On the Adequacy of
Chemiluminescence as a
Measure for Heat Release in
Turbulent Flames With Mixture
Gradients

The determination of the heat release in technical flames is commonly done via bandpass
filtered chemiluminescence measurements in the wavelength range of OH* or CH* radi-
cals, which are supposed to be a measure for the heat release rate. However, these
indirect heat release measurements are problematic because the measured intensities are
the superposition of the desired radical emissions and contributions from the broadband
emissions of CO5. Furthermore, the chemiluminescence intensities are strongly affected
by the local air excess ratio of the flame and the turbulence intensity in the reaction zone.
To investigate the influence of these effects on the applicability of chemiluminescence as
a measure for the heat release rate in turbulent flames with mixture gradients, a reference
method is used, which is based on the first law of thermodynamics. It is shown that
although the integral heat release can be correlated with the integral chemiluminescence
intensities, the heat release distribution is not properly represented by any signal from
OH" or CH". No reliable information about the spatially resolved heat release can be

Martin Lauer

g-mail: lauer@td.mw.tum.de
Thomas Sattelmayer

Lehrstuhl fiir Thermodynamik,
Technische Universitdt Miinchen,
Boltzmannstrafie 15,

85748 Garching, Germany

obtained from chemiluminescence measurements in flames with mixture gradients.
[DOL: 10.1115/1.4000126]

1 Introduction

The heat release distribution of the flame is the most important
parameter for the understanding and prediction of unstable com-
bustion states, such as thermoacoustic instabilities [1-3], pulsed
combustion, and flame propagation due to combustion induced
vortex breakdown [4]. Also in other research fields such as com-
bustion noise the knowledge of the heat release rate distribution is
very important [5-8].

1.1 Basics. The direct measurement of the spatially resolved
heat release rate of flames is difficult because existing time re-
solved and spatially resolved measurement techniques are too
complex to be applied to the above mentioned research fields [9].
As a consequence, traditionally the light emission of the flame, the
so-called chemiluminescence, is used as an indirect measure for
the heat release rate. The chemiluminescence spectrum of a hy-
drocarbon flame consists of the emissions from the radicals OH¥,
CH*, and C5, and of CO; emissions. The radicals emit light in
narrow spectral bands. These emissions are superimposed by the
broadband emissions from COZ, as shown in Fig. 1. In most stud-
ies narrow bandpass filters in the wavelength range of OH*, CH",
or C5 are used because these radicals are supposed to correlate
with the heat release rate.

For laminar premixed flames the applicability of chemilumines-
cence as an indirect measure for heat release has been shown in
many experimental and theoretical studies. Most authors consis-
tently report a linear increase in the integral chemiluminescence
intensity with increasing fuel-flow rate, and a decreasing intensity
with increasing air excess ratio [10-14]. But for turbulent flames
the correlation between chemiluminescence and heat release is
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more complicated and not fully understood, yet. A positive mono-
tonic dependency of the chemiluminescence intensity on fuel-flow
rate has been reported, similar to laminar flames [10,13,15], as
well as contrary observations have been made [11,12,16].

1.2 Motivation. For confined and adiabatic turbulent flames
the integral chemiluminescence intensity has successfully been
used to monitor the integral heat release of the flame in many
studies (e.g., Refs. [1,3,17]). The correlation between heat release
and chemiluminescence has been determined empirically in these
studies. This led to the unconfirmed conclusion that also the spa-
tially resolved heat release can be obtained via chemilumines-
cence, and that the chemiluminescence distribution of a flame can
be used as a measure for flame length. This conclusion is ques-
tionable because flame parameters such as turbulence intensity,
strain rate, and curvature, which influence the chemiluminescence
intensity strongly [12,15,16,18], may vary substantially in turbu-
lent flames. Additionally, in applications such as aircraft engines
or gas turbines, cooling air enters the flame and dilutes the mix-
ture. This causes mixture gradients, which also influence chemi-
luminescence intensities.

Another basic problem when measuring chemiluminescence is
the use of bandpass filters. The measured signals are the superpo-
sition of the desired radical intensities and contributions from the
broadband emission of COj. In turbulent flames the signal from
COj contributions can be of the same order as the radical chemi-
luminescence or even exceed the radical intensity (Fig. 1).

