well known from atmospheric flames. It is somewhat unsat-
isfactory that a physical explanation for this fit is missing,
but the very good correspondence to the observed spectra
from low pressure to high pressures over the whole range of
conditions tested in this work is striking. Therefore the fit
was used in subsequent processing only for comparison and
further studies concerning this observation are encouraged.
The following simulations of band intensities are however
done without the subtraction of the black body and broad-
band to resemble GT conditions.

3.2.2 Band pass filtered intensities

SEV spectra for varying flame temperatures are given in
Fig. 3. The change of the emission spectrum with tempera-
ture towards the UV can clearly be seen. The flame temper-
ature is given as the difference between SEV flame and inlet
temperature, 	Tflame = Tflame − TSEV_in. The distinct spec-
tral patterns including molecular bands, hot bands and broad
features, are present over the whole range in all spectra and
are exactly repeated for all conditions indicating their na-
ture as true (but unassigned) features rather than experimen-
tal artefacts. For low temperatures (at lean conditions) the
CH∗ and OH∗ bands seem to disappear completely. Never-
theless a suitable choice of filters should allow reproducing
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Fig. 4 Collection of filters and filter combinations to study the multi-
ple band detection schemes. Shown are measured transmission spectra
when, available, supplier data for BG3 and (BG3 & GG395 nm) or
simulated data for 316g8g

this temperature scaling from relative intensities also on the
broadband features. For this either the time averaged pho-
tomultiplier signals could be used directly or the simulated
intensities from the measured spectra, as a sensor would de-
tect it (including black-body and broadband emission back-
ground radiation), respectively, their ratio for any given filter
combination can be used to derive a sensing concept.

The ideal filter has to minimise the impact of the black-
body radiation and be broad enough to capture the OH∗ radi-
ation with minimal impact of the narrow absorption feature.
A possible strategy would be to use separate filters for the
UV part of the spectrum below 350 nm and one for the vis-
ible part of over 400 nm. Preferred filters would be readily
available low cost colour glasses with wide opening ranges
rather than expansive narrow band dichroic band filters. The
band intensities were simulated from measured spectra with
the filter functions as shown in Fig. 4. The filters of choice
were: a narrow band (fwhm 10 nm) OH∗ filter (near the ori-
gin) centred around 307 nm, a UG11 colour glass filter with
dichroic coating (DUX 11), a CH∗ filter around 431 nm, nar-
row band pass filters around 450 nm (for the broad back-
ground) and 516 nm (C∗

2), as well as a BG3 colour glass
without and in combination with a GG395 nm cut off filter.
For the numerical simulations it is also possible to custom
design any filter like a filter of central wavelength 316 nm
with a Gaussian profile of 8 nm width. This filter is chosen
to minimise the effect of self-absorption of the colder OH
(at Thotgas) near the origin of 307 nm and still represent OH∗
emission using their hot band emission.

The change of intensities in the different bands is shown
in Fig. 5 on logarithmic scale. These values were derived by
convoluting the experimental spectra from Fig. 3 and the fil-
ter from Fig. 4. All intensities are monotonously increasing

Fig. 5 Intensity of filtered chemiluminescence intensities calculated
from the spectra from Fig. 3 vs. 	Tflame

with Tflame and therefore would be suitable as flame sensors.
The intensity of the narrow band filters is lower than that
of the colour glasses with BG3 transmitting most light. For
comparison, the intensity according to the fit of the broad-
band emission background is also plotted. To be indepen-
dent of optical degradation, aging or dirt congestion the ra-
tio of two signals would give a much more robust signal if
that ratio is dependent on Tflame, since both signals would
approximately be affected in the same way leaving the ratio
of signals constant. For this, the difference in slope needs to
be considered. Figure 5 shows a different slope with Tflame

for the BG3 filter variants and the broadband emission back-
ground fit. The “C∗

2” filter (∼526 nm) is farthest to the red
and is clearly responding to increased combustor wall tem-
perature contribution to the signal by a steeper increase. The
signals of the filter around 431 nm and 450 seem to be al-
most parallel indicating that the main contribution is from
the broad background common to both signals and the CH∗
band is negligible. The earlier mentioned [22, 26] correc-
tion of the CH∗ band by subtracting the estimated back-
ground contribution from a spectral region nearby but with-
out molecular features has been proposed has been carried
out with the current data. The method has however not been
proven useful since the results exhibit a large scatter and
therefore do not improve the procedure. The attempts are
therefore not shown here. At least it has to be ruled out for a
robust sensing concept.

