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Abstract

Heat release rate is a fundamental property of great importance for the theoretical and experimental elu
of unsteady flame behaviors such as combustion noise, combustion instabilities, and pulsed combustion. I
tions of such thermoacoustic interactions require a reliable indicator of heat release rate capable of resolvin
structures in turbulent flames. Traditionally, heat release rate has been estimated via OH or CH radical
minescence; however, chemiluminescence suffers from being a line-of-sight technique with limited capab
resolving small-scale structures. In this paper, we report spatially resolved two-dimensional measurem
quantity closely related to heat release rate. The diagnostic technique uses simultaneous OH and CH2O planar
laser-induced fluorescence (PLIF), and the pixel-by-pixel product of the OH and CH2O PLIF signals has previ
ously been shown to correlate well with local heat release rates. Results from this diagnostic technique, w
refer to as heat release rate imaging (HR imaging), are compared with traditional OH chemiluminescen
surements in several flames. Studies were performed in lean premixed ethylene flames stabilized betwee
jets and with a bluff body. Correlations between bulk strain rates and local heat release rates were obta
the effects of curvature on heat release rate were investigated. The results show that the heat release ra
increase with increasing negative curvature for the flames investigated for which Lewis numbers are gre
unity. This correlation becomes more pronounced as the flame gets closer to global extinction.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords:Heat release rate imaging; Simultaneous OH and CH2O PLIF; OH chemiluminescence; Turbulent premixed flam
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1. Introduction

Chemiluminescence measurements are wid
used in estimating global heat release rates in
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drocarbon flames[1]. The simplicity of the experi
mental implementation, combined with the flexib
ity of species selectivity, makes chemiluminesce
a very useful diagnostic in modern combustion
search. Chemiluminescence is the radiative emis
given off by chemically excited reactive species (d
noted by “*”) and serves as a good indicator of glob
heat release rate in premixed hydrocarbon flames.
e. Published by Elsevier Inc. All rights reserved.
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intensity of the chemiluminescent radiation varies l
early with fuel flow rate at a constant equivalen
ratio [2]. As a result, chemiluminescence has be
extensively used to study different unsteady comb
tion phenomena. Haber et al.[3] used OH* and CH*

to develop a measure of unsteady heat release ra
a laminar Bunsen flame. Lieuwen and Neumeier[4]
and Bloxsidge et al.[5] have reported on the use
CH* to obtain transfer functions relating heat relea
and pressure fluctuations in an unsteady combu
Other chemiluminescent species have been con
ered as indicators of heat release, such as C2 and CO2
[6,7]. However, chemiluminescence suffers from b
ing a line-of-sight technique with limited spatial re
olution; hence, small-scale structures and local h
release rates cannot be resolved. Chemiluminesc
is inadequate for studying the detailed interactio
between reaction layers and turbulent flow structu
which can result in localized variations in strain a
heat loss, as well as extinction.

In order to resolve spatial structures in unstea
combustion, planar laser-induced fluorescence (PL
methods are often employed. Here, fluorescenc
captured from the intersection volume of a thin la
sheet in a flame, and small-scale structures are
served in the resulting signal images. The techni
is species-selective and sensitive, with signal lev
proportional to the relative concentrations of the
cited species. One species that has been imaged
PLIF is the formyl radical (HCO), which has the pa
ticular advantage of being an excellent indicator
heat release rate in steady and unsteady hydroca
flames[7]. The production rate of the formyl rad
cal provides a good measure of heat release bec
HCO is the final step along one of the major pa
ways to the production of CO, and a large fracti
of reactions proceed along this route. Furthermor
significant source of HCO production involves rea
tions with CH2O, and CH2O is in turn produced by
one of the main heat release reactions, CH3 + O →
CH2O + H. Since the removal rate of the highly r
active formyl radical is significantly faster than i
production rate, the HCO concentration is direc
proportional to its production rate[7]. As a result,
the HCO concentration correlates directly with t
heat release rate. However, the direct PLIF meas
ment of HCO is very difficult due to its short flu
orescence lifetime, low fluorescence quantum yie
and relatively low concentrations. An alternative a
proach uses the product of simultaneous OH
CH2O PLIF measurements to obtain a signal that c
relates with HCO production rate. The spectrosco
methodology of this imaging technique has been
scribed and demonstrated by Paul and Najm[8] in a
N2-diluted premixed laminar V-flame perturbed by
vortex. Vagelopoulos and Frank[9] demonstrated th
technique in undiluted premixed counterflow flam
for rich and lean equivalence ratios with a range
strain rates. Both of these studies reported good
relations between heat release rates predicted
laminar flame calculations and those measured u
OH and CH2O PLIF images. Fayoux et al.[10] also
report good correlations between their numerical
sults and heat release rate profiles measured using
and CH2O PLIF images in a laminar counterflow pr
mixed flame. Böckle et al.[11] have also performe
demonstration experiments in premixed swirl flam