In this study, the applicability of indirect, spatially resolved
heat release measurements via chemiluminescence in turbulent
swirl flames is investigated. The effect of mixture gradients and
the effect of CO} contributions in bandpass filtered signals are
investigated. Additionally the influence of turbulence intensity on
the chemiluminescent emissions is shown. The heat release distri-
bution, measured with a reliable reference method, is compared
with the distributions obtained from bandpass filtered and CO,
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Fig. 1 Chemiluminescence spectrum of a stoichiometric pre-
mixed methane-air flame. The narrowband radical emissions
from OH*, CH’, and C; are superimposed by the broadband
emission from CO;.

contribution corrected chemiluminescence measurements.

In Sec. 2, a short literature review of heat release measurements
via chemiluminescence is given and the experimental setup and
the flame under investigation are described. Then the reference
technique for the calculation of the spatially resolved heat release
is briefly described and discussed. After that the measurement
techniques used in this study are presented, and the procedure to
obtain the radical intensities from bandpass filtered measurements
is explained. Finally, the comparison of the heat release deter-
mined from chemiluminescence and the reference method is pre-
sented.

2 Literature Review

The first experimental investigations on the correlation of
chemiluminescent light emissions with the integral heat release of
a flame date back to the 1950s. Clark and Bittker [10] investigated
the integral chemiluminescence of laminar and weakly turbulent
propane-air flames. They found a linear dependency of the chemi-
luminescence intensity on fuel-flow rate at constant air excess
ratios, and a decrease in the intensity with increasing air excess
ratio for Reynolds numbers up to 6000.

John and Summerfield [11] investigated the light emissions
from COj, C5, and CH" in laminar and turbulent flames with
Reynolds numbers up to 100,000. For all investigated chemilumi-
nescent species the turbulence was found to reduce the specific

intensity of the chemiluminescence. The intensity reduction was
found to be stronger for CO; than for C, or CH".

Hurle et al. [12] investigated the emissions from C; and CH" in
laminar and moderately turbulent ethylene-air flames. For Rey-
nolds numbers up to 10,000 a linear dependency of chemilumi-
nescence intensity on fuel-flow rate and heat release rate, respec-
tively, has been observed. The slope of the correlation has been
found to be a function of the air excess ratio. For Reynolds num-
bers in the range from 10,000 to 13,000 lower intensities have
been observed than expected from linear extrapolation from lower
Reynolds numbers. For Reynolds numbers higher than 17,000 de-
creasing intensities with increasing fuel-flow rate have been ob-
served.

In 1995 Samaniego et al. [13] studied the emissions from CO;
in laminar and turbulent premixed methane-air and propane-air
flames numerically. They found CO; chemiluminescence to be a
good indicator for fuel consumption in flames with varying dilu-
tion, strain rate, and air excess ratio. However, in the investigation
of Najm et al. [16] a complicated dependency of CO;‘ chemilumi-
nescence on curvature and flow history is reported, which leads to
an ambiguous correlation of the chemiluminescence with burning
rate and heat release. Furthermore, Najm et al. [16] showed a
detailed analysis of the reaction mechanism of the methane oxi-
dation. The relative amounts of carbon in the different possible
reaction paths have been quantified. In this analysis Najm et al.
[16] concluded that only a small portion of the carbon follows
side reaction paths, which lead to the chemiluminescent radicals
OH*, CH*, and C;. Most of the carbon follows the main reaction
path, which may yield some CO} (Fig. 2).

Moreover, it was shown that for stoichiometric to lean flames
there is the tendency to transfer carbon from side paths to the
main reaction path, which reduces the chemiluminescence inten-
sity from the radicals. Finally Najm et al. [16] concluded that
OH*, CH*, and C; are not reliable markers for the turbulent flame
front, burning rate, or heat release rate because their appearance in
the flame is not an indicator for the pathway of carbon oxidation
for the main portion of carbon.

