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Abstract 
In this study a measurement technique for determination of equivalence ratio fluctuations from flame chemiluminescence 
in a kerosene-fuelled lean premixed combustor under atmospheric conditions is presented. Firstly, fundamental investiga-
tions into the relationship between the ratio of different chemiluminescence signals and the equivalence ratio are carried 
out using an imaging spectrometer. The chemiluminescence intensity is recorded for a wide range of equivalence ratios and 
fuel mass flows during steady state operation. The spectra show that the CH*/OH* ratio depends linearly on the equivalence 
ratio and is independent of the mass flow in the investigated range. Moreover, the background radiation has no influence on 
the monotonous trend of the CH*/OH* ratio for kerosene combustion. This interesting finding opens up new possibilities 
for passive optical measurement of the equivalence ratio in kerosene flames. Bandpass-filtered phase-correlated images of 
OH* and CH* chemiluminescence of an acoustically excited flame are taken simultaneously on one camera chip using an 
image doubler. After distortion correction, the image pair is used to calculate the global equivalence ratio from the CH*/
OH* ratio. Based on the calibration chart derived in stationary operation, phase-resolved equivalence ratio perturbations 
are determined during acoustic excitation. The presented technique allows a quantitative measurement of equivalence ratio 
fluctuations in spray combustion and can therefore provide a better understanding of the fundamental mechanisms of ther-
moacoustic instabilities triggered by equivalence ratio fluctuations.
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Graphic abstract

List of symbols
erel  Local deviation from the average value (−)
f  Frequency (Hz)

I(⋅)  Chemiluminescence intensity (W/m2)
l  Length (m)
r  Radial coordinate (m)

T  Temperature (K)
u  Axial velocity (m/s)
U  Axial bulk velocity (m/s)
x  Axial coordinate (m)

Greek letters
�  Phase (rad)
�k  Phase shift (rad)
Φ  Global equivalence ratio (−)

Subscripts
(⋅)gl  Global mean value
(⋅)max  Maximum
(⋅)mix  Mixing
(⋅)pre  Preheater

Operators
̂(⋅)  Amplitude
(⋅)�  Deterministic (coherent) component
| ⋅ |  Magnitude
⟨⋅⟩  Phase-averaged mean value
̃(⋅)  Random (stochastic) component
(⋅)  Time-averaged mean value

Abbreviations
A2EV  Advanced2 En-Viromental burner
ICCD  Intensified charge coupled device
UV  Ultraviolet

1 Introduction

Modern gas turbine engines used in power generation are 
mainly operated at lean premixed combustion conditions to 
comply with current regulatory requirements (Candel et al. 
2013). The change from diffusion combustion to premixed 
combustion has led to a significant reduction in nitrogen 
oxide emissions. At the same time, however, these low-pol-
lution combustors are prone to the formation of thermoacous-
tic instabilities causing significant pressure and temperature 
amplitudes in the combustion chamber (Lieuwen and Yang 
2005; Huang and Yang 2009). These are caused by a feed-
back loop between acoustic waves in the combustion chamber 
and fluctuations in the heat release rate. Investigations of lean 
premixed gas turbine combustion dynamics have revealed 
that the heat release fluctuations can be attributed to two 
coupling mechanisms (Ducruix et al. 2003; Lieuwen et al. 
2001). Firstly, acoustically initiated velocity fluctuations at 
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the burner outlet lead to a large-scale coherent vortex forma-
tion of a combustible mixture. If hot product gas penetrates 
the vortices, they burn abruptly and can act as a source of 
acoustic energy. In addition, the convectively transported 
vortices cause a fluctuation of the flame surface, which also 
leads to a modulation of the heat release (Huang and Yang 
2009; Lieuwen 2013). Secondly, in technically premixed 
combustion systems, equivalence ratio fluctuations at the 
burner outlet can additionally lead to a fluctuation in the heat 
release. Equivalence ratio fluctuations are caused by acous-
tic pressure and velocity fluctuations at the location of the 
fuel supply. Convectively transported to the flame, they lead 
to fluctuations in the heat release. The flame temperature is 
also affected by equivalence ratio fluctuations leading to the 
formation of entropy waves, which influence the acoustics 
of the system (Sattelmayer 2003; Lieuwen and Zinn 1998).

While extensive studies on combustion instabilites have 
already been carried out using gaseous fuels (Keller 1995; 
Alemela et al. 2010; Bade et al. 2013), the effects of the 
combustion of liquid fuels on the flame dynamics have 
mainly been investigated for non-premixed, rich combus-
tion (Konrad et al. 1998; Zhu et al. 2001; Eckstein et al. 
2005). Due to the additionally necessary sub-processes of 
atomization and vaporization, a complex interaction of the 
acoustic velocity fluctuations with the mixture preparation 
in the mixing tube arises. This leads in particular to a differ-
ent route for the formation of equivalence ratio fluctuations 
at the burner outlet. A description of influence of acous-
tic velocity fluctuations on the atomization and thus on the 
droplet size distribution for a non-premixed, rich combus-
tion was published by Eckstein (2004). It has been observed 
that even small velocity fluctuations can have a significant 
effect on the droplet distribution and thus cause a signifi-
cant modulation of the heat release fluctuations (Eckstein 
et al. 2005). The velocity fluctuations in the atomization 
area are a direct response of the pressure fluctuations in the 
combustion chamber. The unstable oscillation frequency is 
dominated by the transport and combustion time scales of 
the droplets.