In this paper, we present simultaneous OH/CH2O
PLIF measurements in turbulent lean premix
flames. We compare temporally resolved and s
tially averaged HR results with OH* measurement
and investigate the effects of bulk strain rates a
flame curvature on the heat release rates. Experim
were performed in a turbulent premixed counterfl
flame, in which bulk strain rates could be varie
and also in an acoustically forced bluff-body sta
lized flame, which could be operated with and witho
swirl. Observed flame perturbations were the resu
inlet velocity fluctuations, turbulence and swirl. The
infractions on the flame front typify the condition
in industrial combustors subject to unsteady beh
iors such as combustion noise, combustion indu
instabilities and pulsed combustion. The bluff-bo
stabilized combustor investigated in this work w
designed to simulate the instability phenomenon
occurs in industrial lean premixed (LP) combusto
These instabilities result from constructive interf
ence between inlet velocity fluctuations and heat
leased from the flame, and they can be initiated
small variations in equivalence ratio. These variati
cause corresponding fluctuations in heat release
and consequently in gas density. The associated p
sure fluctuations in the LP combustor can couple
an acoustic resonance in the combustor such tha
amplitude of instabilities can either grow or dec
depending on the phase of the pressure fluctuat
with respect to the heat release fluctuations[4,12].
The current work is part of a wider effort to enhan
our understanding of and predictive capabilities
these phenomena[13,14].

The outline of the paper is as follows. First, t
implementation of the imaging technique and
process of analyzing the heat release images
chemiluminescence images are discussed. This is
lowed with a presentation of results from the blu
body stabilized flame and from the counterflow flam
with an emphasis on the comparison of heat rele
rates obtained with OH* chemiluminescence and wit
the simultaneous OH and CH2O PLIF imaging tech-
nique. The correlation of heat release rate with cur
ture is then presented for the different flames inve
gated.
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2. Experimental methods

2.1. Heat release rate imaging

In recent computational studies of steady and
steady hydrocarbon flames, the concentration of H
has been found to correlate well with heat rele
rate[7]. However, HCO is difficult to image with LIF
because its accessible electronic transitions are
dissociative[15]. The fluorescence signals are a
strongly quenched, all resulting in very short excite
state lifetimes. In spite of these difficulties, measu
ments of HCO concentrations have been made
several researchers including Jeffries et al.[16] and
Najm et al.[7]. The latter group reported peak sign
to-noise ratios of less than 2:1 on 100-shot avera
of HCO PLIF images. As a result, the technique
only applicable in steady or periodically forced lam
nar flames but probably not in turbulent flames.

An alternative technique for measuring local h
release rates uses simultaneous PLIF images of
and CH2O [8,9]. These two species react to form t
majority of HCO in hydrocarbon flames via the rea
tion

CH2O + OH → HCO+ H2O. (1)

The forward rate of this reaction isk(T )[CH2O][OH],
wherek is the rate constant,T is temperature, an
“[ ]” denote number densities. The LIF signals a
related to species densities with a dependence
the local composition and temperatureT that results
from variations in the collisional quenching rates a
Boltzmann population fraction. The product of simu
taneously recorded LIF signals of CH2O and OH can
therefore be expressed as

(CH2O LIF)(OH LIF) = f (T )[CH2O][OH], (2)

wheref (T ) represents the combined temperature
pendence of the CH2O and OH LIF signals. At a con
stantφ, and over a limited range ofT , it is possible
to select transition lines such thatf (T ) is propor-
tional to the forward rate constantk(T ) of the reaction
in Eq. (1) [8]. As a result, the product of the LI
signals is proportional to the reaction rate. We
lected overlapping transitions near the bandhea
the Ã1A2–X̃1A141

0 system near 353 nm for CH2O

and theQ1(6) transition in theA2Σ+–X2Π(1,0)

band near 283 nm for OH. Numerical simulatio
were used to test the validity of the reaction rate im
ing scheme for these transitions. The temperature
pendences ofk(T ) and f (T ) were computed usin
results of a laminar flame calculation for a free
propagating lean (φ = 0.6) ethylene/air flame.Fig. 1
showsk(T ) andf (T ) normalized by the respectiv
values at 1350 K. The rate constant is proportio
to T 0.89exp(−204.5/T ) [19]. The temperature- an
Fig. 1. Calculated profiles of the rate constant,k(T ), and
f (T ), the combined temperature dependence of the CH2O
and OH-LIF signals assuming two different temperature
pendencies of the quenching cross sections for CH2O LIF.
The curves are normalized by their respective value
T = 1350 K.

species-dependent quenching cross sections for
are reported in the literature[20,21], but detailed
quenching data are currently not available for CH2O.
For the simulations, we assume two simplistic m
els of CH2O quenching. The first model assumes t
quenching cross sections are constant across the
perature range of interest. In the second mode
1/

√
T dependence is assumed. The simulations i

cate a good correlation betweenk(T ) andf (T ) for
temperatures between 900 and 1500 K, which is
temperature range of significant overlap between
CH2O and OH concentration profiles. For the tw
CH2O quenching models considered here, ther
little sensitivity to the functional dependence of t
quenching cross sections onT . The relatively nar-
row range of temperatures in the region of over
for CH2O and OH reduces the sensitivity of the H
diagnostic to variations inf (T ). Further simulations
in ethylene/air flames indicate that the product of
CH2O-LIF and OH-LIF signals is primarily depen
dent on the CH2O and OH concentration profiles an
is only moderately sensitive to variations inf (T ).
The results of our simulations add confidence to
validity of the technique, which was initially demo
strated in rich N2-diluted methane flames[7]. We ex-
pect the technique to be valid for a wide range
strain rates. Law et al.[22] investigated planar pre
mixed hydrocarbon flames with Lewis number Le> 1
and reported that flame temperature profiles are r
tively insensitive to variations in strain rate.