Lee and Santavicca [15] investigated the integral visible chemi-
luminescent emission from a turbulent swirled flame. They re-
ported a linear dependency of the chemiluminescence signal on
fuel-flow rate and an exponentially decreasing signal with increas-
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Fig. 2 The simplified methane oxidation mechanism [16]. The main portion of the carbon follows the marked
reaction path. Only a small portion follows the side paths, which yield OH*, CH*, and C;. From this, Najm et al. [16]
concluded that OH*, CH*, and C; are not reliable markers for reaction rate or heat release rate in the flame.
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Fig. 3 Sketch of the test rig and exemplary axial air excess
ratio distribution due to ambient air entrainment

ing air excess ratio. Moreover, they reported a strong influence of
premix level, curvature, and stretch on the chemiluminescence
signal.

Ayoola et al. [18] used heat release rate imaging to characterize
OH" chemiluminescence as a measure for the spatially resolved
heat release rate. Heat release rate imaging is the pixel-by-pixel
product of OH and CH,O planar laser induced fluorescence
(PLIF) signals, which correlates very well with the local heat
release rate. Several turbulent, premixed, ethylene-fueled flames
with Reynolds numbers in the range of 19,000-29,000 were under
investigation. OH" was found to be very sensitive to strain and
turbulence. It was observed that strong OH* chemiluminescence
signals emerged from regions within the flame with a relatively
low heat release rate. It was also observed that in bluff-body sta-
bilized flames the air excess ratio dependency of the OH" chemi-
luminescence was different for different positions in the flame
brush. Ayoola et al. [18] concluded that OH* chemiluminescence
is not a reliable indicator for heat release.

In summary, the studies, especially of Hurle et al. [12], Najm et
al. [16], Lee and Santavicca [15], and Ayoola et al. [18], showed
the problems of heat release measurements via chemilumines-
cence in turbulent flames. The chemiluminescence signal of all
emitting species are strongly affected by turbulence intensity,
strain rate, curvature, fuel-flow rate, degree of premixing, and air
excess ratio. But these quantities are not necessarily spatially or
temporally constant in turbulent flames. Nevertheless, the integral
chemiluminescence intensity is often used successfully as a mea-
sure for the integral heat release in turbulent flames. This can be
explained with the fact that the change in a chemiluminescence
relevant quantity, e.g., fuel-flow rate, influences the chemilumi-
nescent emissions in all parts of the flame volume. Thus, a mono-
tonic dependency of the integral light emission and the integral
heat release is found and can be evaluated with an empirically
determined calibration. This led to the conclusion that also the
local heat release can be measured by the local chemilumines-
cence intensity. The limits of applicability of this conclusion are
the main subject of this study.

3 Experimental Setup

The experimental study is carried out with a modular, swirl
stabilized burner with center body. The swirl number was held
constant at 0.55 in this study. The inner diameter of the nozzle is
D=40 mm, the diameter of the center body is d=16 mm (Fig. 3).
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Fuel is natural gas with a methane content of 98%. The air-fuel
mixture is externally premixed to avoid any mixture fraction fluc-
tuations in plenum and burner. The thermal power can be adjusted
in the range from 10 kW to 120 kW, the air excess ratio A inside
the plenum can be varied between 0.8 and 2.0. The test rig is
operated with a nonpreheated air-fuel mixture in this study.

3.1 Ambient Air Entrainment. Since the flame is operated
unconfined without a combustion chamber, the air excess ratio of
the flame is not constant. As Wisle et al. [19] showed, a linear
increase in the axial mass flow downstream of the burner exit
occurs due to turbulent mixing in the shear layer between the
swirled flow and the quiescent ambient air. As a consequence, the
mixture becomes leaner with increasing axial distance from the
burner nozzle (Fig. 3, right hand side) [6,20]. This property of
unconfined flames was used in the study to explore the influence
of radial fuel concentration profiles in partially premixed burners
or to mimic air admixing into turbulent confined gas turbine
flames leading to mixture gradients, respectively.

3.2 Operating Points. The fuel-flow rate is equivalent to 60
kW of thermal power for all experiments in this study. Eight op-
erating points with air excess ratios ranging from slightly rich
mixtures (A=0.9) to lean mixtures (A=1.6) close to the lean blow-
off limit of the burner are investigated. The Reynolds number in
the burner nozzle ranges from 25,600 (A=0.9) to 43,600 (A
=1.6).