In contrast to this, lean premixed spray combustion 
dynamics have scarcely featured in research up until now. 
Since equivalence ratio fluctuations are one of the major 
mechanisms causing thermoacoustic instabilities in lean 
premixed combustion, the development of a reliable meas-
urement technique for determining equivalence ratio fluc-
tuations is a key challenge. It has been shown that moni-
toring the flame chemiluminescence is a potential solution 
for determining the equivalence ratio in the reaction zone 
(Docquier et al. 2002; Hardalupas and Orain 2004; Muru-
ganandam et al. 2005).

The first researcher to report a relationship between 
the ratios of different chemiluminescence signals and the 
equivalence ratio was Clark (1958). He observed a clear 

correlation between the C2*/CH* ratio and the equivalence 
ratio for propane-air flames under atmospheric conditions. 
In later studies Kojima et al. (2000) showed that the OH*/
CH*, C2*/CH* and C2*/OH* ratios can be used to determine 
the local equivalence ratio in the reaction zone of premixed 
laminar methane-air flames. C2*/OH* was found to be most 
sensitive to the equivalence ratio. In lean premixed flames 
the C2 * emission intensity is very low, so the OH*/CH* 
ratio is more appropriate for determining the equivalence 
ratio. Similar observations have been reported for premixed 
natural gas-air and propane-air counterflow flames (Harda-
lupas and Orain 2004; Orain and Hardalupas 2010, 2011). 
It was shown that the OH*/CH* ratio is a monotonic func-
tion of the equivalence ratio and is also independent of the 
strain rate. These findings are corroborated by numerical 
simulations of counterflow flames with detailed chemistry 
(Panoutsos et al. 2009). Eight detailed chemistry mecha-
nisms, extended by elementary reactions that account for 
the formation and deactivation of the chemiluminescence 
species OH* and CH*, were investigated. The numerical 
results were in good agreement with the experimental data. 
It was also found that the OH*/CH* ratio is unaffected by the 
flame strain rates, although the chemiluminescence intensi-
ties of OH* and CH* are strongly dependent on the strain 
rate. While flame parameters such as turbulence intensity 
and strain rate show strong influence on the chemilumines-
cence intensity of OH* and CH*, the ratio of CH*/OH* 
is found to be almost independent of these parameters for 
turbulent flames at atmospheric conditions (Guyot et al. 
2010; Bobusch et al. 2013). Muruganandam et al. (2005) 
examined the applicability of chemiluminescence sensing to 
technical applications by investigating the OH*/CH* ratio 
in various natural gas combustor configurations at pressures 
up to 7.8 bar. They found that neither minor fuel changes, 
nor air preheating, nor velocity affect the relationship of 
the OH*/CH* ratio and the equivalence ratio. Moreover, a 
non-monotonic behaviour of the OH*/CH* ratio at varying 
equivalence ratios with increasing pressure was observed.

Until now, the relationship between the ratio of differ-
ent chemiluminescence signals and the equivalence ratio for 
liquid fuelled flames has not been widely investigated. Yi 
and Santavicca (2009) studied the spectrum of a turbulent 
swirl-stabilized flame using Jet A1 as fuel. They reported the 
spectrum of the liquid fuelled combustor to be very similar 
to that of lean premixed gaseous combustion. Lee and Seo 
(2015) also analyzed the spectral characteristics of kerosene 
swirl combustion. They reported that the OH*/CH* ratio 
assumes values close to one, independent of the equivalence 
ratio and preheating temperature, and thus shows no mono-
tonic relationship to the equivalence ratio. The ratio C2*/
CH* showed a linear correlation as a function of the equiva-
lence ratio. They observed a decreasing gradient of the C2*/
CH* ratio with increasing swirl number. Similar results were 
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published by Józsa and Kun-Balog (2015) for the combus-
tion of diesel oil. They also observed a non-monotonous 
characteristic of the OH*/CH* ratio with the equivalence 
ratio. Moreover, they stated that the OH*/CH* ratio was 
dependent on the atomizing air pressure. The C2*/CH* and 
C2*/OH* ratios indicated very low sensitivity to the atom-
izing pressure and exhibited a monotonous relationship with 
the equivalence ratio.

The chemiluminescence from OH*, CH* and C2 * is 
superimposed by a broadband background radiation, which 
can be attributed to CO2 * and HCO* (Najm et al. 1998). All 
presented studies take this into account and thus all ratios 
are corrected for background radiation. In summary, it can 
be stated that the relationship between the ratio of differ-
ent chemiluminescence species and the equivalence ratio 
taking background radiation into account has already been 
comprehensively investigated. The influence of background 
radiation on this relationship has only been studied for a 
couple of fuels so far. Hardalupas and Orain (2004) showed 
that the OH*/CH* ratio without taking background radiation 
into account still exhibits a monotonic relationship to the 
equivalence ratio for natural gas flames. Reyes et al. (2018) 
investigated the relationship between the C2*/CH* ratio 
without background correction and the equivalence ratio for 
gasoline in a constant volume combustion chamber at pres-
sures up to 10 bar. They reported a monotonic relationship 
between the C2*/CH* ratio and the equivalence ratio for all 
charge pressures investigated. Furthermore, they observed 
an increasing sensitivity of the C2*/CH* ratio with increas-
ing charge pressure. However, the influence of background 
radiation on this relationship for kerosene combustion has 
not yet been investigated. This study examines the influence 

of background radiation on the relationship between the ratio 
of different chemiluminescence signals and the equivalence 
ratio.