The ratios of several filter intensities from Fig. 5 are plot-
ted in Fig. 6. As already visible from the spectra in Fig. 3
most ratios are not sensitive in the low temperature regions,
which is limiting the applicability of this method. However,
a clear trend is visible at intermediate temperatures when the
main part of the flame spectrum has moved in the UV region
and the relative changes become small. The ratio of highest
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Fig. 6 Ratios of filtered intensities of Fig. 5 scaled to a scale of 0 to 1

Fig. 7 Ratios of time averaged measured photo multiplier intensities
like Fig. 6 scaled to a scale of 0 to 1

sensitivity among the band filters seems to be the simulated
filter around 316 nm (slightly red of the OH∗-origin) with
respect to the centre of the broadband peak at 410 nm.

Interestingly the intensity of the broadband emission
background as simulated with (6) seems to be a very useful
property since the ratio to DUX 11 filter is changing mono-
tonically over the whole range of Tflame. Although the val-
ues were obtained strictly experimentally by modelling the
spectra in the described manner it was not possible to design
a filter that could reproduce this behaviour exactly in a sin-
gle photo multiplier reading. Such a filter or combination of
filters would be most useful. These findings highlight once
more the importance of this broad emission band and should
encourage further work to clarify the nature of this band.

Fig. 8 Time averaged measured photo multiplier intensities. Same
data as in Fig. 7 plotted vs. NOx (normalised to maximum)

Several filter combinations recorded with photomultipli-
ers directly (time averaged over 20 s) are shown in Fig. 7
and exhibit a similar picture as in Fig. 6 for the filter ratios
proving the technical feasibility of this approach also with-
out operating a spectrometer.

The direct link of photomultiplier intensities to NOx

emissions is demonstrated in Fig. 8 where they are plotted
vs. normalised emission values. Below a certain threshold
of low Tflame and correspondingly low emissions and large
measurements errors all intensity graphs increase monoton-
ically with emissions indicating their potential to identify
high emission burner flames.

A corresponding plot for the simulated filter ratios (being
more robust towards optical alignment and dirt problems) is
shown in Fig. 9. Again all ratios increase slightly with NOx

emissions with the ratio of the DUX 11 filter to the (syn-
thetic) broadband emission background showing the largest
dynamic range.

The monotonic behaviour of NOx formation and light in-
tensity for NOx values of significant magnitude could re-
semble the fact that both processes follow trends that can be
fit exponentially. Their relationship can in principle be re-
lated to kinetically derived expressions. This observation is
to be expected and can be taken to justify the application of
chemiluminescence sensing for NOx reduction.

As mentioned previously, the occurrence of excited state
molecules (in chemiluminescence) with excess energies suf-
ficient to overcome the high activation energy stabilising the
N2 molecule and the formation of (at least) “prompt” NOx

are somehow linked. The role of excited species in prompt
NOx formation is however speculative and would require
more fundamental work on theoretical and molecular dy-
namics side.
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Fig. 9 Same data as in Fig. 6 plotted vs. NOx (normalised to maxi-
mum) and CO vs. NOx emissions (normalised to maximum) emissions

The data presented in this section reveal some difficul-
ties in the interpretation of chemiluminescence and their link
to heat release. If properly measured their integrated inten-
sity is however monotonically dependent on heat release and
therefore the use as indicator of heat release fluctuations and
spatial distributions is at least for qualitative interpretations
justified.

4 Chemiluminescence and temporal of heat release
fluctuations

Another integrated part in Alstom’s gas turbine technol-
ogy and product development process, to which chemilu-
minescence detection is contributing, is the thermo-acoustic
assessment of gas turbine combustors. The approach to
thermo-acoustic analysis is to use measured flame transfer
functions in an acoustic network model, which simulates
the acoustic wave propagation through combustion cham-
ber. A crucial aspect of this modelling approach is to obtain
a correct representation of the interaction between the heat
release and the acoustic field in the combustor.

Flame transfer functions are measured in a single burner
test facility and models are fitted to this transfer function
data in order to predicting the thermo-acoustic operational
behaviour of multi-burner gas turbine combustion systems.
Equation (7) shows the link between the systems acoustic
field and the heat release at the heat source (i.e. the flame):

ûh

ûc
= 1 +

(
Th

Tc
− 1

)
ūc

ûc

Q̂

Q̄

= 1 +
(

Th

Tc
− 1

)
FTF(ω) (7)

where Q is heat release, u is velocity, T is temperature and
FTF(ω) is the frequency dependent flame transfer function.
Subscript c indicates “before flame (cold)”, subscript h in-
dicates “after flame (hot)”, ( ·̄ ) indicates a quantity’s mean
part and ( ·̂ ) and indicates its Fourier transform.