4 Reference Technique

In this section a brief review of the reference technique is
given. This technique is based on the first law of thermodynamics
and, thus, is capable to provide the spatially resolved heat release
rate of the flame with high accuracy and reliability. The detailed
description of the reference technique can be found in Ref. [21].
Because the results derived from the reference technique are very
important for the later comparison with chemiluminescence mea-
surements the obtained heat release rate distributions are explicitly
discussed for plausibility.

4.1 Basic Approach. The type of flame under investigation in
this study can be described as an open, stationary system with
constant pressure and chemical reaction. The following equation
is derived from the first law of thermodynamics:

dnet = P(N€) - ¢, (N,c) - (072 VTN, 0)) (1)

This equation balances the volumetric net heat release of the
flame with the increasing sensible enthalpy due to the combustion.
It is valid for flames with equal temperatures of the mixture and
the entrained air, e.g., the case without preheat of the air-fuel
mixture.

The volumetric net heat release rate of the flame ¢, is a func-
tion of the density p of the fluid, the isobaric heat capacity c,, the
fluid velocity ¥, and the temperature gradient V7. Density, heat
capacity, and temperature are functions of the fluid composition,
which can be described by the local air excess ratio of the mixture
N\ and progress variable of combustion c.

In this study all measured experimental variables are time av-
eraged. This gives the time averaged heat release rate of the flame.

4.2 Required Input Parameters. The desired measures for
the calculation of the heat release rate from Eq. (1) are the flow
velocity 0, the progress variable of combustion ¢, and the air
excess ratio N. The underlying measurement techniques are de-
scribed in detail in Sec. 5.

¢ The flow velocity of the reacting flow is measured via par-
ticle image velocimetry (PIV).

* The progress variable of combustion is calculated from OH-
PLIF.

e The air excess ratio is measured via the OH*/CH" chemilu-
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Fig. 4 Heat release rate in the flame midplane of the A=1.2
operation point

minescence ratio. Despite the shortcomings in determining
the heat release rate from the chemiluminescence of a single
radical, pointed out in the literature review, it has been
shown in a number of studies that the OH*/CH" chemilu-
minescence ratio unambiguously characterizes the air excess
ratio of laminar and turbulent flames [20-25].

All measures are taken in the midplane of the flame, which is
regarded as the reference plane for the time averaged flame.

4.3 Plausibility Discussion. The result of the determined heat
release rate in the flame midplane for the N=1.2 operating point is
shown in Fig. 4.

To check the results of the reference technique, the determined
integral heat release of the flames is compared with the heat re-
lease expected for the measured fuel-flow rate (Fig. 5). The inte-
gral heat release of the A=0.9 operation point matches the ex-
pected value of 60 kW. However, with increasing air excess ratio
a linearly decreasing integral heat release can be observed.

This observation can be explained with the ambient air entrain-
ment in the flame. As previous studies have shown, the dilution of
the mixture starts about 0.5D downstream of the burner nozzle.
From there the air excess ratio increases linearly about 0.3 per
burner diameter [20,21]. As a consequence, the ignition condition
of the mixture degrades increasingly with increasing distance
from the burner exit. In the shear layer between the swirled flow
and the ambient air an increasing amount of mixture is not burned

o measurement
—— linear approximation
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Fig. 5 Integral heat release of the flame determined with the
reference technique
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Fig. 6 Time averaged reaction progress of combustion for
burner air excess ratios of 0.9, 1.2, and 1.6. With increasing
burner air excess ratio an increasing portion of the mixture in
the shear layer between the swirled flow and the ambient air is
not burnt.

because of the intense dilution with ambient air. This effect has
also been shown by Hoffmann [26] by measuring the composition
of the products of turbulent, swirl stabilized, unconfined flames.

The quenching of combustion in the shear layers can also be
seen in the spatial distribution of the time averaged reaction
progress of combustion (Fig. 6). Close to the burner exit the flame
is not influenced by the air entrainment. Further downstream the
reaction is increasingly quenched in the shear layers with increas-
ing burner air excess ratio. This can be seen in the smaller flame
surface of the leaner flames.

Figure 7 shows the axial heat release distributions of the eight
investigated operation points. In this figure three different regimes
can be observed.

e For the rich flame (A=0.9) the heat release distribution is
shifted downstream compared with the stoichiometric and
lean flames. Because of the rich mixture, additional air has
to be transported into the flame to reach favorable ignition
conditions. This results in a lower heat release near the
burner exit [26].