The current paper introduces a measurement technique 
for the determination and quantification of equivalence ratio 
fluctuations for spray combustion based on observation of 
the flame chemiluminescence.

Firstly, spectrally resolved chemiluminescence investi-
gations are conducted providing a correlation between the 
chemiluminescence signal and the equivalence ratio. Sec-
ondly, these findings are transferred to the bandpass-filtered 
chemiluminescence technique developed in previous studies 
(Lauer 2011). As a result, the measurement technique for 
determining equivalence ratio fluctuations is significantly 
simplified. Phase-correlated images of the OH* and CH* 
chemiluminescence are acquired simultaneously on one 
camera chip to identify fluctuations in the equivalence ratio 
during an oscillation cycle. This measurement technique 
enables a more detailed investigation of thermoacoustic 
instabilities caused by equivalence ratio fluctuations.

2  Experimental setup and measurement 
techniques

2.1  Single burner test rig

The atmospheric single burner test rig used for all experi-
mental investigations presented in this study is shown sche-
matically in Fig. 1. The main airflow first passes through an 
electrical preheater to provide a constant combustor inlet 
temperature of Tpre = 573 K. Before entering the plenum, 

Fig. 1  Schematic sketch of the single burner test rig with modular swirl burner system and measurement techniques
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the flow is divided into two partial flows, one flows straight 
to the plenum through a bypass and the other one is sup-
plied to the upstream siren for acoustic excitation. The ple-
num is a cylindrical tube with an inner diameter of 124 mm 
and a length of 1365 mm. The siren generates a harmonic 
acoustic signal using a disc with double sine shaped orifices 
(Eckstein 2004). The siren shaft is connected to a 1.1 kW 
three-phase motor providing a nominal torque of 3.7 Nm. 
The achievable excitation amplitudes are influenced by the 
supplied air mass flow. Effectively, excitation frequencies of 
up to f = 800 Hz can be generated.

The combustion chamber has a square cross-section with 
a side length of 150 mm and a total length of 730 mm. It 
is optically accessible through a quartz glass window for 
observation of the flame. A downscaled version of the  A2EV 
burner is used in this study (Sangl et al. 2011; Bade et al. 
2013). The burner consists of a diverging swirler with a 
length of 68 mm followed by a converging mixing tube of 
length 60 mm. The outlet diameter of the mixing tube is 
32 mm. The swirler has a central hole and four tangential 
slots. The burner is extended by a central twin-fluid nozzle 
on the burner axis to enable the injection of liquid fuel. A 
schematic sketch of the burner with the twin-fluid nozzle 
is also shown in Fig. 1. The twin-fluid nozzle is fed with 
kerosene and air. A stream of high velocity atomizing air 
is brought into contact with a liquid flow. Therefore, this 
nozzle can generate fine droplets at low liquid velocities 
(Ashgriz 2011). This is an internal mixing nozzle where gas 
and liquid are brought into contact within the nozzle. The 
distance between the nozzle and the combustion chamber 
inlet is definded as the mixing length lmix. The lance is fixed 
at a mixing length of lmix = 70 mm. A blue oil flame was 
observed indicating the flame to be premixed. The premixed 
characteristic of the kerosene flame is verified indirectly by 
the observation that the NOx emissions are of the same order 
of magnitude as for premixed natural gas flames. Further 
proof that a premixed flame has been achieved will be shown 
in Sect. 3.2. Alternatively, natural gas can be supplied far 
upstream of the burner for perfectly premixed operation. The 
long mixing section of air and natural gas avoids equivalence 
ratio fluctuations. The thermal power is varied between 40 
and 60 kW. Therefore, the fuel flow rates are in the range of 
0.8–1.2 g/s and are kept constant for certain thermal powers. 
In order to adjust the equivalence ratio, the air flow rate is 
varied between 20 and 32 g/s at constant fuel flow rates. As 
the air mass flow cannot be reduced below 20 g/s, this leads 
to a maximum equivalence ratio of Φ = 0.67 for a thermal 
power of 40 kW. The deviations of the flow metering equip-
ment for air and natural gas are around 1 % and for kerosene 
under 0.25 %. The Reynolds number referred to the burner 
outlet varies from 26,000 to 42,000.

The test rig has a total of six water-cooled dynamic pres-
sure transducers with an accuracy of 0.00069 kPa. Three of 

these are mounted in the plenum and three in the combus-
tor. This configuration allows reconstruction of the fluctuat-
ing acoustic pressure and velocity fields at any given point 
upstream and downstream of the burner (Paschereit et al. 
2002). A detailed description of the test rig is provided by 
Eckstein (2004) and Stadlmair (2018).

2.2  Spectrally resolved chemiluminescence

Spectrally resolved chemiluminescence measurements dur-
ing stationary operation without acoustic excitation are dis-
cussed in the following. The spectrum of the entire flame is 
obtained after integration over the spatial coordinate of the 
spectrometer.

The setup for spectrally resolved chemiluminescence 
measurements is shown schematically in Fig. 1. A Spec-
traPro 275 imaging spectrometer from Acton Research 
Cooperation is used for the spectrally resolved investiga-
tions. This is a Czerny–Turner monochromator with a focal 
length of 275 mm and an aperture ratio of 1:3.8. A grat-
ing with 150 grooves per millimetre is used for the stud-
ies. Therefore, an observation of approximately 300 nm of 
a flame spectrum is possible. Using a UV lens with a focal 
length of 45 mm and a maximum aperture of 1:1.8 the image 
of the flame is focused on the inlet slit of the spectrograph. 
The slit width is adjusted to 10 μm. A StreakStar image 
intensified camera system from LaVision is attached to the 
spectrometer to record the spectra.