Triggered by the limited access in an industrial high-
pressure test facility, Alstom has developed a technique to
obtain transfer functions from only three pulsation probes
and multiple chemiluminescence sensors. The chemilumi-
nescence intensity signals are used as a measure for the
flame’s heat release.

Using chemiluminescence signals to combustion sys-
tem’s heat release is not very straight forward, because heat
release fluctuations may be caused by fluctuations of the fuel
to air ratio, fluctuations of the mass flow, or a combination
of both.

This is expressed in

Q = mfuelHfuel = mairφ

(
mfuel

mair

)

stoich
Hfuel

linearisation−−−−−−→ Q′

Q̄
=

(
m′

air

mair
+ φ′

φ̄

) (8)

where Q is equivalence ratio, m is mass flow entering the
reaction zone (= flame area × burning velocity × density),
H is chemical enthalpy. The subscript stoich indicates sto-
ichiometric conditions and (·)′ indicates a quantity’s fluc-
tuating part. Equation (1) indicates that the chemilumines-
cence intensity is not necessarily proportional to the heat re-
lease. To be able to utilise the flames chemiluminescence for
the thermo-acoustic approach, detection on different wave-
lengths bands was used. We assume that the intensity of the
nth optical signal shows the following dependence on mass
flow and equivalence ratio (following (1) and (3)):
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) (9)

where kn and αn are constants for one chemical species, e.g.
OH∗, which can be determined in steady calibration mea-
surements (no excitation), in which m and φ are varied.
For N optical signals this can be written in matrix form. If
αi �= αj , the system can be inverted in a least square sense,

in order to calculate
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Now the flame transfer function can be determined, provided
ūc
ûc

is known, e.g. from acoustic measurements as done in this
work:

FTF(ω) = ūc
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ûc

(
m′

air

mair
+ φ′

φ̄

)
(11)

The described technique has been validated at atmospheric
and elevated pressure and is discussed in detail in [32, 35].
At high pressure the correct measurement of the flame
chemiluminescence is more challenging than at atmospheric
conditions. This is due to constrains regarding optical ac-
cess to the flame, an overlapping of the wavelengths bands
of flame luminescence and the combustor walls’ heat radia-
tion and the generally lower probability of the formation of
the chemical species associated to the flame chemilumines-
cence under high pressures.

The graph on the right side of Fig. 1 shows an example of
a light spectrum recorded at high pressure during a transfer
function measurement campaign. In Fig. 10 the optical tech-
nique to determine flame transfer functions is compared to
an alternative technique that uses only pulsation probe sig-
nals. Both methods are in good agreement.

Being able to measure transfer functions at high pressure
conditions on full scale burners opens up the possibility to
predict thermo-acoustic behaviour of gas turbines using dif-
ferent fuels such as natural gases with higher hydro-carbon
content, syngases and liquid fuels, whose combustion prop-
erties depend on pressure differently.

5 Spatial distributions

5.1 High pressure imaging

A further chemiluminescence technique frequently used is
the analysis of their spatial distribution by mean of imaging
techniques using intensifiers or just standard video imag-
ing. With the use of appropriate filters and filter combina-
tions it is possible to visualise the flame position for vary-
ing operating conditions and their temporal fluctuations. An

example is shown in Fig. 11 on an atmospheric SEV test
rig. More details about the rig can be found in [36]. The
atmospheric rig has large quartz windows and allows a bet-
ter view on the flame directly (without using fibre optics or
endoscopes). For the intensified UV sensitive camera 3 dif-
ferent band pass filters at 308 nm (OH∗), 430 nm (CH∗ and
background) and 450 nm (background) were used. All im-
ages show the flame at identical conditions. The upper im-
age indicates the flow direction perpendicular to the line of
sight in a single snap shot without filter. The lower three
images are filtered as indicated averaged over 300 images.
The different flame position at identical heat release posi-
tions reveal that the different species are also formed at dif-
ferent locations corresponding to different times in the heat
release process with CH∗ being formed the earliest followed
by OH∗ and the background chemiluminescence recorded at
450 nm. In the right plot in Fig. 11 the image filtered around
450 nm has been subtracted (after normalisation) from the
image filtered around 308 nm (the expected OH∗ peak) to
visualise their relative difference in location. The difference
indicates a red region where the relative intensity of the OH∗
is higher than for the background at 450 nm. This observa-
tion would support the assignment of CO + O → CO∗

2 as
source of the chemiluminescence as being late in the com-
bustor when CO has already been formed while CH∗ and
OH are in the early heat release zones.

Under high-pressure conditions spatial imaging becomes
more demanding since the optical access is limited and large
gals windows are no longer an option. The use of optical fi-
broscopes is necessary in connection to intensified cameras
to be able to detect enough light intensity for filtered heat re-
lease imaging. With the appropriate set up of hard and soft-
ware even correlations to pulsation signals and phase angle
resolved detection is possible.