* For A=1.0-1.4 the flames show an identical heat release
rate up to an axial distance of 0.5D downstream of the
burner nozzle. Further downstream the heat release distribu-
tion is lower for higher air excess ratios due to the increased
portion of the fuel flow that is not burned in the leaner
flames.

¢ The A=1.5-1.6 flames, which are close to the lean blow-off
limit of the burner, show lower heat release rates near the
burner exit. This might be an indicator for these flames that
are not being properly stabilized anymore.

onprwhmO©
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Fig. 7 Axial heat release distribution determined with the ref-
erence technique

Transactions of the ASME

Downloaded From: https://gasturbinespower.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



chemiluminescence ' CI;I" N

—_ XPT(v* = 0) < A%A(W ‘= 0)
= h----coe approximation |
B (5th degree polynomial)
c 0.8 o
[
S XI(v = 0) < A’E(v* =0
5 06} / oA
(9]
N
T 0.4f e - A
£ =
2 0.2} _-

00 275 300 325 350 375 400 425 450 475 500

wavelength [nm]

Fig. 8 Chemiluminescence spectrum with the fifth-degree
polynomial fit for the CO; emission

Especially the determined heat release rates close to the burner
exit for the properly stabilized A=1.0—1.4 flames are in very good
agreement with theoretical expectations: The heat release rate is
proportional to the volumetric fuel mass flow, which has been
kept constant and, therefore, is no function of the burner air ex-
cess ratio for the flames under investigation in this study. The
determination of identical heat release rates for axial distances up
to 0.5D, which is the region of steepest gradients in the flame
volume, shows the potential of the reference technique.

It can be concluded that the results from the reference technique
are reasonable and in good agreement with theoretical expecta-
tions and former studies.

5 Measurement Techniques and Data Processing

The strongest chemiluminescent emissions emerge from the
X°IL(v"=0)«—A>3*(v' =0) transition of OH* around 306.4 nm
and from the X*II(v"=0)—A>A(v’ =0) transition of CH* around
431.5 nm (Fig. 8). The chemiluminescence from these two tran-
sitions is under investigation in this study and is compared with
the heat release rate obtained with the reference technique. C is
not considered because C; can only be seen in rich to slightly lean
flames. For air excess ratios larger than 1.3 the C, intensity is
close to zero.

5.1 Bandpass Filtered Chemiluminescence. The bandpass
filtered chemiluminescence signals are detected with a high speed
camera with a fiber optically coupled image intensifier and a silica
glass camera lens. The lens has a focal length of 45 mm and a
maximum aperture of 1:1.8. The spatial resolution of the CMOS
(complementary metal oxide semiconductor) sensor of the camera
is 1024 X 1024 pixels. For each measurement 2048 images are
captured and averaged. The averaged images are deconvoluted to
obtain the spatially resolved chemiluminescence intensities in the
flame midplane [27]. Three bandpass filters are used in this study.

* The chemiluminescence of the OH* transition with superim-
posed COj; background is measured with an interference fil-
ter with a maximum transmission of 16.57% at 309.65 nm
and a half-power bandwidth of 5.1 nm.

* The chemiluminescence of the CH* transition with superim-
posed COj; background is measured with an interference fil-
ter with a maximum transmission of 48.63% at 431.39 nm
and a half-power bandwidth of 5.3 nm

e A third interference filter with a maximum transmission of
68.18% at 456.42 nm and a half-power bandwidth of 1.2 nm
is used. The measurement signal from this filter gives a
characteristic value for the CO; chemiluminescence, which
is used to obtain the CO; contribution corrected integral
values of the radical transitions from the bandpass filtered
OH" and CH" signals (see Sec. 5.5).

5.2 Spectrally Resolved Chemiluminescence. The used
spectrometer is an Acton Research Corporation SpectraPro-275.

Journal of Engineering for Gas Turbines and Power

The attached camera is identical to the camera used for the band-
pass filtered measurements. The optical system of the spectrom-
eter is a Czerny-Turner type with an inline optical path. The focal
length is 275 mm with an aperture ratio of 1:3.8. The used grating
in this study has 150 g/mm, allowing the observation of approxi-
mately 300 nm of the flame spectrum with the attached camera.
The slit width of the spectrometer is set to 10 um in this study.
2048 spectra are averaged for each operation point.