For measurement of a chemiluminescence spectrum with 
a camera, the intensities are recorded over the individual 
pixels. To determine the exact wavelengths corresponding to 
each pixel, an additional calibration measurement is neces-
sary. The spectrum of a mercury arc lamp is recorded using 
the imaging spectrometer. The measured spectrum contains 
five distinctive and clearly visible spectral lines. The char-
acteristic wavelengths of the individual spectral lines of the 
mercury arc lamp are known from Reader et al. (1996). The 
measured data points can be approximated by a first degree 
polynomial which represents a conversion rule from the 
pixel scale to the nm scale.

Furthermore, the imaging spectrometer coupled with the 
camera has an unknown, wavelength-dependent sensitivity 
that can be determined by a second calibration. The spec-
trum of a calibrated halogen lamp is recorded and compared 
to the reference spectrum of this lamp provided by the man-
ufacturer. Thus, a wavelength-dependent calibration factor 
can be determined and applied to all measured spectra.

During the spectrally resolved measurements the thermal 
power was varied between 40 and 60 kW. Flame spectra 
of 14 equivalence ratios, ranging from 0.53 to 0.8, were 
recorded. For each operating point 20 single recorded spec-
trally resolved images were taken with a resolution of 384 × 
286 pixels. An exposure time of 5 ms was set. Afterwards, 
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these images were averaged and evaluated using Matlab. 
The single spectra were filtered with a Savitzky-Golay filter 
using fifth degree polynomials. For the approximation of 
these polynomials 19 interpolation points were used for each 
polynomial.

Figure 2 shows a typical chemiluminescence spectrum 
of a lean kerosene flame under atmospheric conditions. The 
OH*, CH* and C2 * peaks are superimposed by a broadband 
background radiation. To determine the true intensities of 
the individual radicals, the corresponding background radia-
tion is subtracted from the respective areas in the wavelength 
ranges of the radicals. For this purpose, the background 
radiation is linearly interpolated within each radical range. 
Accordingly, only the area between this linear interpolation 
and the peak of each radical emission is determined and used 
for evaluation. These areas are highlighted in Fig. 2. The 
intensity of the OH* radical is shown in blue, the intensity 
of the CH* radical in red and the intensity of the C2 * radi-
cal in yellow.

2.3  Bandpass‑filtered chemiluminescence

The optical measurement system for bandpass-filtered 
chemiluminescence investigations is shown schematically 
in Fig. 1. It consists of a Photron FastCam SAX2 high-speed 
camera equipped with an image intensifier from Invisible 
Vision and a silica glass camera lense. An image doubler 
from LaVision is mounted in front of the camera lens. The 
image doubler provides a projection of an image pair onto 
one camera chip.

As already described in Sect. 2.1, the test rig is equipped 
with six water-cooled PCB 106B piezoelectric pres-
sure transducers. The data acquisition system comprises 

a measurement computer and a measurement card from 
National Instruments. In addition to the high-speed images, 
time series of a total of eight signals are recorded: the pres-
sure curves of the six pressure sensors and the exposure 
times of the camera and the image intensifier. Images of the 
entire flame front can be taken through the quartz glass opti-
cal access. The focus of the lens was set to the centre plane 
of the combustion chamber. Furthermore, the frame rate of 
the camera was set to 2000 frames per second with a resolu-
tion of 1024 × 1024 pixels. The image intensifier is triggered 
by the camera. An exposure time of 100 μ s was set. For 
the stationary measurements, 2000 images were taken and 
averaged. For the acoustically excited measurements, 6000 
images were recorded for each excitation frequency and then 
grouped according to the phase of the pressure oscillation in 
12 equally spaced subintervals resulting in about 500 images 
for each subinterval.

Two different narrow-band interference filters can be 
mounted on the image doubler. On one side, an OH*-filter 
with a maximum transmission of 16.57 % at a characteristic 
wavelength of 309.65 nm and a full width at half maximum 
of 10.2 nm is attached. On the other side, a CH*-filter with 
a maximum transmission of 48.63 % at 431.39 nm and a 
full width at half maximum of 10.6 nm is installed. In this 
way, OH* and CH* chemiluminescence can be recorded 
simultaneously with the image doubler. The wavelengths 
transmitted by the OH*-filter and the CH*-filter correspond 
to the emission intensity of OH* and CH* superimposed 
by the broadband background radiation, as shown in Fig. 2.

As will be shown in Sect. 3.1, the background radiation 
has no influence on the monotonic relationship between the 
CH*/OH* ratio and the equivalence ratio for kerosene com-
bustion. For this reason, the contribution of the broadband 
background radiation in the recorded spectral band is no 
longer taken into account in further evaluation.