As briefly explained already in [33] images were taken
at the high pressure test cell at DLR Cologne at full scale
GT burners with an UV transparent fibroscope filtered with
DUX 11 filter. The light was detected on an intensified cam-
era with variable opening times between 20 µs to be able
to detect fast phenomena in the kHz order up to −800 µs
for good light averaging. The original image is recorded,
background-subtracted and rotated to compensate for the
distortion caused by the fibre. The view field shows approxi-
mately the first third of the combustor and the flow direction

Fig. 10 High-pressure transfer
functions obtained from optical
data show good agreement with
transfer functions obtained from
a purely acoustic method
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Fig. 11 Atmospheric SEV flame observed without filters (upper im-
age: single shot, flow from left to right) and with filters as indicated
(bottom graphs) in side view perpendicular to the flow. The difference
of the normalised graphs in the upper right corner exhibits higher in-
tensities (red) of the 308 nm band upstream than for the 450 nm

Fig. 12 SEV- chemiluminescence image recorded at full pressure con-
ditions with UV fibroscope and DUX 11 filter (taken from [33]) at side
view perpendicular to the flow

is indicated in Fig. 12. Note that the CCD chip is mounted
in a diagonal angle to the flow direction revealing region of
zero intensity (in blue). Since the optics are located in a very
small area of few mm with a wide opening angle the line of
sight integration by the chemiluminescence makes the inter-
pretation less obvious than observation through a window
or even 2D laser sheet methods. The comparison of differ-
ent images however gives a clear indication of variation in
the flame.

These images can be used to visualise the flame and
observe flame position and shape in dependence of oper-
ating parameters. In Fig. 13 this is shown for varying fu-
els and varying air composition simulating flue gas recir-
culation. Clearly with increasing FGR and decreasing O2

the flame reactivity is reduced and the flame moves further
down stream. For lowest reactivities most of the flame ap-
pears to be down stream and out of the view field. Since the
SEV flame is dominated by the auto-ignition the flame posi-

tion is highly dependent not only on O2 but also on the fuel
compositions expressed as the sum of higher hydrocarbons
in natural gas (C+

2 content). The least reactive condition cor-
responding to the flame farthest downstream is high FGR
and pure CH4 flame in the lower left corner of Fig. 13 while
the most reactive condition are found at no FGR and 18 %
C+

2 where the flame is located in two lobes in the centre of
the view field stabilised by the ignition point only. Neverthe-
less, all shown images refer to stable combustor operation
points of this sequential burner.

The flame is only slightly moving downstream when O2

at the inlet is reduced indicating that flame stabilisation other
than a pure auto-ignition mechanisms is also actively keep-
ing the flame lit. This is also supported by the observa-
tion that the low reactivity flames appears to move not only
downstream, but also towards the outer regions away from
the centre line.

For the higher C+
2 values the flame is clearly following

the trend of higher reactivity with C+
2 and with O2 content

by moving upstream towards the combustor according to a
reduction in ignition time.

5.2 High speed imaging and ignition kernel tracking

Unlike the more common premix combustion, which is
dominated by the physics of flame propagation the com-
bustion mechanism of the sequential combustor is based on
auto-ignition occurring spontaneously without flame propa-
gation being required. The ignition delay time and the flow
velocity are the dominating factors determining the flame
location within the combustion chamber. With the optical
access to the high pressure rig given as described the use of
an intensified camera allows to record consecutive images
with 100 µs (or less) shutter time. With a high speed system
it is possible to follow the kernels of such ignition processes
through the combustor at a sampling rate of 10 kHz. Results
are presented in Fig. 14. In the following discussion a sin-
gle combusting hot gas pocket is called ignition kernel. The
importance of ignition kernels for combustion in the auto-
ignition regime in turbulent flame has been addressed very
nicely by Mastorakos [37] and others [38]. A kernel, once
spontaneously ignited, is also subject to flame propagation
and transport driven processes since the occurrence of heat
release is time dependent. The kernels can, after ignition,
be viewed as flowing igniters in a turbulent combustion en-
vironment. The occurrence and the travelling speed of this
structures is important in the understanding of the sequential
combustion physics.

The steps followed in identification and tracking of ker-
nels may be summarised as follows:

1. The upper and lower regions of the view field are consid-
ered separately to improve kernel identification in vary-
ing levels of average flame intensity.
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Fig. 13 SEV
chemiluminescence images for
varying FGR conditions and
fuels (taken from [33])

Fig. 14 Image sequences at full
pressure conditions of five
consecutive frames showing:
(top row) the contour averaging
method employed on smoothed
flame images, (bottom row)
corresponding unsmoothed false
colour images with overlaid
burner mouth and kernel
positions. The kernel location
labels have the following
format: (transverse distance
from axial centreline, axial
distance downstream of burner
mouth plane)

2. A contour averaging method was applied to each of the
upper and lower regions of each image to identify raw,
potential kernels.