5.3 Velocity and Turbulence Intensity. The mean velocity
field for the reference technique and the spatially resolved turbu-
lence intensity, respectively, are measured via PIV. A high speed
double cavity Nd:YLF (neodymium-doped yttrium lithium fluo-
ride) laser (527 nm, 10 mJ/pulse) is used. The light sheet has a
height of four burner exit diameters. The width is about 2 mm. In
this study the double pulses are separated by 20 us. The detection
camera is a high speed CMOS camera with a 1024
X 1024 pixel sensor. The camera uses an 85 mm focal length
lens with a maximum aperture of 1:1.4. However, the aperture
was closed to 1:5.6 during the experiments to increase the depth
of focus. Additionally, a 532 nm bandpass filter was used for the
suppression of disturbing signals from the flame. The maximum
transmission of the filter is 90%, the half-power bandwidth 10 nm.
TiO, particles are used as tracer, due to their high temperature
resistance.

The double frames were analyzed with a commercial software.
The interrogation area measured 16X 16 pixels. A three-step
adaptive cross-correlation with 8 pixel separation was used. For
each operation point 1024 image pairs are recorded and evaluated.
From these data the time averaged velocity field of the flame and
the spatially resolved turbulence intensity are calculated.

5.4 Reaction Zone. To characterize the reaction zone of the
flame OH-PLIF measurements are used. From the sudden increase
in the hydroxyl radical concentration, the boundary between the
burned gas and the unburned gases can be detected [28]. A
Rhodamine 6 G operated, frequency doubled dye laser, pumped
with a Nd:YAG (neodymium-doped yttrium aluminum garnet) la-
ser, is used for excitation of the Q,(6) line in the A’ *(v'=1)
—X*T1(v"=0) transition of the hydroxyl radical at 282.925 nm.
The resulting fluorescence signal of the excited radicals is fre-
quency shifted due to collisional energy transfer processes. The
laser system is operated with 1 kHz repetition rate and 80 ul
pulse energy. The illuminated height of the flame is four burner
exit diameters. The fluorescence signal around 306.4 nm is band-
pass filtered for the suppression of scattered laser light. The de-
tection camera and lens are identical to the bandpass filtered mea-
surements.

5.5 Subtraction of the CO; Contribution. In spectrally re-
solved chemiluminescence measurements the broadband emission
from CO} can be identified easily and the desired emissions from
the radicals can be isolated. This is not possible in a single band-
pass filtered measurement. However, spectrometer measurements
only provide one-dimensional spatial resolution, whereas band-
pass filtered measurements provide a two-dimensional spatial
resolution.

A new measurement and data processing procedure is used to
separate radical and CO) chemiluminescence in bandpass filtered
measurements. In the first step of this procedure chemilumines-
cence spectra of all operating points have been measured. From
this data it was found that the broadband CO} signal can be ap-
proximated with a polynomial of fifth degree with high accuracy
(Fig. 8). The polynomial fit has been found to be self-similar for
all investigated operating points. Moreover, it has been found that
the shape of the X*I1,(v"=0) «— AZ>*(v’ =0) transition of OH* and
of the X*TI(v"=0) «—A%A(v’ =0) transition of CH* are self-similar,
too. However, the shapes of the radical transitions are too complex
to be approximated by polynomial fits. Thus, they are defined
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Fig. 9 Comparison of the integral chemiluminescence intensi-
ties and the heat release of the flame. All variables are normal-
ized to their maximum value.

pointwise. The chemiluminescence of CO; and the radicals, re-
spectively, can be written as the product of the self-similar func-
tion and a specific proportionality constant.

With this information the bandpass filtered chemiluminescence
signal in the wavelength range of OH" can be approximated math-
ematically

SBp310 nmzj ((Cop+ - Fonr(\,)
0

+Ceos Fco;()\y)) T, on<(\,))dN, (2)

In this equation Sgp denotes the bandpass filtered measurement
signal, F denotes the self-similar descriptions of the radical and
COZ chemiluminescence, C denotes the corresponding proportion-
ality constants, and 7, denotes the wavelength dependent trans-
mission of the used bandpass filter. N, is the wavelength.