In this paper, the HR imaging technique has b
used to investigate fully premixed ethylene/air flam
A similar methodology was employed by Rehm a
Paul[17] and Frank et al.[18], who used simultane
ous CO and OH PLIF imaging to determine a quan
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that is proportional to the forward rate of the react
CO+ OH → CO2 + H.

2.2. OH chemiluminescence imaging

Chemiluminescence is radiative emission giv
off by chemically excited reactive species and is
tensively used as an indicator of global heat rele
rate in premixed hydrocarbon flames. The strong
chemiluminescence emitters in lean hydrocarb
combustion are OH* , CH* , and CO*

2, and all have
been used as indicators of global heat release rate
their relative merits discussed[6]. For OH* , which
was used in the present study, the peak of theA2Σ

emission occurs at 310± 10 nm; hence, OH* can be
collected using UV-sensitive CCD cameras. Our m
surements of OH* include a small contribution from
CO*

2 (∼10%) because CO*2 has a broadband emissio
spectrum extending from 350 to 600 nm; however,
effect of this on OH* signals is significantly reduce
by the narrow-band collection of the OH* chemilu-
minescence signals.

2.3. Burners

Heat release rate measurements using OH, CH2O,
and OH* were made in counterflow and bluff-bod
stabilized flames. This section describes the burn
flame configurations, and diagnostic apparatus
the process of analyzing the fluorescence and ch
luminescence images. In subsequent sections, he
lease rates measured with the PLIF technique wil
denoted by “HR.”

2.3.1. Counterflow combustor
Counterflow flames are used extensively in

verification and development of models for turbule
reacting flows[23,24]. Experimental measuremen
and computation of flow-field properties such as
locity and strain and their effect on the flame ha
been performed by a number of researchers[24–28].
Lindstedt et al.[25] used particle image velocimetr
to determine planar strain rates and employed
ment closure and Reynolds stress closure to m
such flames numerically. Measurements of OH* and
CH* have also been made in natural gas counterfl
flames for the development of a chemiluminesce
sensor as a measure of equivalence ratio[28].

The combustor used in this work consisted of t
25-mm-diameter opposing nozzles, each surroun
by a concentric tube for an external co-flow of N2.
Flow straighteners and turbulence grids were inse
into the nozzles to ensure that the turbulent velo
profiles across the outlets were uniform; the co
bustor is similar to that described by Mastorak
et al. [26]. The nozzles were mounted 35 mm ap
-

Fig. 2. Schematic of the counterflow combustor.

and fuel and air supplied using calibrated mass fl
controllers. The flame was stabilized between
posed jets of premixed C2H4 and air at the sam
equivalence ratios, ranging from 0.5 to 0.7 (Le> 1).
Bulk flow velocities were between 2 and 4 m/s. The
latter condition resulted in flames burning close
the extinction limit. A schematic representation of t
counterflow combustor is shown inFig. 2. Both HR
and OH* measurements were taken for these con
tions, with the emphasis on the investigation of
effects of the heat release rate and flame structur
increasing bulk strain rates,Sb, defined as

(3)Sb = 2Ub

2D
,

whereUb is the bulk velocity from each nozzle an
2D is the separation between the two nozzles[28].

2.3.2. Bluff-body combustor
The 10-kW laboratory-scale bluff-body stabilize

combustor was designed to model instability pheno
ena of the type that occur in industrial lean premix
(LP) combustors. In order to mimic such instabiliti
in a simple, well-controlled system, velocity fluctu
tions were imposed on the bluff-body flame using t
acoustic drivers mounted diametrically opposite e
other on the circumference of the burner plenum[13].
Measurements of HR and OH* were carried out with
the combustor operating on premixed C2H4 and air at
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Fig. 3. Schematic of the enclosed bluff-body stabilized co
bustor.

Table 1
Summary of the operating conditions for the different flam
investigated in the bluff-body stabilized ethylene flames

Flame
no.

Forcing
freq., Hz

φ Swirl
no.

Axial
vel., m/s

Reynolds
no., Re

Flame 1 0 0.60 0 9.7 19,000
Flame 2 160 0.60 0 9.7 19,000
Flame 3 0 0.45 0 15.7 29,000
Flame 4 0 0.45 0.7 9.7 19,000

equivalence ratios between 0.5 and 0.7 (Le> 1). The
flame is enclosed in a quartz tube to ensure that t
is no recirculation of fresh air, which would cau
local variations in equivalence ratio. A schematic re
resentation of the combustor is shown inFig. 3.

In this paper, heat release rate measurements
made for four different bluff-body stabilized flam
configurations described inTable 1. In the table,
flame 1 and flame 2 refer to unforced and acou
cally forced flames both at an equivalence ratio of
and a bulk velocity of 9.7 m/s. Flame 3 describes
leaner flame at an equivalence ratio of 0.45 and a b
velocity of 15.6 m/s, while flame 4 also describe
a leaner flame at a bulk velocity of 9.7 m/s and a
geometric swirl number of 0.7; flame 3 and flame
both describe flame conditions very close to glo
extinction. Measurements were made with and w
out swirl to investigate the effect of high turbulen
generated by the swirl with the flame close to glo
extinction.
Fig. 4. Schematic of the laser imaging facility.