3. To improve tracking, identified kernels that are very close
to each other (on the same image) are merged together
with the average position taken as the true location of
the single auto-ignition kernel. The drawback to this pro-
cess is the potential of merging two distinct kernels, but
this drawback was observed to be eclipsed during test-
ing by the advantage of generally improved results—
specifically the prevention of large, unified hot flame re-
gions from being interpreted as multiple kernels.

4. Once kernel identification has been established, it is pos-
sible to track movement of kernels through the use of a
metric defining one kernel as the ancestor or descendant
of another. This metric is simply the distance between
one kernel and its potential descendant in the subsequent
image of the sequence. Only if the distance between ker-
nels in consecutive images is acceptable are the kernels
considered related. Such a string of ‘related’ kernels may
be called a ‘kernel group.’ If no ancestor is found to exist
for a certain kernel, it is an ‘initial’ kernel. The frequency
of appearance of these initial kernels is of interest, as will
be discussed in the following section.

5. To reduce the effect of noise, initial kernels with no de-
scendants (i.e., single member ‘kernel groups’) are disre-
garded.

In Fig. 14 the tracking of a kernel (in the lower flame region)
is shown through five consecutive frames. The movement of
kernel position can be seen in the top row of images, show-
ing a clear downstream progression as its axial position (the
second number in the ordered pair) steadily increases with
each frame (which are temporally separated by 0.1 ms). The
top row of images in Fig. 14 shows this process, with con-
tours coloured in magenta. Step 5 is exemplified from image
4a to 4b, in which the single member kernel group identi-
fied is discarded as noise in a more refined stage of tracking
shown by the bottom row of frames.

The following discussion relates to Fig. 15, which dis-
plays the axial positions of tracked kernels in a short period
of time for a sample measurement point. For good kernel
tracking it is important to determine the frequency of ap-
pearance of hot kernels. It is not sufficient to only identify
the events of their first appearance in any sequence of im-
ages but good kernel tracking is also necessary to determine
advection speed with sufficient accuracy. This is the case for
kernel groups labelled A, D, I, K and L in Fig. 15.
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Fig. 15 Diagram of axial positions for tracked kernels in the lower
flame vs. time. The plus symbols (+) denote initial kernels and the dots
denote descendants. A selection of kernel groups are each labelled and
circled in red. Only 0.018 s (corresponding to 180 images) of a sample
series are shown here for demonstrative purposes

Several factors contribute to recording misleading advec-
tion speeds. When a single kernel is ‘lost’ during its path
downstream due to its brightness falling below the threshold
intensity, and is then ‘found’ again at later time, the number
of kernels measured at a certain speed is theoretically dou-
bled. Examples of this are the pairs of kernel groups (G, H)
and, conjecturally, (I, J). Unusually high advection speeds
(many times the bulk flow speed) can also be attributed to
erroneous tracking, whereby small kernel groups do not pro-
vide a longer-term average of motion.

Kernel advection speeds are calculated for each kernel
group based on the distance between the most upstream and
downstream tracked positions among the kernel group mem-
bers, and the time between these occurrences. Thus, speeds
highly depend on the quality of kernel tracking. Further-
more, speeds calculated to be negative are assigned to zero.
This usually happens due to poor tracking and errors in the
matching of ancestor kernels to their descendants.

Statistical analysis can be performed over a large data set.
Probability density functions of Kernel advection velocity
and frequency can then be derived as shown in Fig. 16. Poor
kernel tracking is likely to result in a very flawed or skewed
advection speed histogram (especially for flames with large
kernels which are difficult to precisely locate). All kernels,
which appear to move upstream are set to a speed of zero.
This occurs for groups B, C and G in Fig. 15. While overall
statistics is not sufficient for further modelling, the data in
Fig. 16 clearly reveal a maximum probability for ignition
times to occur.

The analysis has been conducted over a wide range of op-
erating conditions and the conclusions drawn are as follows.

The ignition kernel appearance frequency increases when
the sequential combustor inlet temperature rises, leading to

Fig. 16 Histograms of times between flame kernel appearances. The
red line is manually added and estimates a probability density function
(pdf)

an increase of the local chemical formation rate as the fuel
mass flow rate is kept constant.