The self-similar descriptions F(\,) are known from the spec-
trometer measurements described above, the filter transmission
T(\,) is known from the manufacturer. The proportionality con-
stants have to be calculated. CCOZ can be derived from a bandpass
filtered measurement in a wavelength range where only CO; is
emitting light. Such a wavelength range can be found between the
a31_[h(v'=0)<—d31_[g(v"=2) and the a3Hh(v’=2)<—d3Hg(v"=3)
transitions of C; at 438 nm and 476 nm, respectively. For this
purpose the third bandpass filter described above, centered at 456
nm, is used. Here the measurement signal can be written as fol-
lows:

SBP.456 nm = f ((Ccoz : Fco;()\v)) : Ty,co;()\y))d)\p (3)
0

The proportionality constant Cco; can be obtained by solving
Eq. (3) numerically. The proportionality constant Cqy+ can then
be calculated from Eq. (2). The desired intensity of the radical
chemiluminescence is

IOH*=f (Con * Fou(N,))dN,, (4)
0

The integral intensity of the CH" transition can be calculated
accordingly.

6 Results and Discussion

Below, the comparison between chemiluminescence and heat
release rate from the reference technique is presented for tradi-
tionally bandpass filtered chemiluminescence data and for the
COj contribution corrected chemiluminescence intensities from
the radical transitions.

6.1 Integral Values. In Fig. 9 the normalized integral values
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Fig. 10 Comparison of the axial chemiluminescence distribu-
tion of bandpass filtered and CO; contributions corrected OH*
and CH" with the axial heat release distribution

of heat release and chemiluminescence intensities are shown.

It can be seen that all investigated chemiluminescence signals
are monotonically decreasing with increasing burner air excess
ratio. But all chemiluminescence signals show a more complicate
characteristic than the linearly decreasing heat release of the
flame. This can be explained with the fact that for the flames
investigated in this study a change in the burner air excess ratio
also changes the integral heat release of the flame. Thus, the effect
from the change in air excess ratio and the effect from the simul-
taneously changing integral heat release interfere with each other.
As a consequence, no direct proportionality between any chemi-
luminescence signal and the heat release can be observed. It can
also be seen that for the comparison of the integral heat release
and the integral chemiluminescence intensities the CO’ contribu-
tions in bandpass filtered measurements have little influence.

6.2 Axial Distributions. Figure 10 shows the axial distribu-
tion of the chemiluminescence intensities and the heat release rate
for the N=1.2 operation point. The characteristics of the distribu-
tions and the conclusions drawn for this operation point are the
same for all operation points investigated in this study.

The influence of the CO; contribution in the bandpass filtered
signals can be seen clearly from the normalized chemilumines-
cence distributions: Close to the burner exit (x/D<0.5) and at
axial distances x/D>3.0 the CO} contribution strongly distorts
the shape of the radical intensities in the bandpass filtered mea-
surements. The relative COZ contribution in the bandpass filtered
signals at axial distances x/D < 0.5 and x/ D >3.0 is higher than at
axial distances between 0.5<<x/D <3.0. Close to the burner exit
and at high axial distances almost the complete bandpass filtered
signals consists of CO; chemiluminescence. As a consequence,
substantial errors are done when bandpass filtered chemilumines-
cence signals are interpreted as radical intensities. The CO; con-
tribution corrected CH" signal is the best approximation of the
heat release distribution, even though a significant downstream
shift remains.

This obvious downstream shift of the chemiluminescence sig-
nals compared with the heat release is the second observation in
Fig. 10. Since the air excess ratio is almost constant near the
burner exit (Fig. 3) this effect is not caused by the ambient air
entrainment. The shift can be explained with the local turbulence
intensities in the flame. For the flames under investigation in this
study the turbulence intensity in the reaction zone is high near the
burner exit (x/D<1). With increasing axial distance from the
burner exit the turbulence intensity in the reaction zone decreases.
Figure 11 shows on the left hand side the reaction progress of
combustion as an indicator for the reaction zone, and on the right
hand side the local turbulence intensity. The contours indicate a
reaction progress of 0.1, 0.5, and 0.9, and represent the time av-
eraged reaction zone of the flame. For x/D <1, the three contours
are close together in a region of high turbulence intensity. Further
downstream the reaction zone becomes wider with a lower turbu-
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Fig. 11 Comparison of reaction progress of combustion (left
hand side) and turbulence intensity (right hand side). The con-
tours indicate the time averaged reaction zone with a reaction
progress of 0.1, 0.5, and 0.9.

lence intensity. The observed downstream shift is due to quench-
ing of the chemiluminescence in the region close to the burner
exit and is similar to the effect reported by John and Summerfield
[11], Hurle et al. [12], and Ayoola et al. [18].