2.4. Diagnostic apparatus

The laser system for imaging OH and CH2O con-
sisted of two Nd:YAG lasers (Continuum Surelite
two dye lasers (Sirah Cobra-Stretch), and two hi
resolution double-exposure ICCD cameras (Lavis
Nanostar). The camera for imaging OH PLIF was
ted with a UV f/4.5 camera lens (Nikkor) equipp
with UG 11 and WG 305 filters (Comar). The CH2O
camera was fitted with an f/1.2 camera lens (Nikk
and GG 375 and SP 550 filters (Comar). For sp
tral identification of OH and CH2O transitions, LIF
excitation scans were performed prior to the PL
measurements. For OH LIF, the frequency-doub
output from one dye laser was tuned near 283
to excite theQ1(6) line in the A2Σ+–X2Π(1,0)

band. The frequency-doubled output from the sec
dye laser was tuned to pump the peak of overlapp
transitions in theÃ1A2–X̃1A141

0 band of CH2O near

353.17 nm. The laser beams (linewidth of 0.12 cm−1)
were expanded into sheets 50 mm high and 100
thick, using cylindrical planoconvex lenses with f
cal lengths of 25 mm and spherical lenses with fo
lengths of 250 mm. Pulse energies of 15 mJ w
available from the dye lasers at the different wa
lengths, but the beams were spatially filtered and
than 5 mJ was used for the OH PLIF measureme
and 12 mJ for the CH2O measurements. This wa
done to ensure that the fluorescence signals were
saturated and linearly proportional to the concen
tions of probed species. A schematic representa
of the setup is shown inFig. 4.

The ICCDs were each capable of acquiring t
images in rapid succession. This enabled the meas
ment of OH PLIF shortly followed by an OH* emis-
sion measurement on the same camera. To ach
this, the camera intensifiers were gated to open
350 ns for the PLIF measurements and 50 µs for O* .
A delay of 500 ns was set between the CH2O and OH
laser pulses to avoid potential interferences betw
the laser pulses and cameras. At the given bulk vel
ties and with the spatial resolution of the optical set
the chosen delay of 500 ns between the pulses
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dered the PLIF measurements virtually instantane
on flow timescales.

2.5. Image analysis

2.5.1. Fluorescence image analysis
The raw PLIF images were postprocessed be

product images were calculated to obtain heat rele
information. First, a background image, measured
the absence of the flame, was subtracted from
fluorescence images. Second, the images were
rected for laser sheet inhomogeneities. This was d
by dividing the instantaneous OH and CH2O images
by the average beam profiles of the exciting las
The beam profiles for each dye laser were meas
prior to flame measurements in a homogeneous v
of air-diluted biacetyl (for CH2O) and acetone (fo
OH). Finally, both PLIF images were aligned wi
each other on a pixel-by-pixel basis. The alignmen
crucial to the success of this imaging technique
cause of the small spatial scales of reacting lay
in the flame. This alignment process was perform
in several stages. First, a target image (grid patt
was aligned in the measurement plane, defined by
laser sheets and in the view of both cameras. S
ond, the coordinates of several reference points
the target image, captured by the CH2O camera, were
recorded as anchor points. The target was then
aged with the OH camera. The image was mirro
and the corresponding coordinates of the same
erence points were identified. Third, a transform
tion matrix relating the two sets of coordinates w
calculated and used to map the OH images into
coordinate system of the CH2O image. This image
processing technique is similar to that employed
particle image velocimetry and its precision is in t
subpixel range[29]. The corrected images were th
multiplied on a pixel-by-pixel basis to obtain the he
release rate images.

Both cameras had an ICCD chip size of 1280×
1024 pixels and were positioned to give a spatial r
olution of 0.07 mm/pixel at the measurement plan
At this high resolution, the spatial distribution of th
species being probed is clearly resolved.

2.5.2. Chemiluminescence image analysis
Since chemiluminescence is a line-of-sight te

nique, the averaged OH* images were deconvolve
into a 2-D projection for comparison with the HR r
sults; this deconvolution was performed using the f
ward Abel transform. The Abel transform algorith
reconstructs an axial projection of an axisymme
function according to the equation

(4)f (r) = − 1

π

R∫
g′(x)dx√
x2 − r2

,

r

whereg′(x) is the line-of-sight integrated OH* sig-
nal andf (r) is its forward Abel transform projection
Walsh et al.[30] have reported that the peak valu
of Abel inverted signals can be underestimated by
much as 30%, depending on the location of the sig
At the base of the bluff body, where the distributi
is thinnest, the peak of the Abel inverted OH* sig-
nal may be underestimated relative to the OH* signal
furthest from the bluff body, where the distribution
broader. In our case, the collection solid angle for
OH* optics is 0.04 radians and the depth of field w
greater than the width of the bluff-body flame. Sin
the collection angle is small enough to permit the
sumption of parallel rays, the error introduced fro
diffuse signals collected outside the depth of field
minimized.