The ignition kernels are advected downstream along the
mixing layer between hot gas recirculating in the reheat
combustion chamber and the main flow. The ignition ker-
nels are advected at the bulk flow velocity, which increases
when increasing the inlet temperature. A link of these fre-
quencies to the occurrence of combustion instabilities is cur-
rently only speculative but when resonance conditions are
met such instabilities could be significant.

5.3 Phase locked spatial distributions

The impact of flame position on pulsation and emission be-
haviour based on chemiluminescence imaging has been de-
scribed several times before for conventional premix burn-
ers [39]. The flame position normally depends on operating
conditions like Tflame and burner velocity. To visualise the
pulsation behaviour and link this to the design of the burner
as well as to validate the design tools, phase resolved detec-
tion is used allowing detection of flame positions and shapes
also as function of the pulsation phase angle (for given fre-
quency). There are in principle two ways to record this phase
matched data: by online signal processing [39], fast process-
ing and direct phase angle determination or by free running
image recording parallel to the recording of the pressure sig-
nal and phase matching the data in a post-processing step
[40]. The latter method allows for a much higher flexibility
and robustness like the sorting for more than one frequency
within one sample. Since the set up is fairly simple the data
acquisition can be done in standard image recording mode
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Fig. 17 SEV pulsation amplitudes plotted vs. frequency as Strouhal
number

and analysis can be performed for cases of interest if re-
quired.

This method has been used for the SEV burner at high
pressure conditions to study the first thermo-acoustic mode,
which lies in this case around at a frequency of Strouhal
∼1 as shown in Fig. 17. The frequencies on the y-axis is
expressed as the non-dimensional Strouhal number Sr = fq ·
D/uburner (with fq = frequency, D = burner diameter and
uburner = burner velocity).

Thermo-acoustic coupling in gas turbine combustion
chamber is a well-known phenomenon. When the Rayleigh
criterion [41] is satisfied, the fluctuating component of the
heat release rate produced by the flame constructively inter-
acts with the acoustic pressure. In that case a self-induced
exponential amplification of the acoustic energy results.
This acoustic amplitude growth is limited by nonlinear
mechanisms defining a limit cycle. Most of the investiga-
tions that can be found in the existing literature cover the
case of constructive interaction between flames and combus-
tor acoustics for which the compact flame approximation is
valid, i.e. the acoustic wavelength is large compared to the
flame size. An example is given in Figs. 17 and 18 where the
acoustic spectrum and chemiluminescence phase locked re-
construction over one oscillation cycle are shown. Note that
this thermo-acoustic limit cycle is established at the domi-
nant frequency visible in the acoustic spectrum in Fig. 17.

5.3.1 Short wavelength thermo-acoustic coupling

There are however some situations for which the compact
flame assumption does not hold and they are much less doc-
umented. In such a case, the feedback mechanism involves
acoustic eigenmodes featuring wavelengths of the order of
reaction zone and are referred to in this paper as short wave-
length thermo-acoustic coupling.

By considering the wavelength associated to this Strouhal
number together with the chamber geometry, it can be con-
cluded that the shown mode is axial with a dominant mod-
ulation of the overall intensity as seen in Fig. 18. The ax-
ial movement is less pronounced, but can be observed when
comparing 90◦ and 270◦ images.

For the first mode this observation is in line with expec-
tations. Higher modes are expected to exhibit several nodal
planes resulting in smaller structures Mode shape visuali-
sation and analysis of such higher modes by methods like
the described phase matching method can be conducted but
sufficient data quality and information about the pulsation
mode shapes can only be gained from an optimised view an-
gle. This is more demanding than for the axial mode. Such
pulsations are also difficult to produce in a controlled man-
ner, which makes the experiment difficult to conduct. This
is the topic of the following section, where the objective is
to characterise the coherent flame dynamics when it is sub-
mitted to a harmonic acoustic excitation where the acoustic
wavelength is twice the flame size.

5.3.2 Atmospheric testing of “non-compact” flames

This study has been carried out at atmospheric conditions
for which the test rig can be equipped with large optical ac-
cess and advanced instrumentation which would be much
more challenging at high pressure conditions. These experi-
ments are carried out for the particular case of the turbulent
auto-ignition flame (SEV) running with natural gas at atmo-
spheric conditions. The aim is to get a better understanding
of the key mechanisms that yield high amplitude oscillations
of the acoustic pressure for non-compact flames with respect
to the acoustic wavelength. One of the key mechanisms in-
volved in the feedback loop responsible of the coupling is
the flame response to acoustic perturbation. It is therefore
important to conduct forced flow experiments with acoustic
drivers used to excite the flame in order to extract its dy-
namic response.