The post-processing of all flame images for evaluating 
bandpass-filtered chemiluminescence is shown in Fig. 3. The 
image pair is first divided into two separate images for OH* 
and CH*. After averaging the OH* and CH* images indi-
vidually, an image distortion correction procedure is applied. 
An additional reference target is placed in the centre plane 
of the combustion chamber and is imaged through both eyes 
of the image doubler. A transformation is applied to both 
images using Matlab, which takes the perspective distor-
tion into account so that the two images coincide. Due to 
the stereoscopic acquisition with the image doubler, a shift 
in line-of-sight direction of the target leads to a shift of the 
centre position of the virtual image in horizontal direction. A 
maximum displacement of the centre of the virtual image of 
+∕− 2 mm in the horizontal direction is determined. Distor-
tion correction is being done without the interference filters. 
Furthermore, the single images are filtered with a threshold 
value of 10 % of the maximum chemiluminescence intensity 

Fig. 2  Typical chemiluminescence spectrum of a lean kerosene flame 
under atmospheric conditions
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and isolines with 25 %, 50 % and 75 % of the maximum 
intensity are computed. These isolines are represented by 
contour plots as shown in Fig. 3. The distortion corrected 
images represent the integrated line-of-sight intensity dis-
tribution. Assuming a rotationally symmetric flame, the 
intensity distribution in the centre plane can be calculated 
using an Abel inversion. Therefore, an Abel inversion using 

a Fourier method with fifteen terms is applied (Pretzler et al. 
1992). This procedure is carried out analogously for the CH* 
data. For the calculation of the CH*/OH* ratio the CH* and 
OH* images are filtered again to ensure a minimum inten-
sity of 50 % of the respective maximum chemiluminescence 
intensity. The local CH*/OH* ratio is then calculated for 
each pixel where the intensity of both CH* and OH* is at 
least 50 % of the respective maximum chemiluminescence 
intensity. The global mean value (ICH ∗ ∕IOH ∗)gl can be cal-
culated as the average value of the local CH*/OH* ratio for 
each operating point. Moreover, the deviation of the local 
CH*/OH* ratio from the global mean CH*/OH* ratio of a 
single operating point is defined as follows:

For the acoustically excited experiments a synchronisation 
of pressure and image data is performed. Firstly, the points 
in time are identified at which an image was recorded. The 
signals of the high-speed camera and the image intensifier 
are used for this purpose. Subsequently, the phase of the 
oscillation can be assigned to the recording times of the indi-
vidual images based on the pressure data. The single images 
are referred to the phase of the pressure oscillation at the ref-
erence sensor according to Fig. 1. The phase of the oscilla-
tion at the position of the reference sensor is calculated using 
the Hilbert transformation. The phase, which can assume 
values between - � and � , is divided into 12 subintervals of 
equal size. In this way, each image with the corresponding 
phase of oscillation can be assigned to a subinterval.

For the images grouped in this way, average images can 
then be calculated separately for each group. Afterwards, 
the ratio of CH*/OH* is determined pixel by pixel for each 
group, resulting in 12 phase-averaged images over the pul-
sation cycle. For all frequencies, the global mean values of 
every CH*/OH* image are calculated from the 12 phase-
averaged images. Applying the calibration chart, which will 
be presented in Sect. 3.2, a phase-averaged global equiva-
lence ratio ⟨Φ⟩ can then be determined for each subinter-
val. The mean value of the corresponding phase interval is 
assigned to the calculated global equivalence ratio as phase 
�.

In an acoustically excited flow the equivalence ratio can 
be divided into three parts: the time-averaged (mean) Φ , 
a random Φ̃ and a deterministic Φ� component (Lieuwen 
2013), resulting in:

(1)erel(x, r) =

||||
ICH∗(x,r)

IOH∗(x,r)
−
(

ICH∗

IOH∗

)

gl

||||(
ICH∗

IOH∗

)

gl

(2)Φ = Φ + Φ̃ + Φ�

Fig. 3  Post-processing of flame images for evaluating bandpass-fil-
tered chemiluminescence
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Since only time-averaged values are considered within 
this study, it can be assumed that the random component 
is averaged out. For this reason, the random component is 
neglected in the following. The deterministic part is then 
calculated as follows:

Φ� describes the global equivalence ratio fluctuation, ⟨Φ⟩ 
is the phase-averaged global equivalence ratio and Φ is the 
time-averaged global equivalence ratio. The equivalence 
ratio fluctuation is approximated by the following Fourier 
approach:

Here, a describes the amplitude of the oscillation, �k the 
phase shift and b a scaling factor for the vertical displace-
ment. The unknown constants a, �k and b are approximated 
using a least square method.

3  Results

The results of this study are shown and discussed in the 
following subsections. Firstly, the results of the spectrally 
resolved investigation are presented. As already mentioned 
in Sect. 2.2 the chemiluminescence from OH*, CH* and 
C2 * is superimposed by a broadband background radia-
tion, which must be taken into account in the evaluation 
procedure. The subtraction of the broadband background 
radiation from the respective chemiluminescence intensi-
ties is referred to as background correction in the following. 
The focus of the spectrally resolved measurements is on the 
influence of the background correction on the correlation 
between different intensity ratios of the species OH*, CH* 
and C2 * and the equivalence ratio. Only the global spectral 
characteristics of the different chemiluminescence species 
are considered here.

Secondly, the results of the bandpass-filtered chemilumi-
nescence measurement are discussed. Here, the applicability 
of the measurement technique during acoustic excitation is 
examined in more detail.

3.1  Global equivalence ratio from spectrally 
resolved chemiluminescence

Firstly, the intensity ratios with background correction are 
examined in detail. Lauer (2011) and Muruganandam et al. 
(2005) have shown that the CH*/OH* ratio is only a function 
of the equivalence ratio for the combustion of natural gas.  

