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a b s t r a c t

Spontaneous chemiluminescence emission has been suggested as one of the most promising options for
flame stoichiometry monitoring, with particularly interesting application for lean premixed combustors.
Most published works are focused on global and time-averaged flame stoichiometry; however, the results
reported in previous studies it can be concluded that chemiluminescence measurement could be also
valid for local or instantaneous equivalence ratio monitoring. This could enable the development of novel
diagnostic techniques with interesting applications in many combustion situations, like the study of
thermo-acoustic instabilities. This was the main motivation for this study, focused on analyzing the fea-
sibility of chemiluminescence for space- and/or time-resolved stoichiometry measurements. The results
revealed unexpected results, not reported in previous studies, with a non-negligible variation of the rela-
tion between chemiluminescence and equivalence ratio that seems to be related to changes in local flame
properties such as temperature or composition. This finding has important practical consequences since
the chemiluminescence vs. equivalence ratio curves should be carefully verified for each application.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

One of the challenges of the combustion industry is the devel-
opment of appropriate methods for supervision and optimization
of the combustion processes with the aim of improving their effi-
ciency, reliability and flexibility for using different kinds of fuels.
The importance of sensors for flame monitoring as a key pre-requi-
site in the development of advanced combustion control strategies
has been widely discussed in previous works [1,2]. Methods based
on optical sensors have been shown as a good alternative for the
supervision of industrial flames because they have many advanta-
ges like being instantaneous, cheap, non-intrusive and suitable for
harsh environments.

The measurement of the spontaneous emission of electromag-
netic radiation due to excited species generated in chemical reac-
tions (chemiluminescence) has been commonly used to evaluate
flame properties, especially for estimating fuel–air ratio. Spectral
bands commonly selected for flame monitoring correspond to
one or several of the main light emitters in hydrocarbon flames:
OH�;CH�;C�2 (with peaks at 309, 431 and 516 nm, respectively)
and CO�2 (continuum emission in the band 300–600 nm).

Many authors have studied numerically [3–7] and experimen-
tally [3,4,7–16] the existence of relationships between the light
emission and the properties of the flame, such as fuel–air ratio or
heat release. In general, these studies are based on the global radi-
ation emitted by the whole flame and all of them conclude that
chemiluminescence is strongly correlated with the equivalence ra-
tio (/), pointing out to potential application for the development of
flame stoichiometry sensors. Moreover, most of them suggest
using ratios between signals corresponding to light collected at dif-
ferent wavelengths, instead of the single signals, in order to avoid
some of the interferences caused by geometrical or optical param-
eters of the measurement setup. Particularly, the ratio OH�/CH� has
been demonstrated to be independent of strain rate or turbulence
intensities [5,9,11,15,17,18] and for that reason it is commonly
proposed as a reliable parameter to monitor a wide range of prac-
tical flames. It should be noted that most of the previous studies,
such as [5,10,14,16] were performed on laminar premixed flames
(Bunsen or counterflow burners). However, since it was found that
the OH�/CH� ratio does not depend on strain rate and assuming
that practical turbulent flames are usually in the flamelet regime,
the conclusions can be expected to be also applicable to real com-
bustors. In fact, results obtained in turbulent flames [7–10,19] are
in good agreement with the findings in small-scale laminar flames
regarding the existence of a clear relationship between chemilumi-
nescence and air–fuel ratio.
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The fast response of radiation sensors is an important advan-
tage that can be exploited to develop stoichiometry sensors with
high temporal resolution; also, local equivalence ratio could be
estimated by means of an adequate optical setup. These ideas
might be applied to perform a detailed characterization of equiva-
lence ratio in studies on thermo-acoustic instabilities, where pres-
sure oscillations can induce variations in fuel or air flow rates and,
therefore, temporal fluctuations in the equivalence ratio of the
air–fuel mixture. This general idea was tested by the authors in
swirl-stabilized, turbulent, premixed methane flames. The ap-
proach consisted in applying a calibration curve previously deter-
mined empirically to estimate instantaneous and local values of
/ from chemiluminescence measurements, so as to evaluate fluc-
tuations at the dump plane or the resulting axial / wave due to
convective transport.

In order to evaluate the accuracy of the method and whether
the oscillations observed in OH�/CH� ratio could be fully inter-
preted in terms of / fluctuations, it was applied in cases where
the fuel–air mixture was injected through choked orifices. Using
a choked injection has the advantage of making equivalence ratio
insensitive to pressure fluctuations and therefore, equivalence ra-
tio should be constant in time and space. Consequently, in these
conditions, chemiluminescence ratios (e.g. OH�/CH�) calculated
from time and/or space-resolved signals could be also expected
to be constant. However, OH�/CH� displayed non-negligible varia-
tions along the time or between different flame zones, which sug-
gested that, in a given flame, chemiluminescence signals depend
not only on the fuel–air ratio but also on other conditions of the
reacting mixture.

These observations can be relevant in general terms regarding
the properties of chemiluminescence in flames and can also deter-
mine the possibilities and limitations of techniques based on the
use of radiation signals for flame diagnostics. Although Nori and
Seitzman [4] already detected a potential effect of temperature
on chemiluminescence curves by the study of preheating, no
previous reference to a systematic analysis of the effect of local

conditions on chemiluminescence ratios was found in the litera-
ture, and the initial study was extended to investigate the potential
causes. Different hypotheses were considered that could explain
this apparently anomalous behavior of chemiluminescence signals
in situations with constant equivalence ratio; namely, differences
in temperature and in average composition of the reacting mixture
included in the probed volume between different locations or in-
stants of time.

The main goal of the present study is, consequently, analyzing
the relationship between chemiluminescence intensity ratios and
equivalence ratio in a swirl-stabilized, turbulent flame and its spa-
tial variation along the combustion chamber, as well as discussing
about the potential causes of the observed behavior. Chemilumi-
nescence signals were collected at different radial and axial posi-
tions in swirl-stabilized, perfectly premixed flames. In addition,
the influence of temperature and gas composition on light
emission by excited radicals was evaluated by means of numerical
calculations with detailed chemiluminescence mechanisms. The
results obtained are discussed in order to analyze the feasibility
of chemiluminescence sensor for predicting local equivalence ratio
in practical flames.

2. Experimental facility and instrumentation

The experimental results presented throughout the following
sections have been collected from swirl-stabilized, turbulent, pre-
mixed methane-air flames in the combustion rig shown in Fig. 1.
A quartz tube (with 120 mm of internal diameter and 230 mm of
length) configures the combustion chamber and allows unre-
stricted optical access to the flame. Two options for fuel injection
existed:

(A) Methane can be injected into the air stream through orifices
labeled as ‘Fuel A’ in Fig. 1, so that mixing is achieved
upstream of choked orifices (Mach number = 1). Since pres-
sure perturbations due to combustion instabilities do not

Fig. 1. Combustion rig and instrumentation.
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