The flame images were recorded by the same method as
described with an intensified camera at 40 Hz before for the
high-pressure rig together with analogue acoustic pressure
signals at different location on the chamber walls. Phase
locked averaging of the flame images was applied to extract
the coherent component of the fluctuating heat release in-
duced by the acoustic/combustion interaction. The camera
view angle is comparable to that in Fig. 11. Four instanta-
neous snapshots of the auto-ignition flame are presented in
Fig. 19.

In parallel, light from the flame is collected by a lens
and filtered (DUX11) photomultiplier signals are recorded
at 24 kHz. A lens was chosen such that the view angle is
narrow to have some spatial resolution from specific zones
of the flame, combined with high temporal resolution.
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Fig. 18 Phase matched SEV
chemiluminescence at full
pressure conditions sorted after
phase angle. Plotted in red are
regions with positive deviation
with respect to the average
image (shown in the centre in
usual colour map)

Fig. 19 Four flame snapshots
randomly recorded together
with their corresponding spatial
averaging which is used to
analyse coherent flame
dynamics hidden behind the
temperature driven turbulent
auto-ignition process

Three microphones are mounted on the second side-wall
of the combustion chamber in order to record acoustic pres-
sure signals. The first transverse acoustic eigenmode of the
combustion chamber is forced by means of two compres-
sion drivers (acting as loudspeakers) mounted on the com-
bustion chamber walls (top–down out of phase excitation).
The acoustic wavelength is twice the chamber height and the
acoustic forcing amplitude is rather high. During the exper-
iments, analogue signals and flame images are recorded si-
multaneously. The analogue signals are: the excitation signal
feeding the speakers, the trigger signal providing the time at
which pictures are taken, the light intensity signal (photo-
multiplier) and the pressure signals from the microphones.

The light intensity signal collected with the photomulti-
plier is first considered. During the test, the FFT was mon-
itored to check whether the flame was responding or not to
the acoustic excitation in terms of light intensity (assumed to
be an indicator of the heat release). The photomultiplier was
directed toward different flame zones, and the online mon-
itoring of the spectrum indicated that certain flame zones

were responding, whereas others were not, which is crucial
information and which will be discussed further in the fol-
lowing. The signal analysed corresponds to a photomulti-
plier lens pointing at a flame zone. As illustrated in Fig. 20 a
clear peak at the excitation frequency is present in the spec-
trum.

Figure 20 reveals that the flame does respond to the
short wavelength acoustic excitation. The coherent compo-
nent of the chemiluminescence (at the acoustic excitation
frequency) has a small amplitude with respect to the signal
standard deviation, i.e. the signal to noise ratio is poor. Al-
though a clear peak is visible in the spectrum the energy con-
tained at this frequency is small compared to the one present
in the low frequency range.

In contrast with this photomultiplier analogue signal, the
images are collected at a low rate, which is far below the
oscillation frequency. This is why phase locked averaging
(PLA) was considered to process the collected images, and
to extract the dynamic component of the heat release in-
duced by the harmonic acoustic excitation.
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Fig. 20 Left: Raw fluctuating signal recorded with the photomultiplier
(black) together with its narrow-band filtered component around the
excitation frequency (red). The corresponding acoustic wavelength is

approximately twice the flame height (see Fig. 19). Right: Fast Fourier
Transform of the raw signal where the peak in the spectrum corre-
sponds to the excitation frequency

Standard PLA of images of acoustically driven flames is
known to yield useful results and allows one to nicely de-
compose coherent flame dynamics over an oscillation cycle
as shown in the first part of the section (see Fig. 18). How-
ever, it is also known that the amount of collected data influ-
ences the results.

At a given location the signal features a standard devia-
tion near 1 (over almost one minute) Considering a sample
of this size and applying phase averaging to this sample, it
is important to estimate the minimum sample size required
to get an acceptable estimation of the coherent component
of the signal. From the filtered signal we know that the co-
herent component features an amplitude of |I ′c| = 0.06.

To get a 70 % confidence interval for the phase averaged
chemiluminescence twice smaller than the harmonic com-
ponent the size of samples per phase angle required is ap-
proximately 1000. This value is relatively high because the
ratio between coherent response and low frequencies con-
tent is relatively poor for the turbulent auto-ignition flame
forced with short wavelength acoustic tone as considered in
this study.

The flame is not entirely responding to the excitation as
was observed by scanning the combustion zone with the
photomultiplier, simultaneously monitoring the light inten-
sity spectrum and tracking the presence and the amplitude
of a peak at the excitation frequency. Since the zones vary
in their response amplitude the 1000 samples/phase-angle
constrain is not valid for all of the flame regions, especially
before applying the PLA method to flame images: At each
pixel, an average value per phase angle can be computed,
but this value can be far from the actual average value de-
pending on the sample size. Before applying PLA to a set of
10000 recorded images, it was decided to perform a spatial
averaging in order to mimic the use of the narrow view-angle
photomultiplier and get similar spatially integrated data. In
Fig. 19, four flame snapshots are presented together with
their corresponding resized images to illustrate this first step
of the processing.