2.6. Uncertainty estimates

The major contributors to uncertainty in the me
surement of heat release rate using the HR techn
are the shot-to-shot variation of the laser energy
the subtle changes that occur in the laser beam
files. The maximum deviation in energy of both las
pulses during the period of taking PLIF measureme
has been estimated to be 15% of its mean va
Spatially integrated measurements of HR and O*

were evaluated by summing the measured quant
over the entire imaged region, and the standard
viation for a 75-shot average of these spatially in
grated quantities was 20%. The laser-beam profile
not vary significantly during the acquisition of 75 i
stantaneous images; therefore, the PLIF images w
corrected by the average beam profiles, and the un
tainty introduced as a result of variations in the be
profiles was negligible.

Additional systematic uncertainties may be int
duced by variations in the local LIF quenching en
ronment. The evaluation of this error requires temp
ature and species dependent quenching cross sec
which are available for OH but are quite limited f
CH2O. However, we expect this error to be relative
modest, based on the simulations discussed earli
Section2.1.

3. Results and discussion

Chemiluminescence from flame species such
OH, CH, and CO2 are widely used indicators o
global heat release rate in the study of premix
flames. The initial focus of the present investigat
was on the comparison of global HR estimates fr
the HR technique and the OH* imaging. Following
this comparison, we used the HR method that, in c
trast to OH* , is capable of resolving detailed flam
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structural information, to obtain correlations of loc
heat release rate and curvature. These measurem
were performed both for the counterflow flame a
for the bluff-body stabilized flame under different o
erating conditions. Since an aim of this paper is
compare the spatial distribution of heat release r
obtained by HR with OH* , the results presented we
normalized by their mean values.

3.1. Comparison of OH* and HR

3.1.1. Counterflow flame
The dynamics of the counterflow combustor,

which one-dimensional flames (in the mean) are
bilized in opposed streams of reactants, enable
investigation of bulk strain rate effects by the var
tion of bulk flow rate (Eq.(3)). Hence, measuremen
of heat release rate with HR and OH* were taken a
different bulk flow rates in the premixed counterflo
flame.

Fig. 5 displays simultaneous OH* , OH PLIF, and
CH2O PLIF measurements from the shaded regio
schematic diagram shown inFig. 2. The pixel size was
0.07 mm/pixel on all measurements shown. All H
images were evaluated from single-shot PLIF m
surements of OH and CH2O before any averagin
was performed.Fig. 5a shows a set of instantaneo
OH PLIF, CH2O PLIF, and OH* measurements wit
the corresponding HR image taken at a bulk veloc
of 2.9 m/s. Fig. 5b shows an average of 75 imag
for the same conditions. The Abel reconstruction w
not performed on the average OH* image shown in
Fig. 5b.

The OH PLIF image shows the distribution of O
radicals in the confined postflame region between
two flames. An isolated packed of CH2O is observed
in the preheat region of the flame, indicative of co
temperature chemistry. There is no corresponding
s

Fig. 6. Normalized profiles of OH, CH2O, and HR taken
across the flame along the line indicated on the HR imag
Fig. 5a.

ture in the OH PLIF image, and thus no significa
heat release is taking place. Formaldehyde is form
in the preheat region at relatively low temperatu
(1000 K) because it is central to alternative lo
temperature chemical pathways of fuel oxidation
lean hydrocarbon flames[31]. From the instantaneou
HR images, we observe that the heat release
varies along the flame front as it is affected by stra
curvature, and turbulence. The flame front is 0.5 m
thick as it is marked by the region of overlap betwe
OH and CH2O radicals. This can clearly be seen
Fig. 6, which shows instantaneous profiles of O
CH2O, and HR across the instantaneous flame fron
the position marked on the HR image shown inFig. 5.

From the averaged heat release rate images
spatial average,Qav (average intensity of all pixels i
the image), for HR and OH* was evaluated as follows

(5)Qav =
∑

Ix,y

n
,

whereIx,y is the intensity at every pixel andn is the
number of pixels.Fig. 7 shows the variation ofQav
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Fig. 7. Normalized profiles of HR and OH* with increasing
bulk strain rate,Sb.

for HR and OH* (20% uncertainty in both quantities
with increasing bulk strain,Sb (Q̄av is the average
over all bulk strain rates). The normalized profiles
HR and OH* in the counterflow flame seem to ind
cate similar trends of slightly decreasing heat rele
rates with increasing bulk strain as was also repo
by Hardalupas et al.[28]. However, with the stated
uncertainties our measurements do not provide c
clusive evidence for this trend.Fig. 8 shows instan-
taneous images of OH, CH2O, HR, and OH* . The
images show that the upper and lower flame fro
merged at the edge of an extinguished region wit
bulk strain rate of 100 s−1. A similar phenomenon
was predicted by Bray et al.[32] and observed by
Ishizuka and Law[33] and Luff et al.[34] in their
study of premixed counterflow flames. This is a m
jor advantage of using HR, as it captures spatia
resolved heat release rate structures of localized
nomena such as flame merging and local extinct
A discussion of the fluctuations of heat release r
along the flame will be presented in a later section
this paper.