(3)Φ� = ⟨Φ⟩ − Φ

(4)
⟨Φ⟩
Φ

(�) = a ⋅ cos(� − �k) + b

Figure 4 shows the relationship of the CH*/OH* ratio 
and the equivalence ratio for the combustion of natural gas 
under atmospheric conditions. The CH*/OH* ratio is plotted 
against the equivalence ratio for various thermal powers. In 
addition, reference results from Lauer (2011), Muruganan-
dam et al. (2005) and Nori (2008) are presented. For com-
parison, all data are normalized by their value at Φ = 0.8 . 
Lauer (2011) used the TD1 swirl burner. It consists of a tan-
gential swirl generator, a conical nozzle and a cylindric cen-
tre body. Muruganandam et al. (2005) conducted their meas-
urements using a swirl burner with a swirling inlet section 
and swirl vanes housed in a tube. Nori (2008) investigated 
a laminar jet flame. It can be seen that the CH*/OH* ratio 
has a monotonic dependence on the equivalence ratio within 
the investigated equivalence ratio range. The CH*/OH* 
ratio increases with increasing equivalence ratio. The CH*/
OH* ratio is almost independent of the thermal power. The 
measured data points can be approximated by an exponential 
approach. The approximation provides a precise correlation 
between the CH*/OH* ratio and the equivalence ratio. Thus 
the CH*/OH* ratio represents a very robust measurement 
for determining the equivalence ratio. The presented results 
generally agree with results from Lauer (2011) and Muruga-
nandam et al. (2005). In contrast, the laminar jet flame shows 
a lower sensitivity of the CH*/OH* ratio to the equivalence 
ratio in the investigated range. This observation was also 
reported by Nori (2008). Therefore, it can be assumed that 
the measurement setup used has been calibrated and adjusted 
appropriately and thus provides reliable results.

Fig. 4  The dependence of the CH*/OH* chemiluminescence ratio on 
the equivalence ratio Φ with background correction for the combus-
tion of natural gas under atmospheric conditions. The shaded region 
indicates the standard deviation. Reference results for the combustion 
of natural gas from Lauer (2011), Muruganandam et  al. (2005) and 
Nori (2008) are presented additionally. Data are normalized by their 
value at Φ = 0.8
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In the following, different ratios of chemiluminescence 
species and their relation to the equivalence ratio are exam-
ined for lean premixed kerosene combustion. In contrast to 
natural gas combustion, the lean combustion of kerosene 
results in several ratios, since C2 * radicals can also be 
measured.

Figure 5 presents chemiluminescence ratios for the three 
species, specifically CH*/OH*, C2*/CH* and C2*/OH*, 
under atmospheric conditions. The ratios are plotted over 
the equivalence ratio for different thermal powers. The dif-
ferent thermal powers are represented by various symbols. In 
all three cases, there is a monotonous relationship between 
the equivalence ratio and the chemiluminescence ratios 
within the investigated range. All three ratios increase with 
increasing equivalence ratio and are almost independent of 
the thermal power and thus also of the strain rate. The CH*/
OH* ratio shows a linear relationship to the equivalence 
ratio, whereas the C2*/CH* and C2*/OH* ratio can better be 
approximated by a power law. C2*/OH* shows the greatest 
sensitivity to the equivalence ratio.

The same intensity ratios are investigated without back-
ground correction in the following. Figure 6 shows the CH*/
OH*, C2*/CH* and C2*/OH* ratios over the equivalence 
ratio without background correction for the combustion of 
kerosene. Moreover, the CH*/OH* ratio without background 
correction is presented for the combustion of natural gas. It 
is noted that the CH*/OH* ratio without background cor-
rection does not show a monotonous trend for natural gas 
combustion. In contrast to the kerosene flame, the natural 
gas flame is observed to attach to the combustion chamber 

walls for equivalence ratios below 0.65. Wall interactions 
may influence the chemiluminescence signals, so care has to 
be taken when interpreting the CH*/OH* ratios in this range.

For the combustion of kerosene, all three chemilumi-
nescence ratios show a monotonous behaviour without 
background correction. With increasing equivalence ratio 
all three ratios increase. Similarly to the results with back-
ground correction, the C2*/CH* and C2*/OH* ratios show 
an exponential trend. While the CH*/OH* ratio with back-
ground correction was approximated by a first order polyno-
mial, the ratio without background correction can be better 
approximated by a power law. The C2*/OH* shows the great-
est sensitivity to the equivalence ratio. The slope sensitivity 
of all three ratios is lower compared to the results with back-
ground correction. Especially in the lean range the C2*/CH* 
ratio shows hardly any sensitivity to the equivalence ratio. 
In summary, the CH*/OH* and the C2*/OH* ratios seem 
promising for equivalence ratio sensing. Since the CH*/OH* 
ratio is the standard choice for equivalence ratio sensing in 
natural gas flames, this ratio is also chosen for the following 
bandpass filtered chemiluminescence measurements.

3.2  Equivalence ratio from bandpass‑filtered 
chemiluminescence

To assess the transmission behaviour of the measurement 
system as well as the sensitivity of the camera chip, the 
relationship of the CH*/OH* ratio to the equivalence ratio 
during stationary operation is first determined. Figure 7a 
shows CH* and OH* line-of-sight images of the flame for 

Fig. 5  The dependence of different chemiluminescence ratios on the 
equivalence ratio Φ with background correction for the combustion 
of kerosene under atmospheric conditions. Various thermal powers 
are marked with symbols (diamond: 40 kW, circle: 50 kW, triangle: 
60 kW). Shaded regions indicate standard deviations

Fig. 6  The dependence of different chemiluminescence ratios on 
the equivalence ratio Φ without background correction for the com-
bustion of kerosene and natural gas under atmospheric conditions. 
Various thermal powers are marked with symbols (diamond: 40 kW, 
circle: 50  kW, triangle: 60  kW). Shaded regions indicate standard 
deviations
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six different equivalence ratios ranging from Φ = 0.8 to 
Φ = 0.53 . Owing to the rotational symmetry of the flame, 
only half of the image is presented. The upper half of the 
image shows the CH* image, the lower half the correspond-
ing OH* image. All images are normalized to their maxi-
mum value. Based on the contour plots, it can be seen that 
CH* appears slightly before OH*. This shift in the CH* 
and OH* images may be due to the stereoscopic imaging as 
mentioned in Sect. 2.3.