Using trigger signals that define the time at which images
are recorded together with the excitation signal, each flame

snapshot is assigned to its corresponding acoustic forcing
phase angle. Images are then sorted in increasing phase an-
gle and harmonic decomposition for each of the 100 spa-
tially average zones (see Fig. 19) in order to get the corre-
sponding Fourier coefficients.

Example of results for different zones is given in Fig. 21.
The corresponding zones are indicated in one of the snap-
shots in Fig. 19. In contrast to the “square”, “triangle” and
“diamond” zones, it is not possible to state if the extracted
harmonic response is meaningful for the “circle” zone, since
the oscillation amplitude is lower than the standard error.
Therefore a confidence factor is introduced in order to quan-
tify the quality of the result. This factor is the ratio between
the harmonic amplitude deduced from the processing and
the standard error.

The entire set of zones is processed as described previ-
ously and results are presented in Fig. 22 showing the sig-
nificant difference to the flame snapshots from Fig. 19. This
is due to the turbulence level being higher and yields stan-
dard deviations of the light intensity signal (assumed pro-
portional to the heat release) of the order of the mean values.
From the confidence factor map shown in Fig. 22, one can
see that four regions feature a good confidence factor, mean-
ing that one can be confident with the processing and that
the harmonic component extracted in these regions are reli-
able evaluations of the heat release rate response at the ex-
citation frequency. The amplitude plot shows three regions
to respond with a high amplitude, and these regions can be
roughly superimposed to high confidence index regions. The
phase pattern indicates that the acoustics drives the coherent
heat release fluctuation in a rather complex way: an out of
phase oscillation between the upper and lower parts of the
flame is combined to an advection process.

6 Conclusions

A wide range of chemiluminescence applications used for
the combustor development are covered in this overview.
Flame spectra and photomultiplier signals are used for flame
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Fig. 21 PLA result for different
groups of pixels indicated by a
square, a triangle, a circle and a
diamond in Fig. 1 (x-axis: phase
angle for two acoustic periods
∼4π where t = 1/fexcitation).
For each zone, 10 000 values of
the signal were used to perform
the averaging. For each value,
the phase angle is deduced from
the excitation signal, which is
taken as reference. Mean and
median averages are presented,
together with the mean and
median standard error (shaded
zones). The thick black line is
the harmonic component
computed from the mean
averages

Fig. 22 Results obtained from
combined spatial averaging and
PLA method. Top: Amplitude
and phase of the extracted
harmonic component of the
fluctuating chemiluminescence,
together with the confidence
factor associated with this
computation. Bottom: Standard
error associated with the PLA of
the individual zones and mean
OH∗ chemiluminescence

sensing and monitoring purposes as well as flame transfer
function measurements. The best strategy to minimise NOx

formation might require several different detection bands.
The method would benefit from a better understanding of
the broad background emission dominating the chemilumi-
nescence spectrum of the gas turbine flame. Also the forma-
tion pathways and the occurrence of excited states are not
finally clarified with respect to their molecular dynamics.
The good experience in terms of NOx -reduction in field en-
gines with the commercial flame sensing system for premix
annular combustors are the motivation to further intensify
the development effort for flame sensing basics, in order to
better understand the interesting physics and chemistry of
the process, as this might be crucial for the improvement of
the sensing method in terms of robustness and application
range and might give important insights in the combustion
chemistry modelling. Such improved understanding would
possibly also extend the range of application of the existing

GT flame sensing available for Alstom’s annular combustion
systems also to reheat combustion or flue gas recirculation.

Flame imaging under realistic gas turbine conditions sup-
ports the combustor research and development for the op-
timisation of stability and emissions by several methods.
Averaged images allow one to investigate stable operating
conditions, while time dependent detection yields insights
in acoustic mode shapes which are required for the develop-
ment of stable combustors. High speed imaging is useful to
explore active combustion mechanisms as demonstrated for
a sequential combustion system.

Sophisticated data processing was able to show that SEV
flames respond to the short wavelength acoustic excitation
and that the flame response is spatially distributed and fea-
tures complex dynamics combining an out of phase coher-
ent auto-ignition between top and bottom regions of the re-
action zone together with an advection process. Unlike in
conventional premix combustors, in the sequential combus-
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tor the coherent component of the heat release rate (driven
by the acoustics) is weak compared to the non-coherent one
(induced by the turbulent auto-ignition process) despite the
strength of the acoustic excitation.
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