3.1.2. Bluff-body stabilized flame
Similar measurements were performed in

bluff-body stabilized flame over a range of equiv
lence ratios.Fig. 9corresponds to flame 1 inTable 1,
which is unforced (no external excitation).Fig. 9a
shows a set of instantaneous andFig. 9b shows av-
eraged images of OH PLIF, CH2O PLIF, and OH*

and the corresponding HR images taken in flam
at φ = 0.6. The region of the flame imaged is al
shown. In the top right-hand corner of the instan
neous OH PLIF image, OH radicals can be obser
on the outer side of the shear layer. Since relativ
low signals of heat release rate are obtained her
can be concluded that the majority of the OH radic
observed are a result of the recirculation of the po
combustion gases. By comparing the averaged
and OH* images, we also observe different distrib
tions of heat release rates. The averaged HR im
shows heat release rates confined to a narrow b
dy
Fig. 8. Image of HR atUb = 3.4 m/s and a bulk strain rate of 100 s−1 with the twin flames merged.

Fig. 9. (a) Images of OH PLIF, CH2O PLIF, and corresponding HR and OH* images taken in the enclosed, unforced bluff-bo
stabilized flame atφ = 0.6. (b) Averaged OH PLIF, CH2O PLIF, HR, and OH* . The region imaged is also shown.
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Fig. 10. Profiles of normalized HR and OH* in a bluff-body
stabilized flame at different equivalence ratios.

around the flame front, while the averaged OH* im-
age shows a much broader distribution. This is a re
of the unrestricted OH* chemiluminescence speci
giving signals from all around the flame.

The trend ofQav normalized with the overal
mean of heat release rates (for all equivalence ra
considered),Q̄av, with increasing equivalence ratio
is shown inFig. 10. The maximum equivalence ra
tio investigated was 0.65 because at higher values
flame flashes back at the given bulk velocity. The p
files in Fig. 10 both show similar increasing trend
in heat release rate with increasing equivalence
tio. The flow close to the exit probably experienc
higher strain rates than further downstream, wh
the turbulence length-scales increase. As a result
flame brush downstream of the jet exit is thicker th
the flame brush close to the jet exit[35]. We inves-
tigated the HR and OH* response in different part
of the flame by determining locally averaged valu
The calculations presented inFig. 10were performed
in two distinct regions of the flame front as indicat
in Fig. 11a.Qav was calculated for the flame at diffe
ent equivalence ratios in section 1 (40×8 mm), 5 mm
above the bluff body, and in section 2 (40× 8 mm),
21 mm from the bluff body. The results are shown
Figs. 11b and 11c. The profiles of HR exhibit sim
ilar trends, while there are differences between
OH* profiles. There are two points of interest he
First, HR shows the same dependence onφ for both
regions of the flame. Second, OH* rises less steepl
with φ in section 1 (close to the bluff body) than
section 2 (further from the bluff body). This sugge
that HR measures heat release rates more accur
than OH* , which seems to be more sensitive to str
and turbulence. Samaniego et al.[6] caution that OH*

emission from turbulent flames should be carefully
terpreted, as chemiluminescence is strongly affec
by variations in strain rate and curvature. Najm
al. [7] suggest that this is due to subtle shifts in
reaction pathways of hydrocarbon combustion a
(a)

(b)

(c)

Fig. 11. (a) Schematic showing section 1 (lower) and s
tion 2 (upper), all units in mm. (b) Profile of normalized H
close to the bluff-body (section 1) and further downstre
from the bluff-body (section 2) with increasing equivalen
ratios. (c) OH* of the same quantities.

result of unsteady strain rate. Conversely, the p
file of HR supports the conclusions made by Lee a
Chung[23], who find that the temperature and stru
ture of a freely propagating premixed flame is insen
tive to strain rate variations. From these observatio
we are led to the conclusion that HR is a good m
sure of heat release rate (both spatially resolved
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Fig. 12. (a) Schematic showing some normals along
flame front along which heat release rates were integr
and (b) definition of curvature.

global) in premixed turbulent flames. These obser
tions indicate that the HR technique provides a m
self-consistent measure of heat release rate than
OH* chemiluminescence in these premixed turbul
flames.

3.2. Effect of curvature on heat release rate

The variation of heat release rate with curvat
was investigated using the images obtained from
in both the counterflow flame and the bluff-body s
bilized flame. Such data are significant to the co
putational modeling of combustion because it can
used directly for the development of turbulent react
flow models[36].

In order to obtain such correlations, the HR imag
were processed in two stages. First, intensities of
images were integrated across the flame front by i
grating the profile of the local heat release rates (s
as inFig. 6) along a line normal to the flame tange
at every point along the flame front. These integra
values of heat release rate data were used in hea
lease/curvature correlations.Fig. 12a shows a typica
flame front from the counterflow flame, with eval
ated flame normals across which the heat release
were thus integrated. Second, the coordinates(x, y)
of each point along the identified heat release
contour were evaluated with respect to an origins

(also shown inFig. 12a), taken to be the point alon
the contour at whichx = 0. With (x, y, s), the curva-
ture,H , at every point on the flame front is calculat
using[37,38]

(6)H =
[(

d2x

ds2

)2
+

(
d2y

ds2

)2
]1/2

mm−1.