Based on the local intensity distribution of the two 
images, the spatially resolved CH*/OH* ratio can be calcu-
lated. The upper half of Fig. 7b presents the resulting CH*/
OH* line-of-sight distribution. A homogeneous distribution 
of the CH*/OH* ratio and thus a homogeneous distribu-
tion of the equivalence ratio over the entire flame can be 
observed. It can also be seen, that the local CH*/OH* ratio 
decreases with decreasing equivalence ratio. In addition, the 
relative deviation of the local to the mean CH*/OH* ratio for 
each operating point is shown in the lower half of the image.

Only small deviations of the local to the mean CH*/OH* 
ratio are observed across the entire flame. Most of the flame 
shows a local deviation of less than 5 % from the mean 
value. The highest deviations of nearly 20 % are found only 
in very small areas at the edge of the flame. A uniform dis-
tribution of the equivalence ratio across the entire flame can 
therefore be assumed. Thus, the global analysis of the flame 
chemiluminescence, as carried out in the spectrally resolved 
investigations, seems to be justified. It can also be stated that 

the subject of the investigation was a well premixed system, 
as already indicated by the low NOx emissions.

Figure 8a shows the CH* and OH* intensity distribu-
tion in the centre plane for the same operating points as 
shown in Fig. 7. Again, it can be seen that CH* appears 
slightly before OH*. Figure 8b presents the CH*/OH* dis-
tribution in the centre plane as well as the relative devia-
tion of the local to the mean CH*/OH* ratio. The same 
behaviour as in the line-of-sight data can be seen here. As 
the equivalence ratio decreases, the CH*/OH* ratio also 
decreases. Furthermore, a homogeneous distribution of the 
equivalence ratio over the entire flame can be observed. 
The local ratio never deviates more than 20 % from the 
average value, and this only in small areas. Hence, this 
measurement method can also be used to obtain the equiv-
alence ratio of the flame in the combustor centre plane.

Figure  9 presents the relationship between the 
global CH*/OH* ratio and the equivalence ratio for the 
line-of-sight and centre plane data. Also, a clear correla-
tion between the CH*/OH* ratio and the equivalence ratio 
can be seen for the bandpass-filtered measurements. The 
CH*/OH* ratio increases monotonically with increasing 
equivalence ratio. The thermal power has no influence on 
this ratio. Furthermore, the CH*/OH* ratio in the centre 
plane is nearly identical to the line-of-sight ratio. Based on 
these results, a calibration curve can be derived representing 
a functional correlation between the global CH*/OH* ratio 
and the equivalence ratio only.

Fig. 7  a Locally resolved CH* and OH* chemiluminescence intensity 
over the flame front for kerosene combustion at a thermal power of 
50 kW, line-of-sight data. The solid black lines represent the 75 %, 
50 % and 25 % isolines of the chemiluminescence intensity. b Locally 

resolved CH*/OH* distribution and deviation of the local CH*/OH* 
ratio from the mean value according to Eq.  1 over the flame front, 
line-of-sight data
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3.3  Equivalence ratio fluctuations during acoustic 
excitation

By way of example, the procedure presented in Sect. 3.2 
is applied to one operating point with acoustic excitation. 
An equivalence ratio of Φ = 0.67 and a thermal power 
of 50 kW are selected as a nominal operating point. Fig-
ure 10a shows phase-resolved CH* and OH* line-of-sight 

images of the flame for six different oscillation phases 
ranging from � = 15◦ to � = 315◦ . Owing to the rota-
tional symmetry of the flame, only half of the image is 
presented. The upper half of the image shows the CH* 
chemiluminescence intensity, the lower half the cor-
responding OH* image. All images are normalized to 
the maximum value over the oscillation. Analogously, 
Fig. 10b shows the same oscillation cycle in the combustor 
centre plane. These images were calculated using an Abel 
inversion according to Fig. 3. Furthermore, Fig. 11 shows 
the evolution of the phase-averaged equivalence ratio dur-
ing two excitation periods for an excitation frequency of 
f = 100 Hz.

The results of the line-of-sight measurement are shown 
as well as the calculated equivalence ratio fluctuation in the 
centre plane. Furthermore, the corresponding approxima-
tions according to Eq. 4 are presented. The global equiva-
lence ratio features only relatively weak fluctuations. The 
normalized equivalence ratio only assumes values between 
0.97 and 1.02 during one excitation period. It can also be 
seen that the equivalence ratio in the centre plane takes 
on almost the same values as the line-of-sight integrated 
equivalence ratio. Of note is the low amplitude of the oscil-
lation of only 2 %. This might be attributed to the long mix-
ing length of 70 mm between nozzle outlet and combustion 
chamber inlet. Furthermore, dispersive effects during mix-
ture preparation could lead to a reduction of equivalence 
ratio fluctuations.