The findings in this section are identical for all investigated
operating points in this study. Thus, it can be concluded that the
observed shift between heat release distribution and chemilumi-
nescence distribution is independent of the air excess ratio and the
integral heat release rate of the flame, respectively. This indicates
that a similar shift is also to be expected in confined, adiabatic
flames without mixture gradients.

6.3 Flame Length. In many applications a characteristic
value of the chemiluminescence distribution is used as the mea-
sure for flame length. One characteristic value, which is com-
monly used, is the location of the maximum emission x,,,,. Figure
12 shows the burner air excess ratio dependency of x,,,, for the
heat release rate and chemiluminescent emissions. Because of the
quenched chemiluminescence near the burner exit the flame ap-
pears to be longer than indicated by the maximum heat release
rate. It can be observed that the CO} contributions in the bandpass
filtered measurements have little effect on locations of maximum
emission.

Similar results were observed for other definitions for the flame
length, such as the balance point of the axial distributions. As
pointed out before, similar discrepancies between a chemilumi-
nescence based flame length and the actual flame length are also
to be expected for confined, adiabatic flames without mixture gra-

—o— heat release
0.5 oo bandpass OH* 1
— o - radical OH*
—— bandpass CH*
— ¢ - radical CH*
0.0 L L L

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
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Fig. 12 Comparison of the location of maximum emission
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dients. This means that for turbulent swirl stabilized flames no
reliable information about flame length can be obtained from
chemiluminescence measurements.

7 Conclusions

In this experimental study the applicability of chemilumines-
cence as the measure for heat release rate in turbulent, swirl sta-
bilized flames with mixture gradients has been investigated. For
reference, a heat release rate measurement technique has been
used, which is based on the first law of thermodynamics. The
results of this technique have been discussed and have been found
to be in good agreement with theoretical expectations and former
publications.

The determined heat release rate has been compared with tra-
ditionally bandpass filtered chemiluminescence in the wavelength
range of OH* and CH", and with the integral chemiluminescence
from the CO; contribution corrected radical emissions. It has been
found that the integral heat release of the flame and the integral
chemiluminescence emission of any of the investigated species
show an identical monotonic behavior. However, the axial heat
release distribution is not properly represented by any signal ei-
ther from OH" or CH". The reason for this has been found in the
high turbulence intensity in the reaction zone close to the burner
exit. In this region of the flame the chemiluminescence is
quenched, which results in a downstream shift of the chemilumi-
nescence distribution compared with the actual heat release rate
distribution. As a consequence, the flame appears to be longer
than it is in reality. This observation is not limited to the flames
investigated in this study. Similar effects have to be expected for
all turbulent, swirl stabilized flames.

It can be concluded that chemiluminescence can be used to
monitor the integral heat release of turbulent flames, if an empiric
correlation between chemiluminescence and heat release can be
obtained, which implies a known integral heat release of the
flame. This is especially important for the use of chemilumines-
cence for the investigation of dynamic phenomena, such as the
measurement of flame transfer functions. But no reliable informa-
tion about the spatially resolved heat release rate distribution can
be obtained from chemiluminescence data for turbulent, swirl sta-
bilized flame.
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Nomenclature

Re = Reynolds number

G = volumetric heat release (W/m?)
T = temperature (K)

¢, = isobaric heat capacity (kJ/kg K)
p = density (kg/m?)

¢ = time averaged reaction progress of combustion
N = air excess ratio

v = velocity (m/s)

C = proportionality constant

F = self-similarity function

T, = transmission

I = intensity

S = measurement signal

D = burner nozzle diameter (mm)

d = burner center body diameter (mm)
N\, = wavelength (nm)

x = axial coordinate

r = radial coordinate

* = chemiluminescent
BP = bandpass
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