The choice of differential width size (ds) is crucial for
the calculation of curvature. In order to obtain curv
tures from both small-scale and large-scale wrink
along the flame, the value of ds used was the aver
age crossing length of the instantaneous flame f
with the heat release rate progress variable contou
0.5. The c̄ contour was obtained by making a co
tour plot of an average of binary heat release r
images (0 is unburnt and 1 is burnt). Crossing leng
are then obtained by superimposing instantaneous
images over̄c = 0.5 and calculating the average d
tance along the flame front for which the contour
crossed by the instantaneous flame contour. The a
age crossing lengths thus obtained are 7 mm for
counterflow flame, 5 mm for flame 1 and flame 2
the bluff-body stabilized flame, and 4 mm for flame
and flame 4. These values are inserted into Eq.(6)
and H is calculated. Crossing lengths are a stati
cal characteristic of any flame and are dependen
the degree of flame wrinkling; hence, they are a fu
tion of turbulence and are important in the study a
modeling of turbulent combustion[39,40].

With the radius of curvature on the reactant si
positive curvature was defined as convex to the re
tants; conversely, negative curvature was define
concave to the reactants. A schematic representa
of this convention is shown inFig. 12b.

3.2.1. Counterflow flame
The pdf of curvature for the counterflow flame, a

alyzed for 75 HR images at bulk velocities of 2.4, 2
and 3.4 m/s, is shown inFig. 13a. The profile shows a
mean curvature of approximately 0 with all three p
files showing an identical spread of curvatures. T
contour plots of the joint pdf of heat release rate,Q

(normalized with the mean̄Q at H = 0), and curva-
ture, from the integrated HR image, are shown
the three bulk velocities inFigs. 13b–13d. The con-
tours show that the majority of HR was measured
a curvature close to zero with a slight increase in
toward negative and positive curvatures. This co
lation is more evident in the profile of conditional
averaged HR against curvature shown inFig. 14. Re-
searchers have reported that the trend in this co
lation is for increased heat release rates at nega
curvatures and decreased heat release rates at
tive curvatures[41–43]. The correlation could be th
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Fig. 13. (a) pdf of curvature(H) at different bulk velocities in the counterflow flame and contour plots of the joint pdf of
and curvature at (b) 2.4, (c) 2.9, and (d) 3.4 m/s.
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Fig. 14. Average profiles of HR against curvature for
different bulk velocities investigated in the premixed cou
terflow flame.

result of an increased diffusion rate of propagat
radicals such asH from the reactant-side of the flam
as suggested by Echekki and Chen[41] for flames
with Lewis number Le> 1. At high velocities, this
trend is indeed captured. At low velocities, the h
release seems to increase with positive curvature.
trend for this is not clear.

3.2.2. Bluff-body stabilized flame
In the bluff-body stabilized flame, the correlatio

between heat release rate and curvature is anal
for all the flames described inTable 1. Fig. 15a shows
a set of instantaneous OH PLIF, CH2O PLIF, and
OH* with the corresponding HR image taken at
flame 2 andFig. 15b shows an average of 75 imag
of the same species. The flame is acoustically for
at 160 Hz and the images are taken at a phase a
of 55◦ relative to the forcing signal. The images sh
the effects of a pair of counterrotating vortices tra
porting premixed reactants and wrapping the fla
front. The postgas region marked with OH radic
is shown in the OH PLIF image and the preheat z
is marked in the CH2O PLIF image. One of the vor
tices is filled with CH2O, indicating the penetratio
of the preheat zone into the reactant mixture as
flame front, shown by HR, encircles these vortic
It is worth mentioning that the vortices are also p
tially visible in the OH* images, but at much reduce
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dy

dy
Fig. 15. (a) Instantaneous OH PLIF and CH2O PLIF and the corresponding HR and OH* images taken in the enclosed bluff-bo
stabilized flame forced at 160 Hz withφ = 0.6 and axial velocity 9.7 m/s. These images were taken at a phase angle of 55◦ with
respect to the input forcing signal. (b) Phase averaged OH PLIF, CH2O PLIF, HR, and OH* .

Fig. 16. (a) Instantaneous OH PLIF and CH2O PLIF and corresponding HR and OH* images taken in the enclosed, bluff-bo
stabilized flame withφ = 0.45 and an axial velocity of 15.6 m/s. (b) Phase-averaged OH PLIF, CH2O PLIF, HR, and OH* .
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clarity. Similar measurements were made in flam
and the images are shown inFig. 16 (bulk velocity
of 15.6 m/s, φ = 0.45). This flame has a bulk ve
locity much greater than that of flame 2 and hen
is more turbulent. These conditions are close to l
blowout limits of the combustor. The flame front
highly wrinkled and has small eddies propagat
along it; this is clearly seen in the CH2O PLIF im-
age inFig. 16. At this equivalence ratio, the signal
noise ratio of the OH* images is approximately 1.5:1
therefore, OH* is only visible in the averaged imag
whereas the HR still performs on a single shot ba
Similar observations can be made for flame 4 sho
in Fig. 17. Here, the flame is close to global extincti
and is furthermore subjected to swirl. The flame fro
is clearly more intermittent and wrinkled as seen
the HR image. Mixing is much more intense and
flame is shorter.