Figure 12 shows the relative magnitude of the equiva-
lence ratio perturbation normalized by the acoustic forcing 

Fig. 8  a Locally resolved CH* and OH* chemiluminescence intensity 
in the combustor centre plane for kerosene combustion at a thermal 
power of 50 kW. The solid black lines represent the 75 %, 50 % and 

25 % isolines of the chemiluminescence intensity. b Locally resolved 
CH*/OH* distribution and deviation of the local CH*/OH* ratio 
from the mean value according to Eq. 1 in the combustor centre plane

Fig. 9  The dependence of the CH*/OH* chemiluminescence ratio on 
the equivalence ratio Φ for the combustion of kerosene under atmos-
pheric conditions. Various thermal powers are marked with symbols 
(diamond: 40  kW, circle: 50  kW, triangle: 60  kW). Shaded regions 
indicate standard deviations
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magnitude |û|∕U at the burner outlet in the frequency range 
from f = 60Hz to f = 300Hz.The magnitude of the line-
of-sight integrated equivalence ratio oscillation and the 
magnitude of the oscillation in the centre plane are shown. 
The global equivalence ratio fluctuations are determined 
based on Eq. 3. The bulk velocity U and the amplitude of 
the acoustic velocity fluctuation |û| are calculated from the 
total air mass flow and the acoustic field reconstruction 
respectively. A sufficiently strong forcing of the air mass 
flow is observed over the entire investigated range. The 

relative magnitude of the acoustic forcing is around 15 % 
over the entire range. Over the entire investigated range, the 
relative equivalence ratio fluctuations in the centre plane are 
almost equal to the line-of-sight integrated perturbations. 
The strongest equivalence ratio fluctuations are observed 
at excitation frequencies below 150 Hz. The maximum 
fluctuation is found at an excitation frequency of f = 80 Hz 
with values just above 0.1. It can clearly be seen that the 
equivalence ratio fluctuations decrease with increasing exci-
tation frequency. At an excitation frequency of f = 300 Hz, 

Fig. 10  a Phase-resolved CH* and OH* chemiluminescence inten-
sity for kerosene combustion, line-of-sight data. b Phase-resolved 
CH* and OH* chemiluminescence intensity for kerosene combus-
tion in the combustor centre plane. The excitation frequency is set to 
f = 100 Hz. The solid black lines represent the 75 %, 50 % and 25 % 

isolines of the chemiluminescence intensity. The images for � = 15◦ , 
� = 75◦ and � = 135◦ do not show values over 75 % of the maxi-
mum value. The dashed black line shows the 50 % isoline of the time-
averaged mean image

Fig. 11  Evolution of the equivalence ratio during two excitation peri-
ods for an excitation frequency of f = 100 Hz

Fig. 12  Relative magnitude of the equivalence ratio oscillation, nor-
malized by the acoustic forcing magnitude |û|∕U at the burner outlet
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almost no equivalence ratio fluctuations can be observed. 
Here, the value of the relative equivalence ratio perturba-
tion normalized by the acoustic velocity fluctuation is only 
0.012 in the centre plane. This observation indicates that 
equivalence ratio fluctuations in spray combustion only play 
a major role for low excitation frequencies, which is in line 
with expectations. This low-pass behaviour has also been 
reported for partially premixed natural gas combustion by 
Freitag (2009). It can be explained by the short wavelength 
of the convectively transported equivalence ratio oscillation. 
In combination with the spatial mixing in the turbulent flow 
field between fuel injection and flame, this leads to a strong 
dispersion of the equivalence ratio wave.

4  Summary and conclusion

This paper presents an optical measurement method for the 
quantification of equivalence ratio fluctuations in spray com-
bustion based on measurement of the OH* and CH* chemi-
luminescence of the flame. The bandpass-filtered chemilu-
minescence technique developed in previous studies (Lauer 
2011) is significantly simplified, as the chemiluminescence 
species OH* and CH* do not need to be background cor-
rected for kerosene combustion.

Firstly, spectrally resolved measurements of kerosene 
combustion were carried out during stationary operation to 
identify the influence of the broadband background radiation 
on the relationship between the ratio of different chemilu-
minescence species and the equivalence ratio. It was found 
that the ratios of CH*/OH*, C2*/OH* and C2*/CH*, both 
with and without background correction, are monotonically 
related to the equivalence ratio within the investigated range. 
All three ratios increase with increasing equivalence ratio. 
The overall mass flow rates had almost no influence on these 
ratios.

Subsequently, a measurement method for the determina-
tion of equivalence ratio fluctuations in spray combustion 
during acoustic excitation was developed based on these 
findings. For this purpose, an image doubler was mounted 
in front of an intensified high speed camera and fitted with 
two bandpass filters. This allowed simultaneous acquisi-
tion of the OH* and CH* chemiluminescence of the flame 
on one camera chip. It was shown that the ratio of the two 
intensity images is directly proportional to the equivalence 
ratio. Using a first determined calibration chart, the global 
equivalence ratio was calculated in a phase-resolved man-
ner during acoustic excitation. Equivalence ratio fluctuations 
were investigated in a frequency range from f = 60Hz to 
f = 300Hz at a nominal equivalence ratio of Φ = 0.67 and 
a thermal power of 50 kW. It was observed that equivalence 
ratio fluctuations are particularly dominant in the frequency 

range below 200 Hz . For higher frequencies the fluctuations 
decrease significantly and are scarcely significant.

Further investigations are planned to determine the influ-
ence of equivalence ratio fluctuations for additional operat-
ing points. As the axial position of the nozzle can be varied, 
the influence of the degree of premixing on the magnitude 
of equivalence ratio fluctuations will also be investigated.
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