The pdf of curvature for each of these flames
shown inFig. 18. The larger spread of curvatures fro
flame 1 to flame 2 is due to the acoustic forcing of
flame. As the inlet velocity is sinusoidally varied, p
riodic large-scale vortices are imposed on the fla
front; this results in imposed curvature on the fla
front as the flame wraps around the vortex. As
bulk velocity is increased from flame 1 to flame 3, t
peak of the pdf decreases and the spread of curva
increases. This trend continues to flame 4 where
flame is subjected to swirl. As the flame gets m
turbulent and is closer to lean blowout (flame 1
flame 4), the peak of the pdf decreases and mo
toward negative curvatures while the spread of c
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dy
LIF,
Fig. 17. (a) Instantaneous OH PLIF and CH2O PLIF and the corresponding HR and OH* images taken in the enclosed, bluff-bo
stabilized flame withφ = 0.45, axial velocity of 9.7 m/s and a geometric swirl number of 0.7. (b) Phase-averaged OH P
CH2O PLIF, HR, and OH* .
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Fig. 18. pdf of curvature calculated from the bluff-body s
bilized flames described inTable 1. Flame 1, unforced flame
flame 2, forced flame; flame 3, high velocity and close to
tinction; and flame 4, high swirl and close to extinction.

vatures increases. The trend of increasing width
the curvature pdf with turbulence intensity is cons
tent with the DNS results of Gashi et al.[44].

The contour plot of the joint pdf of heat relea
rate and curvature for each flame is shown inFig. 19.
In all the cases, the contours show higher HR w
negative curvatures, compared with HR at posit
curvatures. This is clearer in the conditionally av
aged profile of HR shown inFig. 20.

As the flame approaches extinction by incre
ing swirl, the heat release rate at negative curvat
drops, but remains unchanged at positive curvatu
(Fig. 19d, Fig. 20). The same also occurs when for
ing is used (Fig. 19b) and when the velocity is hig
(Fig. 19c). It is evident that the expected behavior
HR, monotonically decreasing as curvature increa
is captured only for positive curvatures and for flam
far from extinction. For flames close to global extin
tion, it is possible that localized extinctions occur
negative curvatures. The presence of localized ext
tion is consistent withFig. 21, which shows the flame
located on the modified Borghi diagram described
Lipatnikov and Chomiak[45]. The unforced flame
(flame 1) is subject to turbulence which wrinkles a
stretches the flame front and is located in the mode
turbulence regime. However, in the highly turbule
flames (flame 3 and flame 4), the flame front is in
flamelet quenching region, resulting in the decrea
heat release rates observed inFig. 20.

4. Conclusions

The application of a diagnostic scheme using
product of OH and CH2O PLIF images to obtain
an image that correlated with the flame heat rele
rate (HR) was described, and the results were c
pared with OH* chemiluminescence measuremen
The HR diagnostic provides instantaneous spati
resolved measurements, while the OH* chemilumi-
nescence is a line-of-sight technique. These d
nostic techniques were compared in turbulent p
mixed counterflow flames with different bulk stra
rates and in forced and unforced bluff-body stabiliz
flames with different equivalence ratios. In the cou
terflow flames, the OH* chemiluminescence and H
techniques showed similar behavior when the st
rate was varied. In the bluff-body flames, the dep
dence of OH* chemiluminescence on equivalence
tio was significantly different for the two regions
the flame brush that were considered. The HR m
surements were significantly less dependent on



14 B.O. Ayoola et al. / Combustion and Flame 144 (2006) 1–16
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Fig. 19. Contour plots of the joint pdf of HR and curvature for the bluff-body stabilized flames described inTable 1. (a) Flame 1,
unforced flame; (b) flame 2, forced flame; (c) flame 3, high velocity and close to extinction; and (d) flame 4, high swirl an
to extinction.
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Fig. 20. Average profiles of HR against curvature for
bluff-body stabilized flames described inTable 1. Flame 1,
unforced flame; flame 2, forced flame; flame 3, high vel
ity and close to extinction; and flame 4, high swirl and clo
to extinction.

location within the flame. These results suggest
OH* chemiluminescence is more sensitive to va
tions in turbulence levels and strain rates than the
measurements.
Fig. 21. Modified Borghi diagram describing the turbulen
regime of the flames investigated. “x,” counterflow flam
1 (flame 1), unforced flame; 3 (flame 3), high velocity a
close to extinction; and 4 (flame 4), high swirl and close
extinction.

The correlation of heat release rate and cur
ture was investigated using the instantaneous hea
lease rate images obtained with HR in the counterfl
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flames and from the bluff-body stabilized flames u
der different operating conditions. At low bulk velo
ities, contour plots from the counterflow flames sh
a bimodal distribution with high HR at negative a
positive curvatures, but the trend becomes monoto
at high bulk velocities. The contour plots from th
bluff-body stabilized flame show an increase in h
release rate with negative curvatures and a decr
in heat release rate with positive curvatures. Thi
fully consistent with our expectations from previo
results for Le> 1 flames. For flames closer to lea
blowout, the correlation is more pronounced, indic
ing that flames are more sensitive to changes in st
and curvature and could also extinguish locally.

The combined OH and CH2O PLIF diagnostic
provides instantaneous measurements of relative
release rates in turbulent premixed flames by pr
ing a reaction rate that is highly correlated with h
release. This spatially resolved diagnostic techni
enables the structural analysis of instantaneous fl
fronts. Although this method is technically and e
perimentally demanding, it is the closest nonintrus
measure of instantaneous heat release rates that i
rently available, and it is therefore a very useful dia
nostic tool in combustion research.
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